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In Memoriam

© FCFM Universidad de Chile

Prof. Roberto Román L. (1945 - 2019)

Prof. Roberto Román L. was a true solar energy pioneer and champion in his home country of Chile
and around the world.
He was instrumental in bringing the ISES Solar Word Congress 2019, together with the International
Solar Heating and Cooling Conference, to Santiago, fulfilling a vision he had for years of securing
this prestigious event in his home town. This was the first ever ISES Solar World Congress to be
held in South America. He was Chairman of the Congress and under his leadership the event was a
tremendous success.
Prof. Román has had a significant influence on the growth of renewable energy in Chile, and his research has helped advance the use of solar technologies around the world. He was an ISES member
since 1979 and was on the ISES Board of Directors in 1991, 2010, 2012 and again since 2016. He was
also an ISES Vice President of Membership Affairs 2011-2012. He was responsible for International
Outreach at the Solar Energy Research Center of Chile (SERC). He was a mechanical engineer and
Associate Professor in the Department of Mechanical Engineering of the Faculty of Physical and
Mathematical Sciences of the University of Chile.
Prof. Román believed that “the future we must build is 100% renewable”. The renewable energy
community has lost a true pioneer when he passed away on 18 December 2019. These proceedings
are dedicated to Prof. Román’s memory and to honor his life’s work. He will not be forgotten.
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Notice
The International Solar Energy Society, the International Energy Agency’s Solar Heating and Cooling Programme nor any one of the hosts, supporters or sponsors of the ISES Solar World Congress
2019 / IEA SHC Solar Heating and Cooling Conference for Buildings and Industry 2019, makes any
warranty, express or implied, or accepts legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process disclosed, or represents that its use
would not infringe privately on rights of others. The contents of articles express the opinion of the
authors and are not necessarily endorsed by the International Solar Energy Society, the International
Energy Agency’s Solar Heating and Cooling Programme or by any of the hosts, supporters or sponsors of the joint conference. The International Solar Energy Society and the International Energy
Agency’s Solar Heating and Cooling Programme do not necessarily condone the politics, political
affiliation and opinions of the authors or their sponsors.

Disclaimer
We cannot assume any liability for the content of external pages. The operators of those linked
pages are solely responsible for their content. We make every reasonable effort to ensure that the
content of this web site is kept up to date, and that it is accurate and complete. Nevertheless, the
possibility of errors cannot be entirely ruled out. We do not give any warranty regarding the timeliness, accuracy or completeness of material published on this web site and disclaim all liability for
(material or non-material) loss or damage incurred by third parties arising from the use of content
obtained from the website.
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Welcome Message
On behalf of the International Organizing Committee we would like to welcome all of you to the International Solar Energy Society (ISES) Solar World Congress (SWC) 2019, being held together with the
International Energy Agency Solar Heating and Cooling Programme’s 2019 Conference on Heating and
Cooling for Buildings and Energy (SHC 2019). The Solar Energy Research Center (SERC) is serving as
the local host of this joint conference, taking place here in the dynamic city of Santiago de Chile on
04 – 07 November 2019.
As with previous ISES SWCs and SHC Conferences, this joint conference continues a long tradition of
connecting the renewable energy research and academic community with decision makers, financiers,
and practitioners. You will find a rich opportunity to network with colleagues, make new connections,
and learn more about best practices and the future opportunities for all solar technologies. The joint
conference program includes a variety of events, such as parallel technical oral and poster sessions that
provide the latest renewable energy research results, keynote speeches discussing specific technologies, unique workshops and side events addressing critical cross-cutting topics, and a line-up of worldrenowned experts at the plenary sessions. All of these events demonstrate how we are heading towards
100% renewable energy for meeting all of our end-use energy requirements, encompassing the power,
heating, and transportation sectors. In addition, networking and social events, and technical tours have
been designed to enhance your career and business development opportunities.
ISES and SHC are committed to achieving the vision of 100% renewable energy for all, used efficiently
and wisely. This vision is particularly critical as the world addresses the challenges of mitigating climate
change under the initiatives agreed to in the Paris Climate Agreement signed in 2015.
Our energy supply system is rapidly transforming to clean energy technologies, especially as the cost
of renewable energy systems continues to drop and public support for achieving a no-carbon emission
energy economy grows. Addressing the climate crisis is leading to further rapid and massive reorientation of policies on energy throughout the world. The Latin American continent, and especially countries
such as Chile, is emerging as a key marketplace for massive renewable energy growth; significant growth
in these technologies has already been realized in many key regions. Thus, we are honored to offer this
important joint conference to you here in Santiago, Chile.
We wish you all a very successful and inspiring conference experience.
Sincerely,
The co-Chairs of the SWC 2019/SHC 2019 International Organizing Committee
Prof. Roberto Román L.
SERC Chile
		

Dr. David Renné,
President, International
Solar Energy Society

Dr. Daniel Mugnier,
Chairman, IEA Solar Heating		
and Cooling Program

ix

Local Host
The Chilean Solar Energy Research Center, SERC Chile
The Chilean Solar Energy Research Center, SERC
Chile, is the local host of the joint International
Solar Energy Society (ISES) Solar World Congress

tion, there still are significant barriers to realize
the full potential of this resource. SERC Chile’s
mission statement strives to overcome these bar-

2019 and International Energy Agency (IEA) Solar
Heating and Cooling Programme’s 2019 Conference on Heating and Cooling for Buildings and

riers using a multidisciplinary scientific approach
through four strategic focus: grid interconnection strategies; solar mining applications; new

Energy.

small to midscale production processes and the
study of new materials. In order to address those
strategic focus seven research lines are defined:
Solar Water Treatment, Energy Systems, Material Science and Evaluation of the Solar Resource,
Energy Storage, Power Electronics and Energy
Conversion, Sustainable Development, Control of
Systems and Industrial Processes. In that context,
SERC’s basic premise is that Chile has the potential to become a worldwide player in the development of solar energy.

SERC Chile started it’s work in 2012 thanks to the
support of CONICYT (Chilean National Research
and Technological Commission), with the mission
of developing a world-class solar energy research
group with special emphasis on developing the
potential of the Atacama Desert for solar energy
applications. The operation started in 2013 with
researchers from eight institutions: Universidad
de Tarapacá, Universidad de Antofagasta, Universidad Técnica Federico Santa María, Universidad
de Chile, Universidad Adolfo Ibáñez, Pontificia
Universidad Católica de Chile, Universidad de
Concepción and Fraunhofer Chile Research.

An external Advisory Board links SERC Chile with
other institutions and recommends strategies to
work jointly with the public sector, government
and private sector representatives; and the civil

x

Northern Chile in general, and the Atacama Desert, in particular, offers a huge potential for solar-

society in general. Since 2015 SERC Chile has initiated a Steering Committee whose mission is to

based production of both: electrical and thermal
power, and at the same time it is observed syn-

aid the development of the center, strengthen
its international presence, give support to the

ergistic for using this energy in productive activities within the region. This region presents high

research teams and define strategic orientations
towards the pursuit of its goals.

irradiation levels, as well as exceptional clearness
indexes, constituting one of the highest availability of solar energy on the earth’s surface. Even

SERC Chile has a collaborative support network
with over 50 other institutions worldwide that in-

though within the last years over 2.5 GW of PV
power has been installed and currently in opera-

clude universities, research centers, associations,
consortiums, and companies. The SERC Chile

research team has consolidated networks and
collaborative spaces that link its projects, publications, conferences, seminars and exchange pro-

toral fellows, graduated 12 Ph.D., and 78 MSc.
Currently, the research team is composed of more
than 100 researchers, 44 Ph.D. Students, and 50

grams with institutions of the highest scientific
quality.

MSc Students. During the operation of the center
360 ISI papers have been published in high impact
journals; and 33 books or book chapters. SERC’s

SERC Chile is creating new scientific knowledge;
developing advanced human capacities in solar
energy; advancing in solar education; interacting
and informing both citizenry and public policy
development and promoting technology transfer
projects financed by public/private partnerships.
As of today, SERC Chile has trained 30 PostDoc-

researchers have active participation in outreach
activities, such as seminars, conferences, press appearances, documentaries or visual documents,
describing the work of the researchers, helping to
increase the knowledge of solar energy processes
in the community.
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1. Introduction
The International Solar Energy Society (ISES) Solar World Congress (SWC2019), held together with the
International Energy Agency (IEA) Solar Heating and Cooling (SHC) Programme’s 2019 Conference on Heating
and Cooling for Buildings and Energy, was held at Centro Parque in Santiago, Chile on 4-7 November 2019. The
Congress was hosted locally by the Solar Energy Research Center, SERC-Chile. The Congress brought together
many researchers, renewable energy practitioners, students, government officials, media, and the general public
from around the world to learn about the latest development in renewable energy technologies and their
deployments. The Congress featured a variety of technical sessions, plenaries and keynote talks, a wide range of
networking events and other unique activities to stimulate discussions on how the world can achieve 100%
renewable energy to meet all end use energy requirements; not just electricity, but also heating, cooling and
transport applications.
The world has undergone incredible economic growth and prosperity in recent decades, driven largely by lowcost and readily available fossil fuels. But this growth comes at a price; income disparities, energy injustice, and
major environmental threats, especially climate change, which are growing along with this wealth and prosperity.
In 2019 these disparities came to a head in Chile and elsewhere, where people “took to the streets” to speak out
and fight against these social injustices. However, despite the civil unrest in Chile over 400 people from 48
countries participated in the Congress to learn more and exchange knowledge about its important messages.
One solution to the social injustices highlighted in these global protests is a transformation of our energy system
into clean, renewable, and distributed energy-producing technologies. This transformation is already underway
and is being accelerated as the cost of renewable energy systems continues to drop, especially for solar and wind
systems, and as public support for achieving a no-carbon emission energy economy grows. The Latin American
continent, and especially countries such as Chile, is emerging as a key marketplace for massive renewable energy
growth; significant growth in these technologies has already been realized in many key regions. This growth is
resulting in more equitable energy access and choice available to more and more population groups. The
challenges and opportunities of this energy transformation was a central theme of the Congress.
These Congress proceedings capture the many outstanding research papers that were presented at the Congress.
A total of 561 technical abstracts had been submitted, and thanks to the superb efforts of the Scientific Committee,
chaired by Prof. Jose Miquel Cardemil and co-Chaired by Ken Guthrie and Ricardo Rüther, there were a total of
176 oral and 186 poster presentations at the Congress. The papers from these presentations are now published in
these Congress Proceedings. The papers cover a wide range of themes and topics, listed in the first pages of the
proceedings. A full listing of the International and Local Organizing Committees as well as the Scientific
Committee is provided at the beginning of these proceedings.
The authors of this Editorial greatly appreciate your interest in these Congress Proceedings and look forward to
your participation in future events of ISES and the IEA SHC.
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Abstract

A new Cu-Ni-Co ternary spinel/SiO2 nanocomposite oxide absorber with tandem layer approach is designed and
developed for medium and high temperature solar selective receiver tube in concentrated solar thermal applications.
The base absorber layer, developed by combining of nanostructured, transition metal spinel and composite oxides
with a series of transition metal based salts (Co, Ni, and Cu) in wet chemical method. By optimizing the sol
concentration, withdrawal speed and annealing temperature, uniform absorber layer with solar absorptance (α) of
0.91 and emittance (ε) of 0.14 were achieved in a single layer coating with a composite oxide formation. On top of
the base absorber layer, coating integrated with silica (SiO2) nanoparticles added as an optical enhancement layer to
make the coating more selective (α: 0.95 & ε: 0.13). A thorough characterization has been done for the optical and
physiochemical properties of the samples. Besides, the optimized spinel coating exhibits a low radiative loss of about
0.18 thermal emissivity at 500 °C and 89.3 % photothermal conversion efficiency at 500 °C, which identifies that
the spinels are a very good candidate for medium and high temperature solar selective absorbers.
Keywords: Tandem absorber layer, Cu-Ni-Co spinel oxide, optical enhancement layer, selective solar absorber

1. Introduction
Out of all renewable energy sources, solar energy conversion techniques are affordable, accessible and sustainable
with eco-friendly nature. Among the various solar energy conversion techniques, mainly two approaches like solar
photovoltaics (PV) and concentrated solar thermal power (CSP) got popularized throughout the world. Solar PV is a
one-step process to convert solar radiation into electricity, whereas the CSP system is a two-step process, conversion
of solar radiation to heat and then to electrical energy by using different components. Here, out of these two
techniques, solar PV has got maturity in terms of efficiency and economics, but the CSP technologies have not yet
attained the economics even after attaining the good efficiency values for electricity generation (IRENA, 2018). The
gap in the CSP system is because of the complexity and the components (like concentrators, receiver tubes, optical
tracking systems and heat engines etc.) involved in the system lead to high cost. However, Concentrated Solar
Thermal (CST) has attracted a substantial renewed interest from past one decade due to its diversity and compatibility
in various applications like industrial process heating and space cooling (Settino et al., 2018).
In CST, one of the important components of the system is a receiver tube, where the researchers are more focusing
on this component from past so-many decades to design a collector with maximum solar energy conversion efficiency
(Moon et al., 2014). The cost-effective receiver tube and selective properties of absorber coating will make the CST
system more efficient and economic. Here, the major role of solar receiver tube is to absorb all incoming solar
radiations in the wavelength region of 0.3 to 2.5 µm and converts them into thermal energy. The photothermal
conversion efficiency (Bogaerts and Lampert, 1983) of solar receiver tube majorly depends upon the solar absorber
coating type. Therefore, the coating in the solar receiver tube should be selective absorber coating (Granqvist, 1985).
That means the coating should absorb all the incoming solar radiation and should not emit heat radiations. These
properties like absorptance (α) and emittance (ε) can be measured at different wavelength regions depending upon
the transition wavelength of the CST operating temperature. Solar absorptance (α) can be evaluated by the following
equation 1
𝜆2

𝛼 =

∫𝜆1 (1−𝑅(𝜆))𝐼𝑠 𝑑𝜆
𝜆2

∫𝜆1 𝐼(𝜆)𝑑𝜆

(eq. 1)

where Is is the solar radiation intensity (AM 1.5, ASTM G173-03, ISO) and R represents the total reflectance of the
sample. Spectral emittance (ε (λ, T)) can be characterized by using Kirchhoff’s law in the infrared region (2.5 to 25
µm) for an opaque substance from equation 2
𝜀(λ, 𝑇) = 1 − 𝑅(λ, 𝑇)

4

(eq. 2)
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The photothermal conversion efficiency (η) of Solar Selective Absorber Coating (SSAC) at a particular working
temperature T can be calculated as in equation 3
𝜂𝑇 = 𝛼 −

𝜀𝑇 𝜎𝑇 4

(eq. 3)

𝐶𝐼

where σ, is the Stefan-Boltzmann constant (5.67X10 Wm-2K-4), C denotes the concentration factor (parabolic trough
C = 80) and I denotes solar intensity of radiation. To improve η, the SSAC should attain a maximum solar absorptance
(α = 1) in the solar spectrum range and maintain a minimal thermal emittance (ε = 0) in the infrared region (Bogaerts
and Lampert, 1983).
-8

In order to get high absorptance and low thermal emittance for SSACs, different design of coatings like
semiconductor, textured surface, composite metal-dielectric and multilayer tandem etc. are available (Kennedy,
2002). These coatings can be deposited by different techniques like vapour deposition, wet chemical, oxidation and
spray pyrolysis, etc. (Selvakumar and Barshilia, 2012). Conventionally, most of the commercially available receiver
tubes are comprised of coatings developed by an expensive route of vapour deposition and a sputtering process. In
view of the above, herein, we reported a novel tandem absorber coating system with high selectivity by wet chemical
method in a spinel matrix for cost effective receiver tube in CST application.

2. Experimental
To get high photothermal conversion efficiency, we have designed a double layer tandem absorber (Fig. 1), namely
base absorber layer (spinel composite oxide) and an optical enhancement layer (Zou et al., 2015). The wet-chemical
based ternary metal (Ni, Cu and Co) spinel absorber has been prepared as reported in elsewhere (Atchuta et al., 2019)
by dip coating method. Here, we have achieved optical properties of α: 91% and ε: 14% for the ternary metal based
spinel (CuxNiyCoz-x-yO4) absorber in a single layer deposition. Further, to improve the optical properties of optimized
spinel absorber layer, an optical enhancement layer using 2 wt% SiO2 nanoparticles Sol on top of the base absorber
layer has been added with the help of dip coater and then films were cured at 300 °C temperature.

Fig. 1: Schematic of tandem solar selective absorber layer

UV-Vis-NIR spectrophotometer was used to measure the total absorptance of the absorber layers using the weight
average calculation of Eq. 1. The total reflectance values were obtained from diffuse reflectance accessory with 110
mm dia integrating sphere of Cary Varian Model 5000. Polytetrafluoroethylene coated disc was used as a reference
plate and the measurements were done at room temperature in the region of 300-2400 nm with a scanning speed of
600 nm/min. The spectral emittance measurement in the infrared wavelength region (2.5–25 µm with a scanning
velocity of 2.5 kHz) was carried out by a Bruker Vertex 70 Fourier Transform Infra-Red (FTIR) spectrometer
equipped with a standard integrating sphere using an evaporated gold mirror as a reference plate. Thermal emissivity
measurements were also carried out at different temperatures from 100 to 500 °C using an FTIR instrument (Bruker,
VERTEX70) attached with high-temperature cell and blackbody source. Here, the measurements are carried out by
switching off the IR source and heated the sample in a temperature cell and blackbody for a particular temperature.
The emission from a blackbody and the sample at a particular temperature was collected separately and calculated
the emissivity by dividing the sample emission with the blackbody emission for that particular temperature. The
photothermal conversion efficiency of an absorber coating was calculated by assuming that the only loss is radiation
from the absorber surface (thermal emissivity) at that particular temperature by using the equation 3.

3. Results and Discussion
3.1 Optical properties and radiative loss of coatings
The optimized reflectance spectra of combined UV-Vis-NIR and FT-IR ternary metal based spinels (CuxNiyCoz-xyO4) with single and tandem layer approach of coatings as explained in the experimental are compared with AM1.5
and Ideal emittance spectra in Fig. 2(a). The effect of tandem layer approach on the base absorber layers by using
SiO2 layer and their optical properties enhancement are reported in the Table 1.
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Fig. 2: a) The combined UV-Vis-NIR and FT-IR spectra of the optimized single and tandem absorber layer coatings with ternary metal
base spinels compared with standard solar AM1.5 spectrum and ideal emissivity; b) thermal emissivity of the best optimized tandem
SSAC at different temperatures.
Tab. 1: Solar absorptance and emittance data of the best-optimized base absorber layer and tandem absorber layer

Layer

Absorptance (AM1.5)
α

Emittance
Ɛ

Base absorber layer

0.91

0.14

Base absorber + optical enhancement layer

0.95

0.13

To calculate the photothermal conversion efficiency of the optimized tandem absorber coating, one need to have
known about the radiative loss of the coating at that particular temperature. For this, as mentioned in the experimental
by using the FT-IR with blackbody and temperature cell, the sample and blackbody heated at a particular temperature
and measured the emission spectra over a range of 2.5–25 μm wavelength region. The collected data has been
processed for the thermal emissivity (Fig. 2(b)) calculation, which is the ratio of sample and blackbody radiative
emission at that particular temperature. The measured data for different type of absorber layers over a wide range of
temperature from 200 to 500° C with an interval of 100 has been noted in the Table 2. The value of ε (500 °C) has
been suppressed as low as 0.18 and the value of α reached to 0.95 with the tandem absorber layer coating.
Tab. 2: The thermal emissivity values of optimized tandem absorber layer at different temperatures

Temperature (°C)

Thermal emissivity of absorber layer

200

0.09

300

0.14

400

0.17

500

0.18

3.2 Photothermal conversion efficiency of coatings
The photothermal conversion efficiency (η) of an absorber coating is calculated by assuming that the only loss is
radiation from the absorber surface at that particular working temperature by the equation 3. Here, we have
considered the parabolic trough concentration ratio of 80 in order to attain the temperatures of 500 °C and DNI of
800 W/m2 for the calculation. The photothermal conversion efficiency of 89.3 % at 500 °C has been achieved with
the tandem layer approach of coating for the best optimized SSAC coating.
In field condition, there are other losses like conductive and convective losses will happen during the operation of
CST system through receiver tube apart from the reported radiative losses. The receiver efficiencies are greatly
increased by creating the vacuum between the absorber and glass envelope to make the conductive and radiative
losses are low. The other loss of convective losses is majorly depending upon the glass envelope temperature, wind
speed and ambient temperature. Hence, with the good mechanical design and conditions, one can achieve the overall
receiver thermal efficiency to about 70% by using the spinel based absorber material in a cost-effective wet-chemical
method.
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4. Conclusion
A novel tandem layer design of Cu-Ni-Co ternary spinel/SiO2 nanocomposite oxide selective absorber layer
developed on stainless steel substrate has obtained an excellent selectivity of solar absorptance 0.95 and emittance
0.13 along with low thermal emissivity of 0.18 at 500 °C. The photothermal conversion efficiency of this novel
design selective absorber has obtained the value of 0.90 and made the concentrated solar thermal system more
efficient at high operating temperature. Therefore, nanocomposite spinel oxide absorbers are a very good candidate
for medium and high temperature solar selective receiver in a cost-effective wet chemical method.
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Abstract
Films of Fe2 O3 : Mn were obtained using ultrasonic spray pyrolysis technique. Deposits of this material were made
on Titanium plates in a temperature range of 350 to 600 °C in steps of 50 °C. The concentrations of Fe and Mn
varied in the solutions to be sprayed. For the concentration of 0.0015 molar of Fe and 0.0035 molar of Mn and at
a temperature of 600 ° C it was obtained that the absorpbance has a value of 0.943 and the emittance value of
0.07, which are competitive to the commercial absorber TiNOx. X-ray diffraction analysis shows that the phase
that this material presents corresponds to the structure of the hematite, on the other hand, the roughness analysis
of the films show that this parameter varies depending on the deposition temperature, being fundamental in the
optical response of the material.

Keywords: Spray Pyrolysis, Hematite, Solar Absorber, TiNOX

1. Introduction
The global energy demand has increased over the years, and solar energy considered as an option to support more
intensely in meeting the annual energy demand that required at this time (630 EJ/year). Currently, research is
being carried out on various materials for its application in efficient solar energy technology to bring it to an
industrial scale. In the case of solar absorber materials, it is necessary to achieve high standards in solar
absorpbance and thermal emittance. Additionally, this type of material is required to be stable, non-toxic, abundant
in nature, absorb ultraviolet wavelengths, and high energy. An example of this type of s olar reference material is
TiNOx, which achieves a solar absorptance of 0.95 and an emittance of the order of 0.06. M.S. Tomar and F.J.
García (1981).
A material that potentially used in these applications has been Hematite (-Fe2O3), which is considered an n-type
semiconductor with the closed-package hexagonal crystal structure, has a high corrosion resistivity and its
production is low-cost, J. Chen et al. (2005). This material allows taking 40 % of the incident solar radiation. As
reported by S. Kumari et al. (2007) the properties of iron oxide can be altered by varying some parameters such
as the introduction of extrinsic defects and/or the alteration of extrinsic defects by doping. Another advantage of
this material is the diversity of preparation methods to synthesize it and various techniques have been used to
obtain it. On the other hand, Gurudayal et al. (2014), it shows that Mn is an excellent option to doped Fe2 O3 . Due
to its position in the periodic table the atomic radii of the Fe 3+ and Mn 2+ ions are similar between them which
implies that there no significant distortion of host lattice, it is also known that Mn generates states within the Band
Gap of Fe2 O3 P. Liao and E. Carter (2012) and B.A. Balko et al. (2001) which are used to make solar absorption
more efficient. Reports shown by F. Achouri et al. (2014) show that Mn is an excellent solar absorber because it
are in the spectral region of UV-VIS M.
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In the specialized literature are few reports of this material and its obtaining in Manganese-doped Hematite
structure as well as study of its response as a solar absorber. Obtaining materials in film form is an important
research branch, which has allowed the development of various physical and chemical techniques to obtain
materials in this form for various applications. The spray pyrolysis technique corresponds to a technique of
chemical type that uses precursors in solution Gurudayal et al. (2014), this technique stands out from others
because it does not require expensive accessories or some atmosphere to perform the synthesis of the materials.
The advantages of technique are obtaining of material in the form of a film with high adhesion and chemical
stability, characteristics that have allowed the obtaining of porous, dense, multilayer films and even the production
of powders. The use of this technique has had successful results in obtaining materials for use in solar cells as
well as semiconductors R.R. Chamberlin and J.S. Skarman (1966) and J.E. Hill and R.R. Chemberlin (1964)
In this research, the results obtained from films of -Fe2 O3 doped with different concentrations of manganese
synthesized employing the ultrasonic spray pyrolysis technique to obtain of a material that has the properties of
good solar absorber. The preparation method described, the solar absorptive analysis, thermal emittance, the
characterization of the material by XRD as well as the Perfilometry studies are carried out and reported. As far as
we know the research of these films of Fe 2 O3 : Mn is practically non-existent in the literature on this subject.

2. Experimental Methodology
The substrates used for depositing the film material by the pyrolytic reaction are high purity titanium sheets,
99.9%, cut into 2 x 2 cm2 samples. The substrates were washed with water and detergent. After that, the samples
were dipped in ethanol and a second wash is carried out by immersing the samples in hot acetone to remove the
remaining residues of fat on the surface.
To obtain Fe 2 O3 films contaminated with manganese, the following substances were used as precursors; FeCl3
6H2 O (Meyer 97%) in a concentration of 0.0015 mol / l and MnCl2 4H2 O (Tecsiquim 98%) in a concentration of
0.0035 mol / l. In all cases deionized water was used as a solvent. To obtain the solution to be sprayed, proportional
volumes of the precursor are mix to obtain 100 ml of the solution to be spray. The solution is spray for 15 minutes
at a flow of 5 L / min, using dry air as the entraining gas, at temperature ranging from 350 °C to 600 °C, at 50 °C
intervals to deposit various samples.
The titanium sheets as substrates were placed on the tin bed and the material immediately deposited. The deposits
made inside an air hood so that the vapors of the reaction come out and do not affect in the reaction that it is
happening. It is shown that this procedure is the ideal one for the coating deposit in order to reach the good optical
response of the material.
Once each sample obtained, it was cooled and then subjected to a heat treatment for two more hours at the
preparation temperature to stabilize the phase. Subs equently, each sample passed to structural, optical, and
morphological characterization. The total spectral reflectance of the samples were obtained with the Varian Cary
5E UV-VIS Spectrophotometer using an integration sphere. Based on this measurement, the total solar
absorptance of the samples evaluated by the integration of the reflectance spectrum. UV- VIS Spectrophotometer
was initially calibrated using NASA international Standard equivalent to (BaSO 4 )3 as base line. FTIR was
calibrated using an international standard for emittance value (Device and services Co Standard).
To determine the thermal emittance of the samples, we start by manipulating the reflectance spectra of the samples
in the infrared region. Such spectra are performed with an Infrared spectrophotometer with FTIR Fourier
transform from Thermo Scientific, model IS50 FT-IR
In the case of profilometry analysis, a Stylus Profilometer Bruker Dektak XT was used for areas of 1000 mm2 ,
while the Atomic Force Microscopy analyses were performed using an Ambios Technology Inc Q Scope 250/400.
The structural characterization analyses of the samples was measure using a Bruker D8 Advance X-ray
diffractometer.
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The measurements of optical properties of commercial TiNOx made from a sample of this material on glass,
which is the material used in the manufacture of the evacuated tubes of commercial solar collectors.

3. Experimental Methodology
The experimental process consisted of making deposits of Fe2 O3 : Mn on titanium substrates for different
concentrations of Fe and Mn ions. Preliminary analyzes allowed to fix a concentration of Fe in 0.0015 mol/l and
Mn in 0.0035 mol/l in solution to use in this research. The first analyzes focused on knowing how to modify the
appearance of deposit as well as the roughness of film as a function of temperature. The results are shown in Table
1.
Table 1. Thickness and appearance of samples prepared at a concentration of Fe and Mn, (0.0015: 0.0035 in
mol), as a function of the temperature
Sample

Thermal

Colour and

Film Roughness

temperature (°C)

homogeneity

(m)

(a)

350

Redish

1.011

(b)

400

Redish

0.749

(c)

450

Redish

1.170

(d)

500

Dark redish

1.008

(e)

600

Black color uniform

0.450

Table 1 indicate how the color modified as the roughness of Fe 2 O3 : Mn as a function of the deposition temperature.
Whenever the deposit made at 350 °C, the reddish color is predominant over the deposits made. It can be observed
that the roughness does not present any regularity as a function of the dep osition temperature.
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Figure 1 shows some representative images of the surfaces roughness analysis. a) 350 °C, b) 450°C, c) 500°C y
d) 600 °C
Figure 1 shows the roughness of Fe 2 O3 : Mn deposited at different temperatures. It can be seen that the deposits
do not present any type of regularity either on the surface or in the roughness values. With increasing temperature,
a decrease in surface roughness is noticeable, which is most likely the cause of the increase in solar absorpbance,
by a trapping the incident solar irradiation of the same wavelength range that the roughness surface.
The previously analyzes the storage temperature to be set at 600 °C. For the study of absorpbance and emittance,
deposits are made for different concentrations of Fe and Mn. It starts with the calculation of absorptance, as
shown in table 2.
Table 2. Values were resulting from solar absorption of various samples prepared by ultrasonic spray pyrolisis,
as a function of various concentrations of Fe and Mn, deposit at 600 °C.
Sample

Fe (mol)

Mn (mol)

Solar Absorpbance

(a)

0.0015

0.0035

0.943

(b)

0.025

0.0025

0.771

(c)

0.02

0.003

0.697

(d)

0.015

0.0035

0.755

(e)

0.01

0.004

0.692

(f)

0.05

0.0045

0.722

The optimum solar absorptance value is obtained for the concentration of 0.0035 mol of Mn and 0.0015 mol of
Fe, obtaining a value of 0.943 that is comparable with that reported by commercial TiNOx whose reported value
is 0.95 [13], for the remaining concentrations this parameter does not exceed a value from 0.77
As mentioned, a variation in temperature modifies the roughness and reflectance of the material obtained. Figure
2 shows this behavior of the material obtained as a function of temperature compared to the commercial
reference TiNOx.
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Figure 2. Spectral total reflectance of Fe2 O3 : Mn with the fixed molar concentration of Fe in 0.0015 mol and Mn
in 0.0035 mol as a function of temperature.
From the results shown in table 2, as well as that shown in graph 2, the concentrations of 0.0015 mol of Fe and
0.0035of Mn in the solution to be deposited via the ultrasonic spray pyrolysis technique guarantee the maximum
value of solar absorptance. To complement the analyzes, reflectance measurements made as a function of
temperature for these concentrations of Fe and Mn. Figure 3 shows the response for some selected temperatures.
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Figure 3. Spectral specular reflectance of Fe 2 O3 : Mn in the infrared region, for different temperatures and a
fixed concentration of Fe and Mn.
Table 3 indicates the values calculated for the emittance for different temperature conditions and the fixed
concentration of Fe and Mn.
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Table 3. Emittance values as a function of temperature.
Sample

Temperature (°C)

Emittance

(a)

600

0.07

(b)

500

0.10

(c)

450

0.075

(d)

400

0.038

(e)

350

0.15

The value of the absorptance of the material obtained utilizing the ultrasonic spray pyrolysis technique, when
compared with the commercial TiNOx absorber, a deviation of 7% is obtained. This value shows that the technique
used is an excellent procedure for obtaining this type of materials. In the case of the emittance, the experimentally
reached value shown in Table 3 is comparable to that reported for the TiNOx absorber. Experimentally it has been
shown that the values of both emittance and absorptance are comparable concerning the TiNOx commercial
reference. As mentioned in the introduction, several techniques have been used to obtain this material; however,
the values obtained are far below those offered by TiNOx.
The use of the ultrasonic spray pyrolysis technique for the deposit of these coatings presents advantages in
comparison with the techniques reported in the literature because the materials obtained by this technique are
uniform, homogeneous, have high adhesion, are physically and chemically stable and can be deposited in areas of
several meters and therefore can be used in the manufacture of solar cells or solar panels for finned tube solar
collectors.

Intensity (a.u.)

The results mentioned above are related to the phase that has -Fe2 O3 , so it is necessary to show that the synthesis
process allows obtaining the hematite phase. Figure 4 shows the diffraction pattern of both the substrate (titanium
plates) where the deposit made and the Hematite phase corresponding to the material studied. As the storage
temperature increases, the intensities associated with these two phases also increase as a natural consequence of
a high level of crystallization of Fe2 O3 : Mn.

(e) Fe2O3 :
(d) Fe2O3 :
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(b) Fe2O3 :
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Figure 4. XRD patterns as function of temperature
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The peaks associated with the phases listed are presented in Table 4 (a) and 4 (b) respectively.
Table 4 (a): Diffraction planes for the Ti, according to the standards
Angle (°)

Diffraction planes

Size Crystal (nm)

35.09

(100)

81.51

38.42

(002)

84.43

40.17

(101)

159.9

53.00

(102)

83.56

62.94

(110)

53.36

Angle (°)

Diffraction planes

Size Crystal (nm)

24.29

(012)

65.34

33.15

(104)

79.74

35.61

(110)

52.79

49.47

(024)

63.74

54.08

(116)

81.08

Table 4 (b): Diffraction planes for Hematite

Conclusions
This research shows that the Ultrasonic Spray Pyrolysis technique is acceptable for depositing thin Fe2 O3
absorbent films doped with Mn. Analyzes performed for different concentrations of Fe and Mn. The concentration
of Fe and Mn 0.0015 mol/l and 0.0035 mol/l respectively offer the best values of emittance and absorptance that
lead us to a high solar selectivity. The values obtained 0.94 (3) for the absorbance, and 0.07 for the emittance are
around to the commercial reference TiNOx, which is used commercially as an absorber coating. X-ray diffraction
analysis indicates that the technique used guarantees obtaining the hematite phase, a fundamental element for
absorption analysis. The diffractograms show that increase of temperature in steps of 50 ° C does not modify in
any sense the structure of the material remaining constant in the process of depositing Fe2 O3 : Mn, a fact that stands
out about the temperature of deposit of the material is that the roughness is modified depending on the temperature.
Concerning the optical properties, the reflectance spectra measured and shown in this work allow us to appreciate
the potential solar absorber selectivity of this type of systems for the use of solar energy in solar collectors, as
shown in Figure 2. The relatively simple technique can be considered as an option for the production of this
material to deposit in large areas as required by the manufacturer of solar collectors, that continuing with an
increased interest all over the world.
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Abstract
The research team at UC Merced is developing a novel low cost non-tracking solar thermal
collector/concentrator called the Integrated Compound Parabolic Concentrator (ICPC) and a low-cost phasechange thermal energy storage system. The result is low cost 24/7 solar heat on-demand, and together they will
significantly reduce the levelized cost of heat (LCOH) to below $0.015 per kWhth, while also incorporating
features of dispatchability and portability. The final project objective is successful demonstration of an
integrated (solar thermal + storage) system which is on track to provide an LCOH < $0.015/kWhth. The ultralow cost target (half the price of natural gas) should incentivize marketplace adoption.
Keywords: Solar Thermal Collector, Nonimaging Optics, Solar Desalination, Thermal Storage

1. Introduction
Water handling technologies are vital components of human infrastructure, which are increasingly being
stressed due to population growth, competing energy demands, and the disruption of natural hydrologic cycles.
Global water demand is expected to rise 20-30% above current levels by 20501. Since most existing freshwater
resources have been developed, desalination is increasingly being viewed as a solution which can both recover
wastewater generated from existing supplies and add new capacity through the desalination of seawater.
In addition to supplementing municipal water supplies, desalination is also a means to increase water supplies
for agriculture and to purify water produced from various industrial processes and from oil and gas exploration.
Agriculture has high water demands (69% globally1, 80% of California’s water consumption2) with runoff that
is typically saline due to salts in the soil and groundwater occurring naturally or from fertilizer use. Increasing
soil and groundwater salinity adversely impacts production from irrigated agriculture, and even changes the
types of crops that can be grown over time in some areas. Salinity must be managed to avoid progressing into
desertification. Industry1 (including power generation) consumes 19% of the world’s water. Many industrial
processes generate wastewater, which often cannot be discharged into surface waters. As a result, these
industries must pay for disposal and or cleanup costs, which can be especially large for inland industries. A
major byproduct of oil and gas production is saline water, also known as produced water, which faces similar
disposal issues. Since produced water is often generated away from grid infrastructure, it must be disposed of
at high cost by transportation away from the site. In all of these scenarios, a distributed, renewable, and low
cost solution is needed.
The most common desalination technologies are Reverse Osmosis (RO), Multi-Stage Flash (MSF), and MultiEffect Distillation (MED). RO systems use high-pressure pumps to push water through a molecular membrane,
leaving behind impurities in a concentrated solution. MSF and MED systems use thermal energy to evaporate
water, distilling it and leaving behind the impurities. Since the thermal energy consumption is large, multiple
stages are employed to increase the water recovery relative to the heat input. Emerging thermal desalination
technologies include forward osmosis (FO), membrane distillation (MD), and humidification-dehumidification
(HDH), which may be able to reduce the specific energy consumption (SEC) required to desalinate water
compared to the traditional thermal technologies (MSF, MED).
RO systems are the most common technology employed today, due to their low energy costs and overall cost
1

WWAP (UNESCO World Water Assessment Programme). 2019. The United Nations World Water
Development Report 2019: Leaving No One Behind. Paris, UNESCO.
2
https://water.ca.gov/Programs/Water-Use-And-Efficiency/Agricultural-Water-Use-Efficiency
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of water production. Thermal desalination, however, is advantageous when dealing with high total dissolved
solids (TDS) or variable water supplies. For example, MED systems are particularly attractive because: (1)
their low operating temperature (70 °C) minimizes tube corrosion and scale formation, (2) operational and pretreatment costs are low because the feed water quality is not as essential as for RO, and (3) the heat transfer
and water production efficiencies are high and power consumption is low compared to MSF (Ullah et al. 2019).
Thermal desalination systems tend to be more robust and better suited for dealing with high total dissolved
solids (TDS) streams (such as RO brine), wastewater, and other variable water sources.
The latest concentrating solar power (CSP) systems analysis by the U.S. National Renewable Energy
Laboratory (NREL) (Turchi et al. 2019) lists sixteen companies engaged in solar industrial process heat (IPH),
three of which have conducted projects related to solar desalination or wastewater treatment. While technically
feasible, solar desalination plants have not been realized on a significant scale due to poor economics, which
are limited by low efficiencies and high capital costs (Chandrashekara et al. 2017). Solar thermal technologies
were developed either for domestic hot water production (< 70°C) or high temperature (> 400°C) concentrating
solar power (CSP) applications. Thermal desalination, however, is a low temperature process and can be
powered by low quality steam (100-120°C). As a result, hot water collectors have trouble efficiently reaching
the temperatures needed for thermal desalination and the CSP collectors are over-engineered and unnecessarily
costly for the application. To reduce capital costs, solar technologies which are tailored specifically for the
purpose of desalination are needed (Reif et al. 2015).
In this paper, we detail the design of a novel low cost solar thermal energy system that will significantly reduce
the levelized cost of heat (LCOH) to below $0.0015 / kWhth, while incorporating features of dispatchability
and portability. It system will reach its LCOH target through a combination of low-cost collector materials
(primarily glass and aluminum), ease of installation and operation, increased thermal efficiency, and the use
of nonimaging optics—which will enable it to collect all solar irradiance (global), not just direct normal
irradiance (DNI). The project includes the design and development of a new collector/concentrator called the
Integrated Compound Parabolic Concentrator (ICPC) and, in parallel, the design and development of an
accompanying thermal energy storage (TES) system.
2. The Internal Compound Parabolic Concentrator (ICPC)
The integrated compound concentrator (ICPC) was first described by Snail et al. in 1984, and has since
undergone several years of development. It is a highly efficient, simple, stationary vacuum tube collector with
integrated optics. Previous iterations were expensive due to production and manufacturing constraints of the
time, but developments to metal-glass sealing technology and aluminum heat pipes today enable ultra-low
material costs for ICPC collectors.

Fig. 1: ICPC solar thermal collector cross-section

The internal compound parabolic collector (ICPC, Figure 1) consists of an (i) evacuated glass tube, (ii) heat
pipe absorber, (iii) reflective coating, and (iv) metal-glass seal. The glass tube encases the absorber in a
vacuum-insulation jacket, improving thermal efficiency at elevated temperatures by eliminating convective
heat loss. A reflective coating applied to the bottom half of the glass tube provides optical access to the bottom
half of the absorber. In this way, the ICPC has a geometric concentration ratio of approximately 1 and incoming
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solar irradiance can be reflected to the bottom surface. The absorber is an aluminum heat pipe, which is
selectively coated to have a high solar absorptivity and low thermal emissivity at a target operating surface
temperature of 150 °C. This temperature was selected to allow 30 °C for heat transfer between the absorber
surface and the final working fluid of 120 °C. The heat pipe absorber passes through an aluminum end cap to
expose the condensing section outside of the glass tube. This transition is called the metal-glass-seal, which
seals the glass tube to the aluminum end cap and heat pipe and maintains the vacuum inside the tube.
Performance of the ICPC is estimated using ray tracing software and a simple thermal model. The optical
model was developed with the specifications in Figure 2. The heat pipe is a rectangular shape positioned
horizontally against the glass tube in a 9 o’clock position. At normal incidence, the ICPC has an optical
efficiency (ηoptical) of 75.6%.

Fig. 2: Ray tracing simulation design and parameters

The incidence angle modifier (IAM) was generated by sweeping the angle of incoming light from -90˚ to 90˚,
to understand optical performance at off-axis incidence angles. The IAM in Figure 3 is scaled to the optical
efficiency at normal incidence, so it has a value of 1 at zero degree incidence. This is also the angle of the
lowest optical performance (due to a larger average number of reflections) and the collector should perform
up to 10% better at off-axis angles.

Fig. 3: Incident Angle Modifier (IAM)

A simple thermal model was developed to estimate the thermal efficiency (ηthermal) of the collector at various
operating temperatures. Thermal efficiency is calculated according to Equation 1, where ηoptical is the optical
efficiency determined from the ray tracing simulation results, emissivity of the selective coating on the
absorber is an estimated ϵ = 0.08, ambient temperature of the surrounding environment is Tamb = 25˚C, and
global solar irradiance G = 1000 W/m2.
𝜂𝑡ℎ𝑒𝑟𝑚𝑎𝑙 = 𝜂𝑜𝑝𝑡𝑖𝑐𝑎𝑙 − 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 𝑙𝑜𝑠𝑠𝑒𝑠 = 𝜌𝜏𝛼 −

4
4
𝜖𝜎(𝑇𝑎𝑏𝑠
−𝑇𝑎𝑚𝑏
)
𝐴𝑎𝑝𝑒𝑟𝑡𝑢𝑟𝑒
𝐴𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟

∗𝐺

(eq. 1)

No convective losses are considered because the hot absorber operates in an evacuated environment,
and therefore optical and radiative losses are the major contributors which determine performance. The thermal
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efficiency is plotted in Figure 4 for multiple operating temperatures, starting from 40˚C to a stagnation
temperature of 375˚C. At an absorber operating temperature of 150˚C, the collector will have a solar-to-thermal
efficiency of about 65%.

Fig. 4: Thermal efficiency simulation results

Prototype ICPCs are currently being manufactured. Miniature prototypes are shown in Figure 5 and full-scale
two-meter long tubes are also being procured for testing. The purple coloring of the absorbers is the selective
coating, which has a high solar absortpance and low thermal emittance at operating temperatures to reduce
radiative losses. The gas getter, shown as the silver coloring at the bottom of the collectors, provides a chemical
buffer to maintain vacuum and also provides is a visual indicator of vacuum integrity. If the gas getter changes
from silver to white, the vacuum has been lost.

Fig. 5: Miniature Prototype ICPC’s

Once the prototypes are completed, a small 20 tube module will be tested on a two axis tracker, on-sun, to
quantify thermal performance and confirm the IAM through experimental results.

3. Thermal Energy Storage
A fundamental aspect of solar energy is its intermittency, and solar thermal systems are often greatly enhanced
by the availability of thermal storage to allow continuous, reliable heat output. Here we consider the design
of a thermal energy storage (TES) system tailored for coupling to the ICPC collector in desalination
applications.
Thermal energy can be stored directly as sensible heat corresponding to a change in temperature of the storage
media or latent heat corresponding to a change of phase in the storage media as well as by heat of a chemical
reaction in the media (Zhang et a. 2016). TES is a well-established technology, but the problem of designing
a TES system for solar thermal applications requires simultaneous optimization of cost and thermal
performance. These characteristics are tightly intertwined and present several trade-offs. Capital cost can be
roughly broken down into 3 categories for TES (considering fluid handling to be external to the TES system):
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thermal storage material; heat exchanger material and fabrication; and containment material and fabrication.
The thermal performance, meanwhile, can be characterized by the thermal efficiency (heat recovered/heat
added) of the charge/discharge cycle and by the temperature difference between the heat transfer fluid entering
during charge and exiting during discharge (ΔTc/dc). The former effect is due to heat loss to the environment,
while the latter effect represents the generation of entropy and the loss of exergy or quality of the heat stored
due to thermodynamic and transport limitations. The interactions of all these elements are complex. E.g., the
quantity of thermal storage media can be minimized by increasing specific heat capacity or increasing the
temperature range of operation, but the latter decreases thermal performance by increasing the mean ΔTc/dc.
Likewise, ΔTc/dc can be reduced with increased heat exchanger area but at the cost of increased material and
fabrication costs.
The use of phase change storage media in direct (or close) contact with the heat transfer fluid offers significant
benefit for all these elements. Latent heat storage yields an extremely large effective heat capacity near the
phase change temperature, minimizing required storage media quantity and the thermodynamic component of
ΔTc/dc. Direct contact heat exchange improves heat transfer performance, reducing the transport component of
ΔTc/dc while eliminating the costs associated with the heat exchanger. Reduced storage media volume and lower
mean operating temperatures minimize the cost of the containment structure and the insulation required to
minimize heat loss. The advantages of direct contact heat exchange have been extensively applied for both
sensible and latent heat storage systems (Kenisaren & Mahkamov, 2007; Wu et al. 2014; Cascetta et al. 2015).
Figure 6 shows a schematic of a direct contact TES. The system consists simply of an insulated enclosure
containing a bed of storage media through which the heat transfer fluid flows. Heat transfer resistance between
a storage media element and the heat transfer fluid can be decomposed into conduction and convection
components. The conduction component corresponds to thermal diffusion between the moving phase interface
and the outer surface, as given for a spherical media element in the figure (where ks is the thermal conductivity
of the solid storage media). This resistance is minimized for small storage media elements. The local heat
transfer coefficient, h, determines the convection component, along with the element surface area, As. For a
packed bed of storage media, the local heat transfer coefficient can be determined from a simple correlation
for local Nusselt number, which is proportional to the product of Reynolds and Prandtl numbers to the 1/3
power (Bird et al. 2007).

Fig. 6: Schematic of TES utilizing phase change storage media in direct contact with the heat transfer fluid

The storage utilizes high density polyethylene (HDPE) as the storage media. HDPE is compatible with direct
contact of the HTF in both solid and molten phases while retaining excellent latent heat capacity. Figure 7
shows a differential scanning calorimetry thermogram for HDPE which has been melted and solidified in
propylene glycol. After cycling in HTF, the HPDE storage media retains latent heat of fusion well above 100
J/g.
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Fig. 7: Differential scanning calorimetry thermogram for HDPE following melting & solidification in propylene glycol
(Temperature scan rate is 1˚C/min)

Direct contact between the heat transfer fluid and the storage media leads to an extremely simple and robust
TES system, and HDPE offers a low cost/high latent heat storage media compatible with the HTF used in this
configuration. The combination of these elements provides significant advantages for application in medium
temperature solar thermal applications such as desalination.

4. System Design
Once initial prototyping and performance testing is completed, a pilot solar array and TES system will be built
for integrated testing. A 24 kW array (Figure 8), is sized to provide heat to run a desalination system (5kW)
and charge the thermal storage (15 kW) during the day; the extra 4 kW account for heat loss to the environment.
The solar field will be made of a total 4 banks with 5 modules each, resulting in a total of 400 ICPC collectors.

Fig. 8: 24 kW Array + TES + Desalination Schematic

A cost analysis was performed using a bottom-up approach for the main components: Solar Field (ICPC
collector module including tubes, manifold box, frame), and the Thermal Energy Storage (TES: phase change
material, containment vessel, insulation). The levelized cost of heat for the ICPC and TES is calculated using
equation 2. Installed cost includes both direct (sum of the solar field, TES, and balance of system costs) and
indirect costs for the solar field, shipping, and installation. The FCR is a factor that includes assumptions
regarding financing, tax, and inflation; for this cost breakdown, the FCR is assumed to be a value of 0.083 for
25 years.
𝐿𝐶𝑂𝐻 =

(𝐼𝑛𝑠𝑡𝑎𝑙𝑙𝑒𝑑 𝐶𝑜𝑠𝑡)∗(𝐹𝐶𝑅)+(𝐴𝑛𝑛𝑢𝑎𝑙 𝑂&𝑀)
𝐴𝑛𝑛𝑢𝑎𝑙 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛

(eq. 2)

The annual thermal generation includes the direct normal irradiance (DNI) of the selected geography along
with the optical and thermal losses of the system (array, plumbing, storage, & desalination unit). The annual
thermal generation is determined using equation 3.
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𝐴𝑛𝑛𝑢𝑎𝑙 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 = (𝐺𝑇𝐼) ∗ (𝜂𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 ) ∗ (𝜂𝑠𝑦𝑠𝑡𝑒𝑚 ) ∗ 365

𝑑𝑎𝑦𝑠⁄
𝑦𝑒𝑎𝑟 ∗ 𝐴𝑎𝑟𝑟𝑎𝑦 𝑎𝑝𝑒𝑟𝑡.

(eq. 3)

Here GTI is the global tilted irradiance (annual energy on the plane of a collector array oriented at latitude) of
the testing facility in Merced, CA, USA, ηcollector is the thermal efficiency at fluid temperature at the desalination
unit of 120˚C, ηsystem is the thermal efficiency of the full system, and Aarray apert. is the required aperture area of
the array. The following Table 1 provides the design inputs and economic breakdown, with the resulting
LCOH.
Design Inputs

Economics

GHI

5.3 kWh/m2/day

Total Direct Cost

$136.49/m2

Collector Efficiency

64%

Total Indirect Cost

$6.82/m2

System Thermal Efficiency

83%

Annual O&M

$2.73/m2

Required Array Aperture

53.28 m2

LCOH

$0.0142/kWhth

Annual Thermal Generation

54750 kWh/year

Tab. 1: System design and LCOH breakdown

With the proposed low costing solar collector and accompanying TES, the target goal of a LCOH below $0.015
/ kWhth is met.

5. Conclusion
The ICPC collector is a stationary and low-cost vacuum tube collector. It has a reflective coating applied to
the bottom half of the glass tube allowing optical access to the absorber. The combination of these two results
in high efficiencies up to 150 °C. The thermal energy storage (TES) system is an insulated tank containing a
stabilized phase change material (PCM) storage media. The heat transfer fluid flows in direct contact with the
storage media, which allows for charging during the day and discharge at night. The result is low cost 24/7
solar heat on-demand. The combination of low-cost ICPC solar collector with the TES will drastically reduce
the levelized cost of heat to below $0.015 / kWhth, which should incentivize deployment at half the price of
natural gas. Furthermore, the system’s portability will make it an ideal solution for remote areas. Once
demonstrated, this technology will be ideal for powering commercial evaporators, multiple effect distillation
(MED), multi-stage flash (MSF), forward osmosis (FO), membrane distillation (MD), and humidification dehumidification (HDH) technologies, and enable the renewable management of municipal, agricultural,
industrial, produced waters, RO brine, and more.
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Abstract
One of the failures in the solar receivers is usually produced by thermal stresses caused by the non-uniformity
of the concentrated solar flux and the transient behavior of the climate. The use of liquid sodium as a heat
transfer fluid allows to reach higher temperatures to feed more efficient power systems, however, this produces
an increase in thermal stresses, putting the safety of the facilities at risk. The change of geometry is an alternative
to improve the thermo-mechanical behavior of the receiver tubes. To compare the thermal and hydraulic
characteristics, parameters such as the Reynolds number, the pressure loss, the internal heat transfer coefficient,
and the mass flow are determined. With these, six equivalences are tested between conventional tubes and
square ducts. The results show that for all the conditions of equivalence the thermal stress increases in
comparison with a conventional tube, specifically in the corners of the square duct, however, the characteristics
of heat transfer and pressure drop can be maintained and improved. These results imply that the use of other
geometries can benefit the overall efficiency of the receiver as well as affect the levelized cost of electricity
(LCOE).
Keywords: Concentrated solar power, liquid sodium, thermal stress, receiver

1. Introduction
In the field of solar energy, concentrated solar plants (CSP) are of great interest in terms of generated energy
compared to photovoltaic or wind plants because of the higher plant factors they reach. Also, research on new
power blocks, such as supercritical CO_2, requires working fluid to reach temperatures above 700 °𝐶𝐶 (Besarati
and Goswami, 2017). Using a liquid metal such as sodium provides wider operating temperature ranges
compared to other fluids such as molten salts or steam (Ho, 2017), this makes it possible to use more efficient
power cycles and generate more energy.
One of the most common failures of the receiver tubes is produced by thermal stresses that exceed the elastic
limit of the material. The thermal stress may have cyclical behavior due to the passage of clouds or the weather
conditions of the place; these transient changes may cause temperature rise to the average melting temperature
inducing the flow of the material. The permanent presence of creep and fatigue produces plastic deformations
to the metal, which in the long term, causes the failure and the decrease of the lifespan of the receiver
(Rodriguez-Sanchez et al., 2014)
In this context, there are authors who relate the thermal stresses in sodium-operated solar receivers (Conroy et
al., 2018a; Conroy et al., 2018b; Logie et al., 2018; Cagnioli et al., 2019; Boerema et al., 2013), in these research,
it can be concluded how the thermal stress decreases compared to a receiver operated with molten salts, given
the high thermal conductivity and heat transfer rate of liquid sodium. Of these authors, only Boerema includes
the change of dimensions and arrangement of the tubes. However, the use other types of geometries such as
square ducts, has not been fully explored. The interest to use other ducts geometries begins from the presence
of secondary flows in ducts with sharp corners that modify the average behavior of the fluid velocity and tend
to increase the heat transfer from the corners to the fluid (Kakac et al 1987). According to the review of the
state of the art and the previously presented authors, studies showing the effect of changing the profiles of the
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solar receiver tubes are scarce. In this document, the comparison of the cross-section of circular tubes with
square ducts of a sodium-operated solar receiver is made through a 2D model programmed in Matlab. The
contribution of this research allows laying the foundations for the design of a receiver that has a thermo-elastic
performance similar or better than conventional receivers.

2. Methodology
The solar receiver billboards are formed by circular tubes in parallel, therefore, the approach to model the tube
is to consider it as a series of segments of finite cross-sections where the temperature of each segment can
change in the x- and y-axis but does not change on the z-axis perpendicular to the cross section.
It should be noted that for this analysis, the interaction between the adjacent tubes, is not considered. The
scheme of the problem is shown in Fig. 1. In this one, the average temperature of the fluid 𝑇𝑇ℎ𝑡𝑡𝑡𝑡 is constant
inside the tube and the flow of incident radiation on the front of the tube 𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖 . is also uniform. For purposes of
comparison with other geometries, the problem is solved in cartesian coordinates.

Fig. 1: Cross-section of the tubes with the flow of radiation from the front, fluid circulating inside and with adiabatic condition
from the back

2.1 Temperature Distribution
It assumes that the temperature distribution in the cross-section of the tube is in a steady-state and can be
obtained with the Laplace equation
𝜕𝜕 2 𝑇𝑇 𝜕𝜕 2 𝑇𝑇
+
=0
𝜕𝜕𝑥𝑥 2 𝜕𝜕𝑦𝑦 2

The boundary conditions for the exterior front part, are expressed as a function of a unit vector
normal to the surface 𝑛𝑛�⃗𝑜𝑜
𝑘𝑘𝑡𝑡

𝜕𝜕𝜕𝜕
� = 𝛼𝛼𝑞𝑞⃗𝑖𝑖𝑖𝑖𝑖𝑖 ⋅ 𝑛𝑛�⃗𝑜𝑜 + 𝜖𝜖𝜖𝜖(𝑇𝑇𝑜𝑜4 − 𝑇𝑇∞4 ) + ℎ𝑜𝑜 (𝑇𝑇𝑜𝑜 − 𝑇𝑇∞ )
𝜕𝜕𝜕𝜕 𝑛𝑛�⃗𝑜𝑜

(eq. 1)

(eq. 2)

Where 𝑘𝑘𝑡𝑡 is the thermal conductivity, 𝛼𝛼 is the absorptivity of the surface, 𝜖𝜖 the emissivity, 𝛽𝛽 is
the Stephan-Boltzmann constant, 𝑞𝑞⃗𝑖𝑖𝑖𝑖𝑖𝑖 the solar concentrated flux and ℎ𝑜𝑜 is the external heat transfer coefficient.
The outside temperature is 𝑇𝑇𝑜𝑜 and the ambient temperature is 𝑇𝑇∞
Inside the tube, the boundary condition for temperature corresponds to forced internal convection and acts in
𝑛𝑛�⃗𝑖𝑖 direction
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𝑘𝑘𝑡𝑡

𝜕𝜕𝜕𝜕
� = ℎ𝑖𝑖 (𝑇𝑇𝑖𝑖 − 𝑇𝑇ℎ𝑡𝑡𝑡𝑡 )
𝜕𝜕𝜕𝜕 𝑛𝑛�⃗𝑖𝑖

(eq. 3)

The internal heat transfer coefficient ℎ𝑖𝑖 is obtained with the thermal conductivity of the fluid (𝑘𝑘),
the characteristic length (𝐿𝐿) and Nusselt number (𝑁𝑁𝑁𝑁)
ℎ𝑖𝑖 = 𝑁𝑁𝑁𝑁 ⋅

2.2 Thermal Stress

𝑘𝑘
𝐿𝐿

(eq. 4)

To obtain the stress distribution in the cross-section of the tube, the flat deformation condition (𝜀𝜀𝑧𝑧 = 0) will
be used. Hooke's law establishes the relationship between deformations and stress.
(eq. 5)

𝜎𝜎 = [𝑅𝑅](𝜀𝜀 − 𝜀𝜀0 )

Where the matrix [𝑅𝑅] contains the elastic properties such as the Young modulus (𝐸𝐸) and the
Poisson modulus (𝜈𝜈).
[𝑅𝑅] =

1 − 𝜈𝜈
𝐸𝐸
� 𝜈𝜈
(1 − 𝜈𝜈)(1 − 2𝜈𝜈)
0

𝜈𝜈
1 − 𝜈𝜈
0

0
0
�
(1 − 2𝜈𝜈)⁄2

(eq. 6)

The term 𝜀𝜀0 correspond to the initial deformations, which in this case, are the thermal deformations 𝜀𝜀𝑇𝑇 .
(1 + 𝜈𝜈)𝜆𝜆Δ𝑇𝑇
𝜀𝜀𝑇𝑇 = �(1 + 𝜈𝜈)𝜆𝜆Δ𝑇𝑇 �
0

(eq. 7)

Where 𝜆𝜆 is the coefficient of linear expansion and Δ𝑇𝑇 is the temperature difference (𝑇𝑇 − 𝑇𝑇0 ), with 𝑇𝑇0 the stressfree temperature that for metals is considered at ambient temperature (20 °𝐶𝐶). Therefore, the relationship
between stress and deformation for this problem is as follows:
𝜎𝜎𝑥𝑥
𝜀𝜀𝑥𝑥 − (1 + 𝜈𝜈)𝜆𝜆Δ𝑇𝑇
� 𝜎𝜎𝑦𝑦 � = [𝑅𝑅] �𝜀𝜀𝑦𝑦 − (1 + 𝜈𝜈)𝜆𝜆Δ𝑇𝑇 �
𝜎𝜎𝑥𝑥𝑥𝑥
𝛾𝛾𝑥𝑥𝑥𝑥

(eq. 8)

3. Verification
For the purposes of code verification, the results presented by Logie (Logie et al., 2018) will be used, the
parameters used are listed in Tab 1.
Tab 1: Parameters used for verification (Logie et al., 2018)

Property
𝑇𝑇ℎ𝑡𝑡𝑡𝑡
𝑁𝑁𝑁𝑁
ℎ𝑖𝑖
𝑟𝑟𝑖𝑖
𝑟𝑟𝑜𝑜
𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖
𝐸𝐸
𝜈𝜈
𝑘𝑘
𝜆𝜆
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Unit
°𝐶𝐶

𝑘𝑘𝑊𝑊 −2 𝐾𝐾 −1
𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚
𝑘𝑘𝑘𝑘𝑚𝑚−1
𝑀𝑀𝑀𝑀𝑀𝑀

𝑊𝑊𝑚𝑚−1 𝐾𝐾 −1
𝐾𝐾 −1

Value
450
19.6
43.6
15.05
16.7
850
165
0.3
20
18.5 ⋅ 10−6
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For comparison and analysis purposes, the Von Mises equivalent stress is calculated, according to the failure
theory, this equivalent stress must be less than the yield stress to ensure that the material remains in the zone
of elasticity and plastic deformation failures do not occur.

In the case of stainless steels suitable for the use of liquid sodium SS304L and SS316 L, the yield stress is
170 𝑀𝑀𝑀𝑀𝑀𝑀.
𝜎𝜎𝑣𝑣𝑣𝑣

2

(eq. 9)

2

�𝜎𝜎𝑥𝑥 − 𝜎𝜎𝑦𝑦 � + �𝜎𝜎𝑦𝑦 − 𝜎𝜎𝑧𝑧 � + (𝜎𝜎𝑧𝑧 − 𝜎𝜎𝑥𝑥 )2
=�
+ 6𝜏𝜏𝑥𝑥𝑥𝑥
2

The semi-analytical method used by Logie is only proposed for the half of the tube, since the temperature
distribution is symmetric with respect to an axis that cuts the cross-section in two, however, the finite element
method allows calculating the stress for the entire cross-section. The conditions of zero axial force (Fig. 2) and
annulled bending moment (Fig. 3) for both methods are presented.

150

100

50

Equivalent Stress Mpa

200

0

Fig. 2: Equivalent stress for the zero axial force condition (z.a.f) of the cross-section of the tube. Results obtained with the method
of Logie et al. (left) and the ones on this study (right).

120
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80
60
40

Equivalent Stress Mpa

140

20
0

Fig. 3: Equivalent stress for the annulled bending moment condition (a.b.m) of the cross-section of the tube. Results obtained
with the method of Logie et al. (left) and the ones on this study (right).
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The difference between the semi-analytic method and the finite element method is quantified with the
percentage error of the equivalent effort between the common nodes of both cases. The discrepancy shown in
Tab.2 may be because the semi-analytic method takes a curve fit for the inside and outside of the tube and then
calculates the stresses. With this adjustment, it is assumed that along the radial direction of the tube, there is a
distribution similar to the weighting between the inside and outside temperature. On the other hand, the finite
element method takes the temperature of each of the nodes and calculates the thermal stress based on the
temperature difference with the adjacent nodes.

Tab. 2: Comparison of the maximum equivalent stress for the case of zero axial force (z.a.f) and annulled bending moment
(a.b.m)

Method
𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎 𝑴𝑴𝑴𝑴𝑴𝑴 (F.A.N)
𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎 𝑴𝑴𝑴𝑴𝑴𝑴 (M.F.A)

Semi analytic
218
141

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸
212
136

Difference %
7
12

4. Geometry Equivalence
The equivalence of geometries corresponds to equating variables that allow comparing different geometries.
Dimensionless numbers are useful for this purpose, for example, to maintain the thermal and physical properties
of liquid sodium, it is necessary to use the same Prandtl number between two different geometries.
For this problem the variables of interest are the pressure drop Δ𝑃𝑃, the mass flow 𝑚𝑚̇, the heat transfer coefficient
ℎ, and the Reynolds number (𝑅𝑅𝑅𝑅). If only one of the variables remains, two unknowns correspond to the fluid
velocity and the hydraulic diameter, therefore, it is necessary to set two conditions that allow solving the
problem. From the mentioned variables, six equivalence conditions arise that allow finding the diameter of the
square ducts and thus proceed to the calculation of the temperature and stress distribution.

5. Results and discussion
For the equivalences the example of the sodium-operated receiver in Vast Solar will be taken, this corresponds
to a billboard of 60 tubes of 23 𝑚𝑚𝑚𝑚 in diameter made of 304 stainless steel, with a thickness of 1 𝑚𝑚𝑚𝑚. Conroy
et al. (Conroy et al 2018b) shows the thermo-mechanical effect in the panel of different approach strategies for
the heliostat field, the results for a radiation flow of 1.2 𝑀𝑀𝑀𝑀𝑚𝑚−2 are shown in Tab. 3
Tab. 3: Results obtained with the parameters of the Vast Solar receiver (Conroy et al. 2018b)

𝑹𝑹𝑹𝑹
16874

𝚫𝚫𝑷𝑷
24.5 𝑃𝑃𝑃𝑃 𝑚𝑚−1

𝒎𝒎̇
0.077 𝑘𝑘𝑘𝑘 𝑠𝑠 −1

𝒉𝒉
15978 𝑊𝑊𝑚𝑚−2 𝐾𝐾 −1

𝑻𝑻𝒉𝒉𝒉𝒉𝒉𝒉
454 °𝐶𝐶

𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎
139 𝑀𝑀𝑀𝑀𝑀𝑀

Then with the six conditions of equivalence defined in the previous section, the hydraulic diameters for a
square tube and the parameters related to its thermo-hydraulic behavior, are obtained.
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Tab. 4: Equivalent diameter for square ducts fot the six equivalences of geometries

Equivalence
Δ𝑃𝑃 \ 𝑅𝑅𝑅𝑅
Δ𝑃𝑃 \ ℎ
Δ𝑃𝑃 \ 𝑚𝑚̇
𝑅𝑅𝑅𝑅 \ ℎ
𝑅𝑅𝑅𝑅 \ 𝑚𝑚̇
ℎ \ 𝑚𝑚̇

𝑫𝑫 𝒎𝒎𝒎𝒎
23
36
21
35
18
34

𝑹𝑹𝑹𝑹
16874
36782
14437
16874
16874
9021

𝚫𝚫𝑷𝑷 𝑷𝑷𝑷𝑷/𝒎𝒎
24.5
24.5
24.5
7.2
50.6
2.5

𝒎𝒎̇ 𝒌𝒌𝒌𝒌/𝒔𝒔
0.098
0.336
0.077
0.147
0.077
0.077

𝒉𝒉 𝑾𝑾/𝒎𝒎𝟐𝟐 𝑲𝑲
24019
15979
26072
15979
30567
15979

𝝈𝝈𝒎𝒎𝒎𝒎𝒎𝒎 𝑴𝑴𝑴𝑴𝑴𝑴
174
176
174
197
170
212

The hydraulic diameter for a square duct corresponds to the length of one of its sides, therefore, for the same
hydraulic diameter of a circular tube and a square duct, the latter, has more area. This implies that the speed of
the fluid is different and, consequently, the properties such as the mass flow, the pressure drop, and the heat
transfer coefficient change for each combination of equivalence. In engineering terms, maintaining the pressure
drop is preponderant, since this implies maintaining the pumping power, therefore, the Reynolds number and
the mass flow directly influence this issue, the tube dimensions and thickness impact on the cost of the receiver
manufacturing, and the heat transfer coefficient affects the temperature reached by the fluid, consequently, all
these parameters determine the Levelized cost of electricity (LCOE).

Fig. 4: Temperature distribution (left) and equivalent stress (right) for the annulled bending moment condition of the crosssection of the square duct, for the first equivalence

The risk in using liquid sodium focuses on that the correct choice of geometry is through the effort the tube
reaches. For all cases of equivalence shown in Tab. 4, the stress is greater compared with the tubes, specifically
in the corners, what it explains, since the internal convection works perpendicular to the inner surface, so that
in the corners the flow is not withdrawn in the same way as in the frontal part where the solar radiation flow
and the internal convection are in the same direction. According to Fig. 4, the sharp corners obstruct the transfer
of heat, which implies that the temperature increases and, consequently, the effort increases. One option is
curving the corners both inside and outside and observe how the front exterior temperature profile of the square
duct changes.
This effect is shown in Fig. 5; in which it is noted how the temperature peak can decrease when the radii of
curvature change. In particular, the greatest decrease is for 𝑟𝑟𝑜𝑜 = 2 𝑚𝑚𝑚𝑚 - 𝑟𝑟𝑖𝑖 = 0 𝑚𝑚𝑚𝑚, however this case
presents manufacturing problems, therefore, the best combination would be 𝑟𝑟𝑜𝑜 = 1 𝑚𝑚𝑚𝑚 − 𝑟𝑟𝑖𝑖 = 0 mm.
Nevertheless, the decrease in temperature between the case of completely-straight corners and the outline of the
outside is small.

29

F. Gonzalez et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

560

Temperature ° C

540

520

r = 0 mm - r = 0 mm
o

500

i

r =1 mm - r =0 mm
o

i

r =2 mm - r =0 mm
o

480

i

r =2 mm - r =1 mm
o

0

0.005

i

0.01

0.015

0.02

x axis

Fig. 5: Effect of the contour of the corners on the outer front profile of temperature for a square duct with the first condition of
equivalence

Based on the results found, it is important to consider the effects of the secondary flows, since the coefficient
of heat transfer at the corners can contribute to the decrease in temperature peaks. Also, using geometries as
square ducts has certain advantages such as the increase of the average heat transfer coefficient that allows to
increase the temperature of sodium and thus power more efficient power cycles.
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Abstract
In this work, a novel two-degree-of-freedom linear Fresnel solar collector is proposed. The equipment can vary
the power density in the receiver using a proportional geometric defocus besides the conventional solar tracking.
This concept was designed to benefit the dynamics and control operations of solar power plants using variable
distributed concentration ratio in the concentrating solar collector. For conceptual validation, a numeric scenario
of a solar distillation plant with a modified Forristal concentrator operating in a closed-loop fashion with a Filtered
Dynamic Matrix Control strategy is presented. Henceforth, is shown the impact of adding this new manipulated
variable on the dynamics and control operations. The idea results in a faster actuator which provides both, better
performance and operation under constraints.
Keywords: Defocus, 2 DOF solar concentrator, control, MPC, modified Forristal.

1. Introduction
Concentrating Solar Power (CSP) systems are used to transform sun energy to a wide number of applications,
such as hydrogen production, heating water systems, electricity generation, liquid waste recycling and
desalination. In these applications, the concentrators are used to direct and increase the solar irradiation in the
receptor spot and convert it to thermal and electrical energy with the use of a power cycle. The main commercial
solar concentrators configurations are shown in Figure 1, where each one of these structures have specifications
(Shantia, 2013), advantages and disadvantages (EDF, 2012; Orioli and Orioli, 2011; Kumar, 2015).

Figure 1 – Common solar concentrators for power generation. Central Tower (left), Linear Fresnel (middle) and parabolic through
(right) (EDF, 2012).

Although there are several applications of CSPs, at the present, most systems focus on electricity generation. Solar
thermal power plants use the solar energy to heat a thermal fluid by a system of collectors to produce steam in
order to feed steam-turbines coupled with generators (Duffie and Beckman 1991). Several disturbances could
overheat the system resulting in fluid degradation, premature component failures and performance reduction.
Electric power limitations can also be received from the transmission system operator. In this case, the power is
decreased by reducing the flow rate leading to an increase in the temperature (Sanches et al 2018). Live steam
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parameters have a strong influence on the life span of the steam turbines, an expensive asset, and unlike in plants
supplied by fossil sources, the steam supplied from solar thermal power plants varies depending on the irradiation
(Willwerth et al., 2018). In this sense, mechanisms to deal with these conflicting issues are the interest topic of
this research.
Regardless of the CSP application and technology, there are situations where it is necessary to defocus the solar
concentrator for safety, operation, optimization or maintenance of the system. The most classic examples of such
scenarios are in the occurrence of storms, strong wind and high solar radiations. Thus, the concentrator defocus is
an important operational alternative for safe and cost-effective plant operations. Nowadays the industrial
concentration systems only have total or partial defocus options, and the latter is made using the solar tracking in
parabolic troughs mechanism to change the optimum relative angular sun incidence.
From the industrial process control perspective, the work fluid flow (control variable) inside the absorber tubes of
the solar concentrator is manipulated, by means of a radial pump, in order to maintain the outlet temperature
(controlled variable) around the desired set point. The most common disturbances for the control system are the
solar irradiation, pressure fluctuations, ambient temperature, optical efficiency and inlet temperature of the
working fluid. Another interesting aspect is the transport lag, once the temperature sensor is located at the collector
outlet and the pump is installed at the inlet. This implies that the temperature will be affected by the flow of
previous time instants, due to the residence time of the fluid inside the collector.
In this topic of research, Araujo (2018) proposed a modification in the solar concentrator control system. Basically,
a new binary variable was included in the computation of the control law by means of a non-linear model
predictive control formulation. This variable was used to deal with total or partial mirror defocus considering the
actual solar tracking mechanism technology, thereby, the partial defocus operates advancing or lagging the relative
angular focal point to the irradiance angle. Although, the focal angular change can generate thermal and
mechanical stress due to irregular temperature gradient in the absorber (Steinman and Eck, 2000). However, these
authors did not consider a detailed study of the collector optical aspects (Zheng et al., 2014). The system used for
conceptual evaluation is the thermal absorption model presented in the works of Torrico et al. (2010) and Lima
et. al (2016). These articles applied control techniques in a solar system of a desalting plant.
This work proposes the addition of one more degree-of-freedom (DOF) in solar concentrators control systems
permitting the focal manipulation and consequently, the energy absorbed in the receiver tube. This can be
performed varying the aperture area/absorber ratio or the energy density in the absorber area related to the direct
normal irradiation (DNI). The system is a two-degree-of-freedom control actuator linear Fresnel solar collector
which is capable of proportional defocus and solar tracking simultaneously. Because of the mechanical nature of
Fresnel modules and the distributed construction of a solar field, is expected that adding this manipulated variable
to the control system could enhance performance maintaining safety. Although, in this approach only the defocus
is evaluated. The Filtered Dynamic Matrix Controller (FDMC) multi-input multi-output (MIMO) was chosen to
validation because it is a modification of DMC, widely used in industry (Normey-Rico and Camacho 2007)
dealing with variable dead-time, multiple variables and considering constraints at project phase. So, a
mathematical model of this new Fresnel module is made in section 2, while in section 3 the solar field model is
defined, in section 4 the control specification and logic are stated. In the section 5, the response results are
described with this novel concentrator to validate the concept, and, finally the conclusions are stated in section 6.

2. Fresnel 2DOF
This section is based on the work of Ozturk (2011) and presents the basic geometric concepts of parabolic through
and linear Fresnel concentrators.

33

D. Machado et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Figure 2- Solar collector classification to the energetic volume. Modified from Ozturk (2011)

Figure 2 shows a classification of solar collectors based on the created energy volume because of the geometric
nature of collectors. This definition was modified once, in one hand, the disc collectors directs the incident
irradiation to a focal point and, in the other hand, the parabolic through forms a focal line. Therefore, it happens
that the commercial collectors are designed to coincide the absorber in the same point of the optical focal point,
thereby, all the incident irradiation in the mirror area is directed to the collector. Although, if the mirror could in
some way change its format it would be possible to change its focal point, or line, and, therefore, change the power
density in receptor or vary the aperture/receptor areas ratio. This idea is presented in the graphics of Figure 3.

Figure 3 – Transversal cut in a parabolic through collector with constant area and different focal points. (a) First case is a focal point
below the receptor height. Second case is a coincident receptor height and focal point (100% concentration). Third and fourth case are
different concentration ratio, or energy density in the triangle prism cut in the receptor height due to focal point position variation. (b) is
the sensitivity analysis of the variation depicted in (a) with respect of the normalized power density. Full concentration case is in the
𝒚𝒓𝒆𝒄𝒆𝒑𝒕𝒐𝒓 /𝑯 = 𝟏. The left side represents the focal point variation below the receptor height while the right side represents the focal point
above the receptor height. The saturated wide section depends on the receiver wide.

Thereby, if the receptor is not in the same distance of the focal point a ratio between collector aperture area and
receptor area governs the energy transfer to the work fluid, or, an area of a pyramid energy trunk coincides with
the receptor height. The incident energy on the receptor, if the focal point is coincident with the receptor height,
is given by Forristal (2003) apud Shantia (2013) equation:
𝑞𝑆𝑜𝑙𝑎𝑏𝑠
̇
= 𝑞𝑖̇ η𝑎𝑏𝑠 α𝑎𝑏𝑠

(eq.1)

[𝑊/𝑚2 ] is the solar heat incident in the receptor, 𝑞𝑖̇ [𝑊/𝑚2 ] is the solar irradiation, η𝑎𝑏𝑠 is the
where 𝑞𝑆𝑜𝑙𝑎𝑟𝑎𝑏𝑠
̇
optical efficiency and α𝑎𝑏𝑠 is the mirror absorption factor.
For the case in which the focal point does not coincide with the receptor, there is an aperture/absorber area ratio,
and for simplification and model usage, for now on it will be considered prism energy envelopes relationships,
thereby, parabolic through and linear Fresnel collectors are defined. Considering the schematic of Figure 3, and
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hypotheticals A mirror width of 10 m and receptor B of 2 m, in first case (a) is possible infer that all incident
irradiation is concentrated in the receptor, or absorber, and, therefore, the concentration is of 100%. In the
sequence cases of (a) the energy density plane that cut the triangular prism on absorber height is diminished with
the increase of the triangle height and is approximated considering the relations of eqs. 2, 3, and 5, of the rectangles
triangles that compose the isosceles triangle of the last case on Figure 3a.
𝑡𝑔(α) =

2𝐻
𝐵

=

2ℎ

(eq. 2)

𝑏

ℎ = 𝐻 − 𝑦𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟
𝑏=

(eq. 3)

𝐵(𝐻−𝑦𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟 )

𝑋𝑑𝐸 =

(eq. 4)

𝐻
𝑏𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟
𝑏

=

𝑏𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟

𝐻

𝐵

(𝐻−𝑦𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟 )

𝑞̇ 𝑆𝑜𝑙𝑎𝑏𝑠 = 𝑞𝑖̇ 𝑋𝑑𝐸 η𝑎𝑏𝑠 α𝑎𝑏𝑠

(eq. 5)
(eq. 6)

So, for a variable energetic density and constant absorber width the total absorbed energy will vary. Thereby, it
would be possible to use the defocus system not just for safety cases but also for disturbance rejection. The
collector aperture area and the triangle prism cut area at absorber height could be related to the irradiation fraction
which is effectively concentrated by the mirrors to the absorber. Thereby, is possible to change the Forristal eq. 1
to a modified one, eq. 6, that considers the proportional defocus or aperture / absorber areas ratio.
From the Forristal modified equation and the hypothetical configurations is plotted the graph which
considers 𝑞𝑆𝑜𝑙𝑎𝑏𝑠
̇
= 𝑓(𝐻/𝑦𝑟𝑒𝑐𝑒𝑝𝑡𝑜𝑟 ), thereby, the absorbed heat in receptor is a function of the ratio between the
focal point height and the absorber height, this sensitivity analysis indicate agreement between the simulated
results with a more detailed model of Ozturk (2011). Also, in the position which is installed the receptor occurs a
dead band with full absorption, this happens because the absorber width, once the focal plane must be greater than
the absorber area to the ratio begins to change. For a negative displacement, considering the absorber in the origin,
if the focal point is below the absorber height there is a decrease in the energy density until it reaches zero, this
point has an analogous behavior with the positive displacement. In the case which the focal point is above the
absorber height the energy density values drop to the absorber area/aperture area ratio which is 2/10 meters or
20%.
Although, the practical problem to vary the focal point of rigid mirrors that composes commercial solar
concentrators could restrict it construction. Is technically challenging to dynamically vary the shape of a whole
solar concentrator mirror because of the mirror material nature and the actuation system. Considering these
restrictions is proposed the utilization of Fresnel collectors. Fresnel collectors are composed by various mirror
stripes disposed in a flat linear composition, in which each mirror could be independently positioned. In solar
tracking systems the mirrors could one by one adapt its angles depending on the solar irradiation angle to enhance
the concentration on the absorber for a given solar angle. Therefore, the defocus usually is to flatten only the
mirrors, in other hand, parabolic throughs uses on-off mode or leading and lagging the whole structure for solar
tracking position. The last option could generate non-uniform heat distribution and mechanical stress (Steinman
and Eck, 2000). Also, commercial flat Fresnel mirrors are mechanically coupled to reduce costs and increase
design simplicity. In these conditions, just one motor is needed for the coupled mirror mechanism to be able to
adjust the mirrors angles due to solar tracking. Once the Fresnel concentrator utilizes plane mirrors and each one
could operate independently is possible to extrapolate its common or commercial operation to vary its focal point
in the logic of the presented logic. Considering the differences of the two concepts, the first step is to correlate the
Fresnel operation to the parabolic troughs in a way that connects the variable focal point collector concept and the
Fresnel collector construction flexibility.
In Figure 5a is demonstrated the discretization of a parabolic concentrator. This is done in small parabolic mirror
intervals on the parabolic surface. In 5b the trimmed mirrors are grouped over a plane surface in 𝑦 = 0. Although,
the angles direct the irradiation in different focal points once the global surface of mirror are not positioned along
a parable anymore, but in a horizontal line at the origin. Therefore, is necessary an adjustment in the relative
mirrors angles for the system to have a coincident focal point. So, if is possible to correlate the angles between
the mirrors on the Fresnel module to have a common focal point, therefore, is possible to add one more mechanical
actuator and propose a 2 degrees of freedom (DOF) Fresnel collector which operates varying the focal point,
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thereby, governed by the modified Forristal eq. 6.

Figure 4 – Geometric transformation of parabolic through to linear Fresnel (Ozturk,2011). (a) cut the parabolic mirror in small plane
sections. (b) Translation of the plane mirrors a plane in origin. (c) relative angle correction to coincide the focal point of the discretized
mirror.

In this sense, is stated the logic of the a 2DOF Fresnel solar collector concept and viability. The equipment that is
not just dynamic capable to actuate during transients for control purposes but also to operate in safety and process
limits. To reach this synergic objective is necessary a control technique which considers the constraints in design
phase and the dead time nature of the solar thermo fluid dynamic process. For this motive, in this conceptual proof
is used a filtered predictive controller. The shading and block effects on the collectors that impacts the plant
operation are not considered (Zheng et al., 2014).

3. Solar field definition
The system used for conceptual analysis of the 2DOF Fresnel collector proposed in this work is the desalting plant
AQUASOL (Roca et. al, 2008a, 2008b). This plant is located at the Plataforma Solar de Almería, Spain, and it is
used to desalt water with solar thermal energy. It is composed by a compound parabolic concentrator solar field,
storage tanks, multi-effect distiller with 14 stages and an absorption heat pump. The plant optimal operation point
is at 66.5 ºC in the first cell, and it can operate in 3 modes: solar, fossil or hybrid heating. The solar field work
fluid is water, and the field is made up of 252 collectors with an area of roughly 500 m² in 4 loops of 63 collectors.
There are collectors connected in parallel in seven groups three by three, as can be seen in Figure 5.

Figure 5 – AQUASOL desalting plant solar field structure. One loop is composed by 7 groups with 3 parallel connections and 7
collectors each (Torrico et al.,2010).

The system detailed description, modelling and validation is available in Roca et. al (2008a, 2008b). The dynamic
model of the water temperature at the output of the solar collector field is given by the following equation:
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ρ𝐶𝑝 𝐴𝑎

∂𝑇𝑜𝐹(𝑡)
∂𝑡

= β𝐼 𝐼(𝑡) −

𝐻
𝐿𝑒𝑞

𝑇 (𝑡)−𝑇𝑖𝐹 (𝑡)
(𝑇̅(𝑡) − 𝑇𝑎 ) − 𝐶𝑝 𝑚𝑒𝑞
̇ (𝑡 − 𝑑𝑐 ) 𝑜𝐹

(eq. 7)

𝐿𝑒𝑞

For the computation of 𝑚𝑒𝑞
̇ it has to be taken into account the number of operational loops in the solar field (𝑛𝑙 ),
number of colectors in each loop (𝑛𝑐 ), number of parallel conections (𝑛𝑐𝑝 ) and the number of absorbers in each
collector (𝑛𝑎 ):
𝑚̇𝑒𝑞 =

𝑚̇𝐹
𝑛𝑙 𝑛𝑐 𝑛𝑐𝑝 𝑛𝑎

Table 1 - Models parameters and operations points (OP).

Symbol – Name
𝜌- Water especific mass
𝐶𝑝 - Specific thermal capacity
𝐴𝑎 - Cross-section area
𝛽𝐼 - Irradiance parameter

Value
975 (𝑘𝑔𝑚−3 )
4190
(𝐽𝑘𝑔−1 º𝐶 −1 )
1.745e-4 (𝑚2 )
0.1024 (𝑚)

𝐻- Termal losses coefficient
𝐿𝑒𝑞 - Absorber tube length
𝑑𝑐 - Mass flow I/O dead time

4 (𝐽𝑘𝑔−1 𝐾 −1)
5.67 (𝑚)
40 [30,50] (𝑠)

Symbol - Name
𝑛𝑒𝑞 - Collectors parameters
𝐿𝑒𝑞 - Absorber tube length
𝑇̄𝑂𝐹 - Out temperature OP
𝑇𝑂𝐹 (𝑡) − 𝑇𝑖𝐹 (𝑡)
𝑇̄ =
2
𝑚̄̇ 𝐹 - Mass flow OP
𝐼̄- Irradiance OP
𝑋̄ - Focus energy OP

Value [limits]
5.88
5.67 (𝑚)

20.42 [5-25] (º𝐶)
2.55 [1.2,4.4] (𝐿/𝑠)
800 (𝑊/𝑚²)
100 [50,100] (%)

In this context is proposed a modification on the eq. (7) which represents the mathematical description of the
2DOF Fresnel collector idea. This modification adds the proportional variation of the energetic density in a
hypothetical Fresnel collector as depicted by the eq. (6) and Figure 3a. Is important to say that the AQUASOL
utilizes parabolic trough. In this sense, the collector parameters are well known and were used in this conceptual
analysis, even knowing that the collector proposal is possible considering a Fresnel structure. So, the resulting
model equation presents a new 𝑋(𝑡) variable related to the new working logic, so eq. (7) was modified in this
work to count on the proportional defocus:
𝜌𝐶𝑝 𝐴𝑎

𝜕𝑇𝑂𝐹 (𝑡)
𝜕𝑡

= 𝛽𝐼 𝐼(𝑡)𝑋(𝑡) −

𝐻
𝐿𝑒𝑞

𝑇 (𝑡)−𝑇𝑖𝐹(𝑡)
(𝑇̄ (𝑡) − 𝑇𝑎 ) − 𝐶𝑝 𝑚̇𝐹 (𝑡 − 𝑑𝑐) 𝑂𝐹

(eq. 8)

𝑛𝑒𝑞 𝐿𝑒𝑞

were the percentual defocus, 𝑋(%), was added with mass flow 𝑚̇𝐹 (𝐿/𝑠) as manipulated variables. The controlled
variable is the outlet temperature of solar field 𝑇𝑂𝐹 (°𝐶), and disturbances are irradiation, 𝐼(𝑊/𝑚²), ambient
temperature 𝑇𝑎 (°𝐶), and inlet temperature of the field 𝑇𝑖𝐹 (°𝐶), other parameters are available in Table 1. The
energy density is operated in the range of 50-100% because of the nonlinear behavior showed in Figure1 b.
The next steps to execute the simulation of the eq. (8) and to run the controller tests are the linearization and
discretization. The linearization method is the forward approximation of the derivative and the operational points,
therefore, linearization point, are defined in Table 1. The linearized equation resulted in:
𝛥𝑇𝑂𝐹 (𝑡) = 𝛥𝑇𝑂𝐹 (𝑡 − 1) + 𝑎[𝛥𝐼(𝑡 − 1) + 𝐼̄𝛥𝑋(𝑡 − 1)] − 𝑏[𝛥𝑇𝑂𝐹 (𝑡 − 1) + 𝛥𝑇𝑖𝐹 (𝑡 − 1) − 2𝛥𝑇𝑎 (𝑡 − 1)] +
𝑐[−𝑚̄𝐹 𝛥𝑇𝑂𝐹 (𝑡 − 1) + 𝑚̄𝐹 𝛥𝑇𝑖𝐹 (𝑡 − 1) + (𝑇̄𝑖𝐹 − 𝑇̄𝑂𝐹 )𝛥𝑚𝐹 (𝑡 − 1 − 𝑑𝑐 )
(eq. 9)
With this, applying the z transform, the final numeric discrete transfer function is described in eq. (10):
𝛥𝑇𝑂𝐹 (𝑧) =

−0.18 𝑧 −8
𝑧−0.98

𝛥𝑚̇𝐹 (𝑧) +

0.57
𝑧−0.98

𝛥𝑋(𝑧) +

0.72𝑒−3
𝑧−0.98

𝛥𝐼(𝑧) +

0.02
𝑧−0.98

𝛥𝑇𝑖𝐹 (𝑧) +

0.49𝑒−2
𝑧−0.98

𝛥𝑇𝑎 (𝑧)

(eq. 10)

All in all, the system is a multiple-input single-output MISO process. Where 𝑇𝑂𝐹 is the controlled variable, 𝑚̇𝐹
and 𝑋 are the manipulated variables and 𝐼, 𝑇𝑖𝐹 , 𝑇𝑎 are the disturbances. Considering this structure, a Filtered
Dynamic Matrix controller is discussed next.

4. Control Definitions
In this work, the authors propose the use of the FDMC strategy with two manipulated variables: the standard one,
the inlet fluid flow, and a novel one, the proportional defocus, possible through the 2DOF Fresnel collector
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described in Section 2. The work of Lima et al. (2015) describe details of the application of the FDMC in the
context of solar plants. The dynamic behavior of the AQUASOL plant presents some challenges for the control
design due to the location of the temperature sensor and the pump, leading to delays for different input or output
variables. In Normey-Rico and Camacho (2007), the authors showed that the Dynamic Matrix Controller (DMC),
a model predictive control strategy, implicitly uses a Smith predictor (SP) structure, a famous dead time
compensator (DTC) structure. Also, these authors propose the inclusion of a first order filter in the SP structure,
in order to improve the poor disturbance rejection capabilities and lack of robustness properties of the original SP.
This technique has become well-known in literature as the filtered Smith predictor (FSP). In this context, Lima et
al. (2014) suggested a modification of the standard DMC to merge the Filtered Smith Predictor and the Dynamic
Matric Controller advantages. With this, the resulting FDMC tuning procedure have one more degree of freedom
to adjust disturbance rejection and robustness. More proofs and example about robustness and rejection are
available in the base article (Lima et al. 2016) as well as the recursive implementation used in this work. Some
additional advantages of FDMC are the parameter tuning simplicity and practical implementation, since the
algorithm needs minor changes of the industry standard DMC.
Basically, the FDMC technique seeks to minimize the following cost function J:
𝑇

̂ − 𝑊) 𝑄𝑦 (𝑌̂ − 𝑊) + Δ𝑢𝑇 𝑄𝑢 Δ𝑢
𝐽 = (Y

(eq. 11)

where 𝑄𝑦 and 𝑄𝑢 are diagonal matrices that represents the weights of future errors and future control increments.
And 𝑊 is the future reference vector while 𝑌̂ is the predictions process variable vector in a chosen horizon. For
the calculation of 𝑌̂ is defined eq. 12:
𝑌̂ = 𝐺Δ𝑢 + 𝐻Δ𝑢(𝑡 − 1) + 𝐻𝑛 Δ𝑛(𝑡) + 1𝑦̂(𝑡 + 𝑑𝑛 |𝑡)

(eq. 12)

where 𝐺, 𝐻 and 𝐻𝑛 are matrices 𝑁𝑦 × 𝑁𝑢 , 𝑁𝑦 × 𝑀 and 𝑁𝑦 × 𝑀 + 1, 𝑁𝑦 and 𝑁𝑢 are the prediction and control
̂=
horizons and 𝑀 is the number of step coefficients of the input-output and disturbances-output responses. So, Y
𝑇

[𝑦̂(𝑡 + 𝑑𝑛 + 1|𝑘), … , 𝑦̂(𝑡 + 𝑑𝑛 + 𝑁𝑦 |𝑘)] , the future increment vector Δ𝑢 = [Δ𝑢(𝑡), … , Δ𝑢(𝑡 + 𝑁𝑢 − 1)]𝑇 , the
past control increments Δ𝑢(𝑡 − 1) = [Δ𝑢(𝑡 − 1), … , Δ𝑢(𝑡 + 𝑁𝑢 − 1]𝑇 , and finally the measurable disturbance
Δ𝑛 = [Δ𝑛(𝑡), … , Δ𝑛(𝑡 − 𝑀)]𝑇 . For a compact description of the predictions, the eq. 12 can be separated in free
and forced response:
𝑌̂ = 𝐺Δ𝑢 + 𝑓

(eq. 13)

where 𝑓 contains all the terms which are not affected by the control actions, therefore, the free response is the
process response if no control action is made. The term 𝐺Δ𝑢 is the forced response and represents the process
response due to future control actions. The Δ𝑢 is calculated through eq. 11 and in a case which all future references
are constant, 𝑊 = 1𝑟(𝑡), and with no constraints, an algebraic equation solution emerges for Δ𝑢 = 𝐾(𝑊 − 𝑓).
Further mathematical manipulation can be done to show that the control signal 𝑢(𝑡) could be obtained by the
equation:
𝑈(𝑧) = 𝐶(𝑧) (𝑅(𝑧) − 𝑌̂(𝑧)) + 𝐶𝑓𝑓 (𝑧)𝑁(𝑧)

(eq. 14)

Concluding, this means that the DMC controller can be represented by a classical control scheme. It has a primary
feedback controller that considers the reference and prediction error in a control horizon, also, a feed-forward
controller like depicted in Figure 6.
All in all, the predictor structure is used to obtain the expected value of the outputs after the dead time. So, some
modifications are made to count on the transport lag of the process. Considering 𝐺𝐷𝑀𝐶 (𝑧) and 𝐺𝑝𝐷𝑀𝐶 (𝑧) as the
nominals models shifted for a dead-time number of samples for a step response of the system.
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Figure 6 - Block diagram of the DMC interpreted as a DTC structure
with feed-forward (Lima et al., 2016). This predictor structure
merges the advantages of FSP and DMC.

The structure of Figure 6 is characterized by an FSP structure, where 𝑛(𝑡) is the measurable disturbance, 𝑞(𝑡) is
an unmeasured disturbance that affects the process through 𝑃𝑞 (𝑧). Defined the structure some behaviors are
highlighted:
•

Measurable disturbance rejection in the nominal case, 𝐺𝑝𝐷𝑀𝐶 (𝑧) =
̃ 𝑧 𝑑𝑛 𝑃𝑝𝑛 (𝑧), where 𝑃𝑝𝑛 is the nominal
disturbance-output transfer function. The rejection will be only dependent of 𝐶𝑓𝑓 (𝑧) and 𝐶(𝑧), this
happens because the filter 𝐹𝑟 (𝑧) do not have effect on the response for the perfect prediction.

•

Measurable disturbance rejection in the dead-time error case, 𝐺𝑝𝐷𝑀𝐶 (𝑧) ≠ 𝑧 𝑑𝑛 𝑃𝑝𝑛 (𝑧). The prediction on
𝑡 + 𝑑𝑛 will be an approximation.

•

No available disturbance measurement case. Considering the filter 𝐹𝑟 (𝑧) = 1, the original DMC
algorithm is equivalent to the SP. Therefore, the issues about disturbance rejection will be sustained, or,
if the tuning is made to improve set-point tracking the robustness could be compromised.

5. Results
In this section, two days data are simulated and compared to the published results of Lima et al. (2014) using the
FDMC controller with and without the proposed 2DOF Fresnel collector. The tuning guidelines were the same
for the two cases. 𝑁𝑦 = 50,𝑁𝑢 = 10 and 𝑄𝑢 = λ𝑛 𝐾𝑝2 , where 𝐾𝑝 is the gain of the nominal model and λ𝑛 = 1.
Where the 𝑄𝑢 was normalized because the selection of the λ𝑛 does not depend on the process gain (Normey-Rico
and Camacho, 2007). The nominal values of the linearization and for the simulation are described in Table 1.
Also, a low-pass filter was used for attenuation of noise effects:
𝐹𝑟 (𝑧) =

0.15
𝑧−0.85

The main purpose of the control system is to maintain the difference of the inlet and outlet temperatures within
the range of 5-20ºC to optimal collector efficiency and less material stress due to the temperature gradient. The
process delay was set in 40 s, thereby, 8 sample times, with variation of ±10 s depending on the mass flow. In
the simulation time there was changes in the temperature setpoints as can be seen in upper plot of Figure 7 and 8.
So, the two simulation scenarios are depicted in Figure 7 and 8. The upper plot shows the setpoint, the 1DOF and
the 2DOF responses outlet temperature profiles, or the controlled variable. The middle plot has two y axis, were
the left axis is the manipulated variable field flow, the black continuous and dashed lines are the flow profiles for
the 2DOF and 1DOF structure respectively. Right y axis is the second manipulated variable that is the normalized
energy density in orange continuous line. So, the middle plot depicts the manipulated variables. Finally, the bottom
plot presents the disturbances profiles that are from real data of the AQUASOL plant. It is composed by the
ambient temperature, inlet water field temperature and by the Direct Normal Irradiation.
In Figure 7 the irradiation follows the day normal distribution until almost the 2500 sample, were it gets perturbed.
The ambient temperature shows a ramp from 250 to 750 and suddenly drop its value. The inlet water field
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temperature stays stable along the simulation. Is evidenced the fast actuation of the mechanical system of the
proportional defocus varying the energy density in comparison of the pump actuation to change the field inlet
flow on the middle plot. Also, the collector actuation varies the irradiation of the whole field while the mass flow
has a greater dead time depending on the temperature sensor location and velocity. In top plot the dashed black
line is related to the 1DOF collector and it is farthest from the set point orange dashed line in comparison of the
black continuous line of the 2DOF concept collector. An interesting behavior is that the inlet field flow for 1DOF
collector is lower than the 2DOF this results in a greater gain for the proportional defocus, although, the total
energy converted decreases once the outlet mass flow is lower for a given temperature.

Figure 7 – Data set 1 – Top plot is controlled variable. Middle plot are the manipulated variables. Bottom plot are the disturbances.

In Figure 8 is possible to see a normal irradiation until sample 1500. Between 1500 and 2000 there was an
irradiation disturbance and after 2000 the irradiation become very low and noisy. The ambient temperature had a
negative step between 500 and 1000 and is steady in the rest of the data set, also the inlet temperature stayed stable
in all simulation. The manipulated variables can be evaluated with the middle plot. It is possible to compare the
field flow with the 2DOF Fresnel collector and with the 1DOF. Also, the impact of the proportional defocus
varying from 50-100%. The operation can be discussed based on the upper plot, which represents the 1 DOF
performance with the dashed line and the 2DOF with a continuous line. By inspection of the plot is evident that
the 2DOF actuator can maintain the temperature at the setpoint better than in the 1DOF case. Also, for an increase

Figure 8 - Data set 2 – Top plot is controlled variable. Middle plot are the manipulated variables. Bottom plot are the disturbances.
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in temperature the two concepts have the same behavior, although, in the cases of decreasing irradiation the 2DOF
have a better response to track the setpoint because the field flow is lower, leading to a greater gain for the
focus/defocus operation considering less mass in the absorber. In 2500 to 3500 is possible to evaluate that the
defocus mechanism can deal with the fast irradiation disturbances, also, in the 1DOF case, the field mass flow has
slower dynamics resulting in more variation in the Field Temperature. Other interesting behavior is from 2000 to
2500 samples, were the energy density stayed saturated at 100% because of the low irradiation, even with the
temperature decrease. To sum up, Table 2 depict the IAE index:
Table 2 - Integral of Absolut Error (IAE ) index for the two data sets depicted in Figure 7 and 8.

1DOF Fresnel

2DOF Fresnel

Data set 1

7.9545e+03

5.3968e+03

Data set 2

16.105e+03

13.460e+03

6. Conclusions
This work is an effort to connect different advantages of different areas to reach a simple, yet powerful, idea of
2DOF collector. Firstly, is stated the basic functioning of parabolic trough collectors and the geometric nature of
a parable mirror. After, is defined a hypothesis of a variable focal point collector and, them, is used the Fresnel
linear collector construction characteristics to connects the idea of a variable parable to a feasibility collector that
is described by a modified Forristal equation. After, the AQUASOL desalting plant is presented and its models
are modified to embed the idea of a collector for disturbance rejection. Then, is stated the control algorithm and
the basic idea behind FDMC. Two real data sets are used to run the simulation. The two compared control
structures can reject the disturbances, and results section generated some relevant advantages:
•

The IAE index of the 2DOF collector is less than the same index o 1DOF, which implies in a faster
setpoint tracking of the proposed collector.

•

The proposed 2DOF collector have smaller constant times than the inlet field flow, therefore, the
collector has better dynamic responses operating in higher frequencies. So, the control system has
capacity of reject a wider range of disturbances.

•

Due to the tuning and weighting of the DMC is possible to change the response behavior of the 2DOF
case. Although, to the comparison purpose the tuning were equivalent.

The main disadvantage of the 2DOF collector operation with the inlet field flow is that the flow could operate in
lower levels respecting the desired temperature set-point. In this sense, the total energy output of the solar field is
lower once the calculation of the total energy is made multiplying the mass, temperature and specific heat of the
work fluid. So, in many cases of Figure 7 and 8 in which the both actuators are not saturated at maximum, is
possible to optimize the outlet energy.
For future works this relation should be evaluated and a solution to maximize the energy output with the
temperature constraints should be developed.
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Abstract
A novel building integrated solar thermal vacuum flat plate collector can potentially provide heat to charge a
compact thermal storage system at 150-200˚C. The purpose of the proposed design is to achieve higher operating
temperatures efficiently which can increase the potential applications for heating and cooling. The design features
facilitate easy integration in the building envelope. The high vacuum pressure inside the designed envelope leads
to a pressure differential between the vacuum space and the ambient environment. A finite element analysis (FEA)
was performed to assess the structural design safety, it was found from simulations that the stresses are within
material safety limits. FEA predictions are compared with predictions using classical plate bending theory along
with column buckling calculations. FEA results comparison with classical plate bending theory is followed by the
experimental results using digital image correlation (DIC).
Keywords: Vacuum flat plate collector; solar thermal; compound parabolic concentrator, FEA, classical plate
bending; column buckling; Digital image correlation (DIC)

1. Introduction
The Paris agreement (COP 21) that took place in 2015, may prove to be a historic milestone for the global energy
sector, sending a strong signal through its aims to limit global greenhouse gas emissions as soon as possible to keep
the global temperature increase well below 2°C. The building sector consumes nearly one-third of global final
energy consumption, making it responsible for nearly one-third of total CO2 emissions. Currently, space heating
and cooling along with water heating are estimated to account for nearly 60% of total energy consumption in
buildings. They therefore represent the single largest opportunity for reducing building energy consumption and
associated CO2 emission.
In order to address this opportunity a novel solar thermal collector was designed which can potentially supply heat
at 150-200°C to charge a compact thermal energy storage unit, allowing heat to be stored for long term and thus
meet a greater fraction of annual space heating and cooling and water heating. To enhance the efficiency of the
solar collector at high temperatures suppression of heat losses are crucial. High vacuum pressure can be used to
suppress the loses, however this exerts a pressure on the collector envelope due to the pressure difference between
the atmosphere and the vacuum. A finite element analysis and experimental digital image correlation technique
was used to examine the structural design safety required to and maintain the system integrity for a minimum 20year lifetime with results presented in this paper.

2. Design Concept
A novel solar thermal flat plate collector design is proposed based on a combination of elements from traditional
flat plate collectors, evacuated tubes and compound parabolic concentrating collectors. Design elements from a
flat plate collector are coupled with vacuum technology from evacuated tube collectors and a non-imaging
compound parabolic concentrator with an acceptance angle of 45° as shown in figure 1.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.01.06 Available at http://proceedings.ises.org
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Figure 1. The design concept for the proposed novel solar thermal collector

As shown in figure 2, design consists of an evacuated envelope formed by a stainless-steel enclosure base section
(back and side walls of the vacuum enclosure) with a glass cover sheet evacuated to a pressure less than 10-3 mbar
to suppress gaseous conduction, convection losses and heat exchange will take place only through radiation. An
array of low concentration compound parabolic concentrating (CPC) collector units is enclosed in the envelope. To
support the glass cover and prevent fracture due to the pressure differential between the vacuum space and the
ambient environment, the glazing is supported by slender columns running between the alternate CPC reflectors.

Slender column support

Glazing

Absorber

CPC array
Envelope enclosure base
section
Figure 2. Schematic diagrams of the proposed novel compound parabolic concentrating vacuum flat plate collector

When the envelope is evacuated, the total load acting on the slender column will be the difference between the
internal and external gas pressures. In the case of the horizontal or inclined position of the panel, the weight of
glazing will be an additional load. By using a slender column, the active area exposed to the insolation can be
maximised.
The novel collector design is slim and modular, making it easy to integrate into a building envelope. The use of a
suitable non-evaporable getter within the envelope can potentially maintain the required vacuum pressure to
suppress conductive and convective heat transfer for the required 15 to 20 years lifetime.
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3. Literature Review
Arya, F. et al. (2016), designed a slim novel vacuum flat plate collector with the glass cover supported using an
array of pillars, the vacuum pressure was less than 0.001 mbar to suppress gaseous conduction and convection.
Henshall, P. et al. (2016), explored the mechanical stresses in a similar vacuum flat plate collector using an FEA
model which was validated against experimental measurements from a prototype system. This paper suggested
replacing the tempered glass on one side of the enclosure by a thin flexible metal sheet to minimize the stress
generation caused due to the undulating surface created by the roller wave effect during tempering, however,
research to assess the optimal thickness of the sheet was not undertaken.
The FEA model developed in the current research is based on the FEA model used for vacuum glazing by Wang,
J. et al. (2007) and Simko, T. M. et al. (1998). They identified various design constraints including maximum
permissible stress allowed on the external glass aperture cover surface, the maximum stress to guarantee that
Hertzian indentation fracture did not occur on the inside glass surface and the maximum compressive stress on
the support pillar which should be less than the compressive strength of the material used. Though the use of support
pillars was safe under high vacuum, it formed a conductive path for heat transfer. Due to the considerable stresses
on the support pillar, material plasticity data should have considered to account for the nonlinear response of the
material.

4. Finite element (FE) model with results
The main reason for developing an FE model of the system was to calculate the deflections likely to occur in the
glass, the deflection in the slender supports and the stresses due to the difference between the pressure within the
collector and atmospheric pressure.
In the proposed design the glass is to be soldered to the enclosure base section, to model this a bonded contact was
used between the glass and enclosure base section. A frictional contact with a coefficient of 0.5 was used for the
contact between the glass-CPC-stainless steel slender supports. The glazing and the CPC were represented as a
linear isotropic material. For the stainless-steel enclosure, base section component of the evacuated envelope,
bilinear isotropic hardening material property was used to capture the material non-linearity with increasing load.
The material properties considered for the components are presented in table 1,
Table 1: Material properties of components in the proposed vacuum flat plate compound parabolic concentrator collector

Component

Material

Density (Kg/m3)

Glazing
Envelope and
CPC

Tempered glass
Stainless steel

2500
8000

Young’s
modulus (E)
70000
193000

Poisson’s
ratio (ν)
0.23
0.31

UTS
(MPa)
50
586

For the FEA, a quarter envelope model was considered making use of symmetry conditions to reduce the size of
the computational model required as shown in figure 3.

Figure 3. Quarter symmetry model of the collector geometry employed for the FEA analysis

The CPC reflector component of the system was considered to be a rigid component to minimise the required
computational time, additionally, this did not influence the main area of interest which was the determination of
the stresses and deformation in the glass, stainless steel back and the walls of the envelope and the supports. For
the analysis, all components were meshed with shell181 elements having 4 nodes and 2 degrees of freedom per
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node. Adopting a shell element model considerably reduced the computational model size and time required to
solve the equations using a direct solver. The minimum orthogonal mesh quality was 0.44, the total number of
elements were 46229. On the upper surface of the glass, 0.1MPa pressure was applied and the bottom surface of
the enclosure base section was considered as fixed.

4.1. Predicted deformation in the glass aperture cover,
As can be seen from figure 4, the maximum predicted deformation, 0.0195mm in the glass was observed between
the supports. Minimal deformation was observed towards the edges of the glass cover which were soldered to the
support walls of the enclosure base section as expected.

Figure 4. Total deformation of glass, mm

4.2. Predicted Equivalent Stress,
As can be seen from figure 5, a maximum equivalent stress of 11.3MPa was predicted in the glass
aperture cover at the line contacts with the slender column supports. A maximum equivalent stress of
7.6MPa was predicted in the slender column supports.

Figure 5. (a) Predicted equivalent Stress in the glass aperture
cover

(b) Predicted equivalent stress in the stainless steel tray and in
the slender supports, MPa

5. FE model validation
5.1 Validation of predicted glass bending and deformation,
The classical plate bending theory for thin plates developed by Kirchoff-Love is appropriate for the prediction of
the deflection in the glazing because the tempered glass forming the collector aperture cover is assumed as a linear
isotropic material and the expected deformation of the glass is assumed to be less than 1/10th of the thickness (h).
According to the Kirchoff-Love theory, thin plates can be modelled by fourth order differential equations of the
form presented in eq.1 [4],
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DΔ2w = D(

𝜕4 𝑤
𝜕𝑥 4

+2

𝜕4 𝑤
𝜕𝑥 2 𝜕𝑦

+
2

𝜕4 𝑤
𝜕𝑦 4

)=𝑞

(eq. 1)

In eq. 1, w is the displacement of the middle surface of the plate, Δ2 in eq.2 is the bi-harmonic Laplacian transform
and D in eq. 3 is the flexural stiffness of the plate, q is the uniformly distributed load acting on the plate.

Δ2 =
D=

𝜕2

𝜕2

𝜕𝑥

𝜕𝑦 2

+
2

𝐸ℎ3
12(1−𝜈2 )

(eq. 2)

(eq. 3)

The exact solution of fourth order partial differential equation defining the transverse deflection is difficult to solve
unless specialised boundary conditions are assumed. Navier [4] found the solution for a rectangular plate that is
simply supported on all its boundaries is given by the simplified equation,

𝑤𝑚𝑛 =

16𝑝0
2
(𝜋 𝑚𝑛𝐷) [(𝑚𝜋/𝑎)2 +(𝑛𝜋/𝑏)2 ]2

(eq. 4)

As this equation is developed for a simply supported plate, a FE model was built for a portion of the glass envelope
and enclosure where the glass can be considered to be simply supported by two adjacent slender columns and the
lip of the enclosure base section. The physical dimensions of the part of the collector modelled were 66.7x450mm.
The FE model was solved with a symmetry boundary condition at the center of the modelled section. The predicted
maximum deflection of the glass was 0.066 mm as shown in figure 6.

(a)

(b)

Figure 6. (a) Symmetry boundary condition, (b) Predicted deflection using FEA for a section of the vacuum flat plate collector
formed from the glass, stainless steel enclosure base section and two adjacent supports .

Equation 4 was solved for the known boundary conditions with the Young’s Modulus E as 70000MPa, the short
support length formed by the stainless steel enclosure base section (a) of 66.7mm, the long support length formed
by the slender support pillar (b) of 450mm, the thickness of the tempered glass (h) as 4mm, and the Poisson’s ratio
(ν) as 0.23, the atmospheric pressure p0 is a uniformly distributed load of 0.1MPa, m & n are Fourier series integers
which are taken to be 1. Based on these values, the maximum deflection (w) was calculated to be 0.080mm. The
value of deformation (0.080mm) matches the FEA predicted value (0.066mm) within 20%.
5.2 Validation of predicted stresses in slender column
In order to validate the stresses in the slender column an investigation of critical buckling load is necessary. To
calculate the stresses acting on a single slender column, a section of the collector illustrated in figure. 7 is considered
along with the forces acting on the glass due to the differential pressure.
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Figure 7. (a) Forces acting on the region of a single slender column support, (b) slender column support section top, (c) Cross
section of slender column support.

To determine if the the slender columns will fail due to buckling, it is necessary to determine whether the column
is short or long based on the slenderness ratio. Based on the literature regarding slenderness ratio if [5],
Slenderness ratio (λ) >12 – Column is long and slender and can fail under buckling phenomenon
Slenderness ratio (λ) <12 – Column is short and can fail under the crushing phenomenon

𝜆=

𝑙𝑥𝑘

(eq. 5)
𝑟
Eq. 5 provides the definition of slenderness ratio, in this case, l is the length of column as 25.5mm, k is the end
connection factor and r is the minimum radius of gyration given by eq.6 ,
𝐼

𝑟 = √ 𝑚𝑖𝑛

(eq. 6)

𝐴

To calculate the slenderness ratio as given in eq.5, it is necessary to calculate the effective length of the column
with end connection along with the minimum radius of gyration which requires calculation of the minimum
moment of inertia (Imin).
In this case one end of the slender column, that touching the backplate of the enclosure is considered as fixed and
the end touching the glazing is considered to be a pinned connection due to its potential to move against the glass
surface, this requires an end connection factor (k) of 0.707[5]. So the effective length given by (l x k) is calculated
to be 18.03mm.
Using the diagram of the column in figure 7(c), the moment of inertia for the section can be calculated and is
presented in table 2.
Table 2: Moment of inertia in the x and y directions for the column section

𝑏ℎ3
12
6075000 mm4
𝐼𝑥𝑥 =

b=0.8mm, h=450mm

𝑏3ℎ
12
19.2 mm4

𝐼𝑦𝑦 =

Based on the values in table 2, the minimum moment of inertia is in the y direction with Imin equal to 19.2mm4
which gives the minimum radius of gyration (r) to be 0.231. Using equation 5, the slenderness ratio is calculated
to be 78.066. As the slenderness ratio is greater than 12, according to the literature, regarding the definition of
column slenderness ratio, the column is long and slender and it can fail due to buckling. The critical buckling load
for a slender column is given by eq. 7, Euler’s equation[5],

𝑃𝑐𝑟 =

𝜋2 𝐸𝐼𝑦𝑦
2
𝑙𝑒𝑓𝑓

(eq. 7)

Using the calculated values, the critical load for buckling to occur in the long slender column is 116.6 kN. The
total load acting on the single slender column is due to the differential pressure between the enclosure pressure
and atmospheric pressure and the weight of the glass.
The total load = the load acting on the cross-sectional area of a single slender column t + the weight of the glazing
on the same c/s area
Substituting values the total load = (450*65.9*0.1)+(450*65.9*4*10^-9*2500) = 2965.8 N.
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The density of the tempered glass used in the cover was taken to be 2500 Kg/m3.
The stress (σ) acting on the slender column can now be determined by dividing the total load by the cross-sectional
area of the slender support column,
σ = P/A = 2965.8/(450*0.8) = 8.24 MPa
Compare the above calculated stress value with the FE predicted equivalent stress result shown in figure 5(b)
which is 7.6MPa, good agreement to the analytical calculation is found to within 10% accuracy.

6. Digital image correlation (DIC)
DIC is a full-field image analysis method, based on grey value digital images, that can determine the contour and
displacements of objects under load. The basic operation of DIC is tracking a pattern in a sequence of images. The
first image in the sequence is defined as the reference image to which the other images are compared. The reference
image is considered as an undeformed image and other images as deformed. To match the reference and deformed
images, DIC tracks features on the sample surface that collectively forms the speckle pattern which is artificially
made on a sample surface [6].
This technique was used here to measure the deformation in the glass under vacuum pressure of 0.1Pa. A
250mmx250mm dimension collector prototype without CPC was fabricated and the glass was soldered on the top
to form a vacuum-sealed, air leak-proof connection as shown in figure 8(a). Speckle pattern was created using matt
white and black paint as shown in figure 8(b) to make the collector ready for DIC test.

Figure 8. (a) 250mmx250mm fabricated collector with soldered glass,

(b) Speckle pattern created on prototype collector

DIC test was performed by evacuating the collector at a rate of 0.05-0.1Pa/sec from atmospheric pressure to 0.1Pa.
After achieving 0.1Pa pressure the collector was held under this pressure for approximately 3 minutes. The total
duration of the test was 21 minutes, over this period DIC cameras have captured a series of images at the rate of
one image after every 5 seconds making 252 images in total. DIC algorithm has compared the movements within
the speckle pattern of deformed images and the reference image which results are as shown in figure 9(a) and (b),

Figure 9. (a) Reference image in the first stage,

(b) Total displacement in the last stage
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As shown in figure 9(a), the minor displacement close to the value of 0.03mm was observed due to the vacuum
pump vibrations being transferred to the collector during the experiment. As shown in figure 9(b), the maximum
displacement of 0.27mm was observed in the mid-region in-between the vertical supports away from the
evacuation port. In this region of maximum displacement, a point was plotted and the displacement was tracked
against the number of steps as shown in figure 10.

Figure 10. (a) Point plotted in high displacement region,

(b) Temporal plot of displacement at a point vs the number of steps

As shown in figure 10(b), the sudden increase in the displacement at the 18th step was due to the vacuum pump
start for the beginning of evacuation at atmospheric pressure. After beginning, the displacement was increasing
linearly with minor deviations up to 120th step which was indicating approximate pressure of 102 Pa after which
the displacement has stabilised until the last step till achieving 0.1Pa pressure.
It can be seen in figure 9(b) that there was a gradient on the glass surface displacement even after evacuating the
collector at constant pressure and retaining the pressure for 3 minutes. It could be due to the variation in
manufacturing tolerances on the fabricated metal tray of the collector. One of the slender vertical support could
be slightly taller than the other or the solder joining glass to the metal could have an uneven thickness which was
possibly varying the displacement unevenly on the surface.
Validation of FEA with DIC results in not possible at this stage as DIC experimentation procedure was transient
and the simulation was carried out as a static analysis. But in the broader sense, we can say that the structure is
able to withstand 0.1Pa vacuum pressure safely as proven by FEA and DIC experimentation results.

7. Cost Estimation
Comparative cost estimation of manufacturing an evacuated flat plate collector with an evacuated tube collector
could be a vital point though it is difficult to estimate the exact cost of manufacturing processes such as low
emissivity coating, CPC polishing, and glass to metal soldering at this stage of research. It can be seen from figure
2 that an envelope enclosure tray and a CPC are sheet-metal components made up of stainless steel which could
be manufactured using the mechanical press in single or multiple passes. If we consider a scenario of
manufacturing a 1mx1m vacuum flat plate collector, then in the case of bulk manufacturing, if the mechanical
press tooling required for manufacturing is ready, then the cost of manufacturing a CPC or a tray will be
approximately the cost of a single sheet of stainless steel. The table 3, below depicts approximate costs of base
components with required polishing grades. Please note that these costs are based on quotations from stockists in
the UK for bulk quantity order.
Table 3: Components in evacuated flat plate collector with cost per piece

Components
SS304 2R(BA) 0.5mm standard sheet 1mx1m
SS304 1.2mm standard DP1 finish sheet 1mx1m
Tempered glass 1mx1m
10mm OD copper tube 10m
Total

Cost per piece/£
40
36
23
22.5
121.5

If the cost of manufacturing processes is considered as 50% of the total cost, then the cost of manufacturing a
single vacuum flat plate collector in the UK could be approximately £183 plus VAT for bulk manufacturing.
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However, for an evacuated tube collector, based on the market research of the UK, the cost of 10 tubes evacuated
panel having 1.5m tube length is approximately £280 plus VAT.
An important consideration in this comparison is that the purpose of vacuum flat plate collector with concentrator
is to deliver working fluid at higher temperature efficiently. That means for domestic hot water and space heating
purposes, smaller size panel would be sufficient compared to evacuated tube panel which could further reduce the
cost of the components.

8. Conclusions
The structural integrity of a novel vacuum flat plate solar collector including CPC reflectors is assessed using FE
analysis with predictions compared to analytical calculations. Values for both the predicted glass bending and stress
predicted with the FE model were compared to those predicted using classical plate bending theory and Euler’s
buckling load calculation for slender columns.
The FEA predictions gave a maximum deflection in the glass of 0.019mm which agrees to within 20% the values
determined using the analytical method predicted by considering a small rectangular section of the glass supported
on slender columns and the enclosure base section. The maximum equivalent stresses predicted from the FEA
analysis in the glass was 11.3MPa and in the slender column was 7.6MPa. Both values are well below the structural
safety limits when compared to the ultimate tensile strength of glass (50MPa) and the yield strength of the stainless
steel (230MPa). The FE stress predictions are compared to those determined using Euler’s slender column buckling
calculations with the stress values matching to within 10% accuracy. In addition to the stresses, the critical buckling
load was calculated to be 116kN for the slender column, being considerably more than the actual load acting on the
single slender column which indicates that the structural design is well within safe material property limits.
The maximum displacement in the glass and structural integrity of the collector was ensured by using DIC
experimentation which proved that the collector can withstand 0.1Pa vacuum pressure safely. Finally, the
approximate cost comparison showed that the cost of an evacuated flat plate collector could be less than evacuated
tube collector in the case of mass manufacturing.
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Abstract

Solar thermal energy has an important role in the current world energetic transition from fossil fuels to
renewable energy sources. Solar thermal market enlargement, however, hinges on the enhancement of solar
collector thermal efficiency, which, in its turn, strongly depends on collector design parameters such as
geometric features, construction quality and design specifications. In this context, the present work aims to
obtain a numerical model correlating some collector design parameters to its thermal efficiency for different
climatic conditions. The model comprise a set of linear equations, each one for an specific operation and climate
condition, using as inputs the absorber plate thickness, number of riser tubes, plate and tube contact type and
absorber painting type and providing the thermal efficiency as output for the selected climate and operating
condition. For this, a set of 49 thermal efficiency tests results performed on different types of flat plate solar
collectors from Brazilian industry was analyzed and correlated with equipment design specifications. The model
was validated by submitting an additional collector to experimental test and comparing the experimental result
with the predicted one. Validation procedure led to an error lower than 2%. Additionally, using the obtained
model, the above mentioned design parameters were ranked according to their influence on thermal efficiency.
Results showed that the rank depends on the climate and operation situation. For cold and less sunny operating
conditions, painting and tubes are the most important design parameters and for hot and sunny climates, plate
thickness and type of contact between plate and tube are more critical. In any case, the efficiency increases as
thickness and quantity of tubes increase. Likewise efficiency increases as welding is used instead of fit contact
and as selective painting is used instead of standard black painting.
Keywords: Solar Collector, Thermal Efficiency, Design parameters

1. Introduction
Concern about reducing greenhouse gases (GHG) emissions is noticeable in the global energy context. This
agenda has been the subject of discussions among countries and organizations so that climate change is
mitigated and does not cause the expected damage. The Paris Agreement, proposed in the United Nations
Framework Convention on Climate Change in 2015, highlighted the urgent and potentially irreversible threat of
climate change, recognized that deep reductions in global emissions are needed, and emphasized the need to
limit a rise in temperature to 1.5 ° C above pre-industrial levels (UN, 2015). Despite the relevance of the subject,
advances in climate change mitigation have not been enough. Effective reduction of GHG emissions requires a
change in the global energy supply, by replacing fossil fuels with renewable energy sources. This renewable
transition is already under way, but the current pace is insufficient to achieve the targets proposed by the Paris
Agreement, so sectors such as transport, electricity, refrigeration and heating need further progress towards the
use of renewable energy sources (REN21, 2018).
According to the REN21 (2018) report, most of the GHG emissions are due to the heating and cooling sector.
This sector is also responsible for the largest share of global energy consumption (REN21, 2018). The same
report points out that the transition to renewables should cover the following strategies: energy source
hybridization, energy efficiency, energy policy alignment at local, regional and national levels, policies focusing
on renewable energy through barriers to expansion of fossil fuels and incentives for renewable alternatives
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(REN21, 2018). Recent studies confirm that the transition to renewables is feasible and estimate that in the
2030s the consumption of fossil fuels will peak and then tend to decline (Bond, 2018). In this context, according
to IEA (2018), the potential for the use of solar heating is great. In fact, the energy demand of the heating sector
(47% of the world total), exceeds the demands of the transport sector (27%) and the electricity sector (17%)
(IEA, 2018).
This potential for the solar thermal utilization is not a recent discovery. In fact, the use of solar thermal energy
by society began several decades ago. The first records occurred in the third century B.C., in Greece, when
several applications used solar concentrators for fire production, including for military purposes. More recently,
in the 18th century, solar furnaces appeared for metal casting. In the 19th century, steam engines began to be
powered by steam from solar systems. In the 20th century it was observed the expansion of the technology
utilization and the construction of larger installations with several applications such as the electricity generation
and the activation of pumps and machines. Residential solar heaters only emerged in the 1930s and 1940s, in
which simple geometry solar collectors began to be used for ambient heating and domestic hot water production.
In the 1960s, the first manufacturers of solar water heaters on an industrial scale emerged (Kalogirou, 2004).
Currently, the thermal utilization of solar energy reaches a considerable scale and according to Simões-Moreira
et al. (2017), “solar energy will, in future, represent a considerable part of the energy supply around the world”.
By the end of 2017, the installed capacity of solar heating systems in the world reached 472 GWth and the
energy produced was approximately 390 TWh in the same year (IEA, 2018). At the same time, however, there
has been a slowdown in the solar thermal market expansion. According to Weiss and Spörk-Dür (2018), there is
a reduction of 9% to 16% in the new introduced solar thermal capacity per year, since 2000. Therefore, in order
to exploit the potential of the technology and face these challenges, it is crucial to improve the thermal
efficiency of solar heating systems and equipment. Increasing the solar radiation into thermal energy conversion
efficiency improves the cost-effectiveness of the technology and also contributes to the suitability of the
equipment in product certification programs, both locally and internationally, leveraging the solar thermal
market.
Many factors influence solar collector thermal efficiency. They can be classified into three types: environmental
factors, installation factors and factors related to solar collector design parameters.
Environmental factors involve the climatic conditions to which the solar collector is subjected. An example of
an environmental factor is the incident solar radiation. The radiation level, in turn, depends on the local latitude,
on the hour of the day, on the day of the year, on the cloudiness, on the surrounding reflection characteristics,
among others. Ambient temperature is another relevant environmental factor. Unlike photovoltaic panels that
have their efficiency impaired by temperature rise, for solar collectors, the increase in ambient temperature
improves their instantaneous thermal efficiency, as the collector thermal losses are directly related to the
difference between absorber plate and ambient temperature. The lower is this difference, the lower will be the
thermal losses and greater will be the efficiency. Rainfall and cloudiness are also relevant environmental factors,
as they interfere in the thermal conditions to which the collector is subjected.
Factors related to the installation, are linked to the configuration of the solar heating system. Examples are the
collector slope relative to the horizontal and its orientation relative to the north. In addition, systems with forced
circulation (pumped) or with natural convection (thermosiphon) also operate with different thermal efficiencies.
The behavior of other system components such as piping, thermal storage tank and auxiliary heating systems are
also factors that interfere with thermal efficiency. Shading is also an important factor related to installation.
Especially in urban areas, shading may make not feasible the solar heating system. Another point regarding
installation factors is the collector maintenance or degradation, since reducing the transparency of the cover
glass caused by dirt or degradation reduces the energy absorbed and affects the thermal efficiency.
Finally, there are factors related to collector design: external area, transparent area, absorber area, geometry of
tubes, fins and plate, absorber plate thickness, details and roughness, type of contact between tube and plate,
type of cover, type of plate painting, number of tubes, internal and external pipe diameter, air gap, type and
thickness of the thermal insulation, among others.
In order to improve thermal efficiency, although it is important to deal with environmental and installation
factors, it is convenient to focus efforts on optimizing the design parameters of the collector, which is the
subject of this work. In this context, the solar collector must be designed in such a way as to maximize the heat

53

P. Schiavon Ara et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

gain by the working fluid and to minimize thermal losses (top, edges and bottom) at the lowest possible cost.
Ultimately, according to Jaluria (2008), "the survival of a given product is predominantly a function of its
performance per unit of cost".

2. Literature Review
Since the last century, several works have been developed in order to relate solar collector design with thermal
efficiency. Abdel-Khalik (1976) studied a solar collector composed of serpentine and correlated, for this case,
the heat removal factor (𝐹𝑅 ) with collector construction and operating parameters. Theoretical correlation
equations were found, so that a serpentine collector may be designed for the desired heat removal factor. The
author introduced a set of three dimensionless groups dependent on the collector construction and operation
conditions and proposed a serpentine solar collector sizing method using these dimensionless groups. The
correlation between the dimensionless groups and 𝐹𝑅 was presented in a graph. Conclusion shows that there are
ways to improve thermal efficiency (which is related to 𝐹𝑅 ) for each design configuration, however, there is a
maximum value of 𝐹𝑅 possible to be reached, for which the possibilities of efficiency increase via design
parameters adjustments are exhausted.
Relationships between collector fluid flow characteristics and thermal efficiency were studied by Jones (1987).
The author correlated the parameter 𝐹𝑅 ⁄𝐹 , (being 𝐹 the fin efficiency factor defined by Duffie and Beckman
(2013)) with the modified Peclet number 𝑃𝑒 ∗ = 3734 𝑚̇ / (𝑛𝐿) where 𝑚̇ is the manifold flow, 𝑛 is the number
of tubes and 𝐿 is the riser tube length. Jones (1987) found that, for solar collectors, 𝑃𝑒 ∗ typically ranges from 1
to 25, and identified that there are three predominant flow regimes. For 𝑃𝑒 ∗ from 1 to 4 (low flows), the factor
𝐹𝑅 ⁄𝐹 increases approximately 20% with as 𝑃𝑒 ∗ number increases, resulting in a significant thermal efficiency
improvement. For 𝑃𝑒 ∗ from 4 to 7 it was observed a stabilization of 𝐹𝑅 ⁄𝐹 around the value of 0.920. For larger
flows, corresponding to 𝑃𝑒 ∗ greater than 7, there is no significant thermal efficiency increase as flow rate
increases, and the value of 𝐹𝑅 ⁄𝐹 stabilizes around 0.945.
Norton et al. (1989) studied the relationship between fin geometry and the heat removal factor 𝐹𝑅 . As the fluid
flows through the collector tubes, fluid temperature rises and the thermal resistance to heat transfer between
plate and fluid increases, resulting that fin temperature also increases in the flow direction. From this
examination, the authors proposed a triangular shape for the finned plate, reducing fin width in the flow
direction. The proposed geometry achieves a heat removal factor of 0.866, greater than the factor of 0.785 which
corresponds to the rectangular geometry.
Ghamari and Worth (1992) studied the effect of varying distance between tubes in order to improve the solar
collector cost-effectiveness. Theoretically, collector efficiency increases with the reduction of the distance
between tubes, however, since the tube usually has a higher manufacturing cost than the plate, there must be an
optimal configuration. The authors obtained a model for determining the distance between tubes that optimizes
the ratio between the collector efficiency factor (𝐹′) and the collector cost, for the cost of materials and
manufacturing scenario of the locality in which the work was developed (Suva, Fiji Islands). They obtained that
the optimal spacing was 16 cm. An interesting fact of this study is the method used to evaluate collectors with
different distances between tubes, without the need to obtain several prototypes for testing. Using strips of
different widths glued along the cover glass, the researchers produced shading of specific absorber plate regions.
These areas, for thermal effect, are equivalent to vacant areas in the solar collector.
Eisenmann et al. (2004) used the concept of material content to optimize the collector design. In this case, the
parameter to be minimized was the ratio between the efficiency factor 𝐹′ and the collector mass content. This
optimization is obtained through variations in fin thickness and distance between tubes. Both of these
parameters act to optimize efficiency in an opposite way. The greater the thickness of the fin, the greater will be
𝐹′, but more material is used. The smaller the distance between tubes, the greater will 𝐹′, but more material is
used. There is, therefore, an optimum point between these two parameters. The authors, thus, obtained
relationships between 𝐹′ and the collector design parameters and proposed a project-oriented abacus that gives
the tube-to-tube distance and plate thickness that minimize the amount of mass for a desired value of 𝐹′ factor.
Applying the method, the authors reached a reduction of 20 to 25% in the mass of material, however, they point
out that there may be technical limitations for manufacturing any dimension of components, since the industry
uses well-defined dimensional patterns.
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Badescu (2006) investigated the effect of different climatic conditions on fin design (thickness and width) in
order to optimize the collector cost-benefit. The author found out that the optimum design would involve fins of
variable dimensions, but this would hamper manufacturing process. Additionally, the author established
relationships between thickness and distance between tubes which would be better for hot seasons and cold
seasons in terms of thermal energy production. The relationship between the two parameters - thickness and
distance between tubes - was shown to be approximately inversely proportional so that a collector of thick and
wide fins can be considered equivalent to that of thin and narrow fins. Badescu (2006) also verified the best
parameters configuration as a function of the collector operating temperature and concluded that for collectors
working at higher temperatures, narrower and thicker fins are preferred.
Ángel et al. (2013) used ANSYS CFX software to analyze two types of solar collector absorber plate
configurations. Both collectors were coupled to thermal storage tanks and put into operation without pumping.
Also, in both collectors, the tubes operate as the absorber element, one of them with circular section pipes and
the other with rectangular section pipes. Singularities in the flow profile of each collector resulted in different
thermal efficiencies, and the collector with circular section pipes obtained better performance due to a more
uniform flow distribution. The collector with rectangular section tubes presented fluid stagnation regions, with
low Reynolds number, harming heat transfer.
Basavanna and Shashishekar (2013) used ANSYS Fluent software to assess the thermal behavior of solar
collectors with triangular cross-section tubes from the point of view of water temperature rise. The studied
collector had an area of 0.5 m2 and riser tubes of triangular section in contact with the absorber plate. Results
showed that this design option is interesting in terms of energy efficiency. Also the numerical model proposed
by the authors, in which only the plate and tubes are considered, describes well the collector performance.
Ekramian et al. (2014) used also CFD simulation to model a flat plate solar collector and investigate the effect
of different solar collector configurations on thermal efficiency. The 3D computational domain was simplified
using only one tube and taking advantage of the symmetry condition present in the fin. Results showed that
thermal efficiency depends largely on the tubes position, under or above the absorber plate, and also showed that
tube above plate configuration was more efficient. The authors also present that as the number of vertices of the
tube cross section increases, the collector thermal efficiency improves, so that it is concluded that the circular
section is ideal.
Elhabishi and Gryzagoridis (2016) studied three different aspect ratios solar collectors integrated with thermal
storage tanks. The collector length was the design parameter assessed. For this, each configuration was
experimentally tested to determine the energy produced and accumulated in the storage tank. The experimental
results showed that the collector of equal sides provided greater thermal energy gain to the hot water reservoir.
Additionally, using Buckinghan's Π theorem and the experimental data, the authors obtained a numerical
correlation between system pressure drop and dimensionless groups involving design characteristics.
QADER et al. (2019) numerically modeled an air collector with inclined fins applied to increase turbulence and
intensify heat transfer. The authors determined the thermohydraulic performance parameter (THPP), which
relates the energy gain due to heat transfer and energy loss due to friction. The optimization of THPP as a
function of Reynolds Number, slope, fins pitch and length was performed by Surface Response Method (SRM).
The authors obtained a value of 1.928 for THPP, better than those resulting from the usual configurations of
these collectors and greater than 1, indicating the viability of the solution.

3. Objective
This work aims to obtain a numerical model to estimate solar collector instantaneous thermal efficiency, for
different climatic conditions, from the following design parameters: contact type between absorber plate and
riser tubes (fitted or welding), absorber plate type of painting (standard black, standard selective or enhanced
selective), number of riser tubes and absorber plate thickness. Moreover, this work intends, from the obtained
and validated model, to rank the studied parameters according to their influence on thermal efficiency.

4. Method
The method of this work is summarized by the following steps:
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Get a set of 49 efficiency test results performed on solar collectors from Brazilian industry according
EN 12975-2:2006 standard
Compile the design parameters for each tested solar collector
Determine mathematical correlation between design parameters and efficiency, for each selected
climatic condition listed in Tab.1. Mean fluid temperature was considered to be the mean value
between inlet and outlet water temperature.
Tab. 1: Selected climatic conditions

Climate
Index

Ambient
Temperature
(°C)

Solar
Irradiance
(W/m2)

Mean Fluid
Temperature
(°C)

1
2

10
20

1000

20

3

30

4

10

5

15

900

6

20
30

The numerical model achieved in this work can be expressed in the form of eq.1, in which the coefficients ci , 0
to 5, were determined by linear regression. Model output is 𝜂𝑘 , which is the simulated efficiency for each
climate index 𝑘, 1 to 6 described in Tab.1.

ηk = 𝑐0 + ∑5𝑖=1 𝑐𝑖 𝑥𝑖

(eq. 1)

The variable x1 is the absorber plate thickness, x2 is the quantity of tubes, x3 equals to 0 if plate-tube contact is
fitted and equals to 1 for welding, (x4 , x5 ) is equal to (0,0) for standard black absorber plate painting, (1,0) for
standard selective and (0,1) for enhanced selective absorber coating. The model input parameters are
summarized in Tab.2.
Tab. 2: Input model variables





Variable name

Variable value

𝑥1

absorber plate thickness (𝑚𝑚)

𝑥2

number of riser tubes

𝑥3

0 or 1 depending on plate-tube contact type

𝑥4

0 or 1 depending on absorber painting type

𝑥5

0 or 1 depending on absorber painting type

Validate the model. For validation, an additional solar collector (50 th) was obtained and its design data
were entered into the proposed numerical model. The thermal efficiency obtained from simulation was
compared with the thermal efficiency obtained from this solar collector experimental test
Rank the parameters according their influence in thermal efficiency for each predefined climatic
condition.

To rank the parameters, it was used the eq.2 to calculate the relative weight (𝑊𝑖,𝑘 ) of parameter 𝑖, 1 to 5, for
each climate k, 1 to 6.

Wi,k =

ηk (XM )−ηk (XMi )
ηk (XM )−ηk (Xm )

(eq. 2)

Where 𝑋𝑀 is the vector [𝑥1 , 𝑥2 , 𝑥3 , 𝑥4 , 𝑥5 ] that maximizes ηk , 𝑋𝑚 is the vector [𝑥1 , 𝑥2 , 𝑥3 , 𝑥4 , 𝑥5 ] that minimizes
ηk and 𝑋𝑀𝑖 is [𝑥1 , 𝑥2 , 𝑥3 , 𝑥4 , 𝑥5 ] with only 𝑥𝑖 best for ηk and the others worst for ηk . The quantitative
parameters, namely 𝑥1 and 𝑥2 , were allowed to range 2 standard deviation around mean value.
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5. Results
Calculated coefficients of the model are shown in Tab.3. Linear regressions obtained correlation coefficients
(𝑅2 ) are in the range of 0.44 to 0.63.
Tab. 3: Coefficients of numerical model

𝐤

𝐜𝟎

𝐜𝟏

𝐜𝟐

𝐜𝟑

𝐜𝟒

𝐜𝟓

1

0.5679

0.2164

0.0056

0.0588

0.0013

0.0365

2

0.4867

0.1861

0.0087

0.0482

0.0095

0.0659

3

0.4055

0.1558

0.0118

0.0376

0.0178

0.0954

4

0.6004

0.2286

0.0044

0.0631

-0.0021

0.0247

5

0.5273

0.2013

0.0071

0.0535

0.0054

0.0512

6

0.4542

0.1740

0.0099

0.0440

0.0128

0.0777

Fig.1 shows the simulated versus experimental efficiencies. The dotted line in the graph would represent the
perfect model, in which the model predicts exactly the experimental behavior.

Fig. 1: Simulated versus experimental efficiencies.

In order to validate the model, an additional solar collector with plate thickness of 0,4 mm (𝑥1 = 0.4), 8 tubes
(𝑥2 = 8), plate and tube fitted (𝑥3 = 0), standard black painting (𝑥4 = 0, 𝑥5 = 0) was tested and the results
were compared to the simulated one. The relative error of the model resulted 1.53% in previsioning this solar
collector thermal efficiency.
Ranking results are shown in Fig.2, in which the relative weight (𝑊𝑖,𝑘 ) defined in eq.2 of each studied parameter
is illustrated for all climates considered. To represent numerically the climates, each one of them was
represented by the reduced mean water temperature (𝑇𝑚∗ ) equal to the difference between mean fluid temperature
and ambient temperature divided by solar irradiance. As can be seen in Fig.2, parameter relative weight depends
on the climate, i.e. there is not an absolute ranking, whereas the importance of a specific parameter depends on
the condition in which the collector operates.

57

P. Schiavon Ara et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

A chart for solar collector design purposes was obtained from the results. The chart shown in Fig.3 correlates
mean fluid temperature above ambient and solar irradiance. Each region in the chart corresponds to a pair of
parameters that lead the rank of importance, to be thought about for design purposes.

Fig. 2: Relative weight of each parameter.

Fig. 3: Design Chart.

For collectors operating at low efficiency conditions (cold and less sunny climates, i.e. high 𝑇𝑚∗ ), painting and
tubes are the most important parameters, explained by the following inferences:
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Absorber painting: small improvement in solar absorption has great potential to improve efficiency as
solar radiation is scarce
Number of tubes/risers: increasing the quantity of tubes reduces plate temperature and thermal losses to
ambient air. If ambient temperature is low, thermal losses are important and so this increasing number
of tubes is relevant to improve efficiency.
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From the chart (Fig.3), the situations above take place for 𝑇𝑚∗ higher than 0.0168°𝐶𝑚2 ⁄𝑊 .
For collector operating at high efficiency conditions (hot and very sunny climates, i.e. low 𝑇𝑚∗ ), plate thickness
and type of contact between plate and tube are the most critical parameters, explained by the following
interpretations:



Plate thickness: thermal energy available in the plate is notable, because thermal losses are low and
solar radiation is high. So the critical point is the thermal conduction along the plate which is enhanced
by plate thickness
Contact: there is a lot of thermal energy reaching the tube region from plate, because of low thermal
losses and high solar radiation. So the amount of energy reaching the fluid is highly vulnerable to plate
and tube contact thermal resistance.

From the chart (Fig.3), the situations above take place for 𝑇𝑚∗ lower than 0.0013°𝐶𝑚2 ⁄𝑊 .
In any case, the efficiency increases as thickness and quantity of tubes increase. Likewise efficiency increases as
welding is used instead of fit contact and as selective painting is used instead of standard black painting.

6. Conclusions
The conclusions of the paper can be summarized by the following points:










A numerical model was proposed to be used as flat plate solar collector thermal efficiency previsioning
tool. Model was built from statistical data obtained from tested flat plate solar collectors belonging to
Brazil industry
The introduced model is expressed by a set of linear equations, each one for a specific climate
condition, relating solar collector design characteristics with thermal efficiency
Inputs for the model are the following collector design features: absorber plate thickness (expressed in
mm), quantity of riser tubes, type of plate and tube contact (converted to a number by a basic rule),
type of absorber painting (converted to a number by a basic rule). Output of the model is the
instantaneous thermal efficiency for the selected climate condition
Model was validated through running the numerical approach for a solar collector previously to
experimental test. Test and numerical results deviate 1.53% from each other, considering the mean
deviation from all studied climates.
The proposed model was used to rank thickness, number of tubes, contact and painting according their
influence on thermal efficiency
The importance rank depends on the climate
For cold and less sunny operating conditions (high 𝑇𝑚∗ ), painting and tubes are the most important
parameters because solar absorption and thermal losses are critical
For hot and very sunny climates (low 𝑇𝑚∗ ), plate thickness and type of contact between plate and tube
are the most important parameters because heat transfer processes on the plate and tube are crucial.
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Abstract

Heat pipes in solar thermal collectors can reduce thermal loads in the solar circuit by using the physical
effect of dry-out limitation. By avoiding high temperatures and vapor formation, simplified, more reliable
and cost effective solar thermal systems can be designed. This paper presents a theoretical study on different
heat pipe and manifold configurations for flat plate collectors. The focus is on a high thermal efficiency in
the operating range and a significant temperature limitation in stagnation mode. Several prototype collectors
are manufactured and experimentally investigated by means of indoor performance measurements. Thereby,
a conversion factor of 73 % is reported, which represents an increase of 4 percentage points compared to a
previous prototype. During stagnation events we localize a maximum fluid temperature about 130 °C within
the manifold, which decreases to values below 100 °C towards the collector connections. Finally, we
evaluate the system performance of the prototype with an exemplary solar DHW-system by means of
dynamic TRNSYS-simulations. The results show that the calculated annual yield is predicted only 5 % lower
than the one of a comparable direct flow collector and critical stagnation events can be fully avoided.
Keywords: heat pipe, stagnation temperature, overheating prevention, flat plate collector

1. Introduction
Heat pipes in solar thermal collectors are commercially used in combination with evacuated tube collectors
(ETC). Heat pipe-based flat plate collectors (FPC) so far have only been realized within research projects,
see Jack et al. (2014). In comparison to direct flow collectors, the heat pipe design incorporates additional
thermal resistances into the heat transport path of the collector, which results from the heat pipe process
between fluid evaporation along the absorber section and fluid condensation in the manifold section as well
as heat transfer resistances between the adjacent collector parts (Schiebler et al. 2018a). Elevated heat
transport capabilities in the heat pipes and good thermal connections to the solar circuit at the manifold
section are important for high overall collector efficiencies. Figure 1 shows the principle design with the
manifold being located in the upper part of the device. This design leads to an unfavorable aperture/gross
area ratio compared to typical direct flow FPC.
An essential advantage of heat pipe collectors is the fact that the heat transport is internally interrupted
during stagnation events, when the solar heat is not absorbed by the exterior solar circuit due to limited
demand. Technically, this intrinsic fallback system is related to a dry-out effect of the heat pipes at situations
of over-heating, where the two-phase flow and thus the heat transport are interrupted. This shut-off behavior
can be designed by proper choice of the working fluid and its amount enclosed in the heat pipe under
vacuum conditions.
absorber
glass

heat pipe

Sammler
manifold

insulation

absorber
Absorber

manifold / solar fluid

heat
pipe
Wärmerohre

…
absorber section

…

manifold section

Fig. 1: Schematic longitudinal section of a flat plate collector with heat pipes
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In a previous work, the maximum temperature in the solar circuit has been successfully limited to 140 °C by
using an innovative heat pipe-based FPC (Jack et al., 2014). The measured zero-loss coefficient 0 amounts
to 69 %. The current development aims at the optimization of the performance in the operating range as well
as the reduction of the shut-off temperature to 125 °C. By such a temperature limitation the evaporation of
the solar fluid can be completely avoided during stagnation, as we have already demonstrated with heat pipebased ETC (Schiebler et al. 2017). The avoidance of vapor formation increases the general operational safety
of the system, thus reducing the design requirements to the other components of the solar circuit (smaller
expansion vessel, use of polymers, etc.). As a result, the reliability of the overall system is increased and both
investment and maintenance costs can be significantly reduced. The present paper reports improvements
achieved with a new prototype: After characterizing the thermal efficiency of the collector we analyze its
stagnation behavior and the system performance compared to an identical, direct flow FPC.
2. Heat transfer of the heat pipe – manifold connection
The heat pipe condenser-manifold connection is already state-of-the-art in ETC and commercially available
in different design variants. Typically, the cylindrical condensers are attached to a shaped manifold pipe
(Figure 2), which is transversely perfused by the solar fluid. Because of higher heat losses of FPC devices in
comparison to evacuated collectors in general, the thermal heat transfer between absorber and manifold gains
superior importance to achieve elevated collector efficiencies.
A

absorber

(a)

manifold pipe

A –A B– B

heat pipe

standard (smooth)
longitudinal ribs
grooved pipe
(b)

B

Fig. 2: Schematic drawing of a typical manifold for ETC with different heat pipe variations (smooth, grooved, with ribs). (a)
Side view, (b) Cross-section A-B

We employ the internal heat transfer coefficient Uint as design parameter to qualify the thermal connection
between the absorber plate and the solar circuit fluid. For heat pipe-based FPC, this quantity is related to
three partial heat transfer mechanisms indicated in Figure 3: Conductive transport of the absorbed solar heat
through the absorber plate towards the heat pipe, characterized by the partial transfer coefficient Uabs, heat
transport through the heat pipe cycle towards the manifold section (Uhp) and heat transfer from the heat pipe
towards the manifold (Uman). The heat transfer Uhp through the heat pipe may specified into the contributions
of the evaporation section (Uevap) and the condensation section (Ucond), and the heat transfer from condenser
to the manifold by the contributions of the contact interface (Ucontact), the conductive heat transfer through the
manifold pipe material (Ump) and the heat transfer into the solar circuit fluid (U,mp). Note that for direct flow
collectors, Uint is reduced to the contributions of Uabs and Uman, where the latter represents the heat transfer
from the absorber plate towards the solar circuit fluid running through pipes in direct thermal contact with
the absorber.
Both the heat pipe and the manifold have to be considered for optimization purpose. The influence of the
heat transfer from the heat pipe to the solar circuit fluid on the thermal efficiency of the whole collector is
expressed by the conversion factor 0 according to Equation 1 and 2,
𝜂0 = (𝜏𝛼)𝑒𝑓𝑓 ∙

𝑈int
𝑈int +𝑈loss

.

1⁄𝑈int = 1⁄(𝑛hp ∙ 𝑈abs ) + 1⁄(𝑛hp ∙ 𝑈hp ) + 1⁄(𝑛hp ∙ 𝑈man ).
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(a)

(b)

manifold
Sammler
absorber
Absorber

n x Wärmerohre
heat pipe

…

…

Fig. 3: (a) Composition of the internal heat transfer coefficient on the basis of the individual thermal resistances of absorber,
heat pipe and manifold in the heat flow path of the collector. (b) Schematic representation of heat transfer coefficients of a
heat pipe-based FPC

To achieve a conversion factor of 0 = 75 %1, this equations may be used to calculate the required Uman (with
reference to aperture area) in dependency of Uhp and the number of heat pipes in the collector (see Figure
4 (a)). To optimize the heat pipe process, we investigate the use of inner grooved pipes and condenser pipes
with longitudinal ribs (see Figure 2 and 4, (b)). An inner grooved pipe surface can improve the heat transfer
in the operating range, but also influences the dry-out behavior of the heat pipes (Föste et al., 2016), as
discussed in Section 4.4 on the basis of the collector efficiency curve.
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Fig. 4: (a) Required manifold heat transfer coefficient Uman versus the heat pipe heat transfer coefficient Uhp and the number of
heat pipes in the collector to achieve a conversion factor of 75 %. (b) Illustration of the considered grooved aluminum pipes.

In the sequel we investigate three collector concepts (A, B, C), which differ by type and design of the
thermal connection. Design variant (C) represents a commercial ETC manifold depicted in Figure 2, which is
considered as reference design. The two concepts (A) and (B) suggest comparatively simpler manifold
designs. These manifold designs consist of three, respectively five, parallel cylindrical (A1-2) or flat (B1-4)
fluid channels, which are welded to the heat pipes. The specific design cannot be given here for patenting
reasons.
To predict the manifolds performance and analyze the influences of geometric and physical variations, we
carry out a preliminary FEM simulation study with the commercial software COMSOL Multiphysics (see
COMSOL, 2011). Depending on the concept, we vary the inner surface of the heat pipes evaporator and
condenser (smooth and grooved internal surface, or with ribs) as well as the number of heat pipes and
1

aimed objective in the current activities
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manifold pipes in the collector. The FEM simulations yields heat transfer coefficients, which are
implemented into an integral collector model based on Equation 1, used to evaluate the overall collector
efficiency. The results show that the conversion factor 0 of all three concepts (A-C) ranges between 72 and
75 %, indicating tangible improvement of a previous prototype (0 = 69 %), see Figure 5. The concepts (B1)
and (B2) are based on heat pipes without complex diameter expansion (see dcond in Table 1) and have a high
thermal performance even without inner-grooved or finned heat pipes.
Tab. 1: Properties of the considered manifold concepts A-C

Manifold concept

A1

A2

B1

B2

B3

B4

C1

C2

C3

Evaporator diameter devap in mm

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

8.0

Condenser diameter dcond in mm

18.0

18.0

8.0

8.0

8.0

8.0

20.0

20.0

20.0

Number of heat pipes nhp

11

11

11

11

11

11

15

15

15

Number of manifold pipes nmp

3

5

3

5

3

5

2

2

2

Uhp in W/m²K (calculated)

1951

1951

82.1

82.1

1542

1542

35.0

633

632

Uman in W/m²K (calculated)

31.4

36.3

53.4

58.0

53.4

58.0

75.8

75.8

75.8

0.80

Conversion factor η0

0.78

Manifold A

0.76

0.74

0.74
0.72

0.70

0.72

0.73
A2

A1

Manifold C

Manifold B

0.73

0.74

B1

B2

0.75

0.75

0.74
0.72

B3

B4

C1

C2

C3

first prototype (measured)

0.68
0.66
0.64
11 HP

15 Heat Pipes (HP)

11 Heat Pipes (HP)

0.62
3 MP

0.60

5 MP

3 MP

5 MP

3 MP

5 MP

2 Manifold Pipes (MP)

Heat pipe surface (at evaporator-/condenser section)
Fig. 5: Simulated conversion factors 0 for the investigated manifold designs as function of the design parameters “inner tube
surface” (smooth, grooved, with longitudinal ribs) and “number of manifold pipes” (nmp)

1

with longitudinal ribs at the condenser
with grooved pipes at the evaporator and condenser as Figure 4 (a)
3
with grooved pipes only at the condenser
2
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3. Experimental evaluation of a heat pipe collector prototype
3.1 Performance testing
Based on design concept (B1) a collector prototype was manufactured by the German company KBB
Kollektorbau GmbH using aluminum heat pipes filled with 4-5 g butane as working fluid. A typical FPChousing was used, whereby three configurations are realized: Configuration 1 is equipped with a standard
glass cover and a fully insulated manifold, see Table 2. Configuration 2 uses a glass cover with anti-reflex
coating (AR). Configuration 3 omits the insulation at the manifold section. The collector efficiency, the heat
losses and the shut-off behavior are evaluated by indoor sun simulator testing according to ISO 9806 (2018).
The collectors are equipped with additional temperature sensors to investigate the individual heat transfer
coefficients of the heat pipe process as well as the connection to the manifold.

Tab. 2: Test results of the three collector configuration prototypes.

specifications

Conf. 3:

Conf. 2:

Conf. 1:

standard glass cover and
fully insulated manifold

anti-reflex coating (AR glass
cover) and fully insulated
manifold

manifold without
insulation

0

-

0.733

0.762

0.762

a1

W/m²K

3.562

3.615

4.260

a2

W/m²K²

0.017

0.017

0.017

Tmax1

°C

130

130

106

Figure 6 shows the measured heat transfer rate of an individual heat pipe as function of the average fluid
temperature (orange line color). Within the heat pipe operating range up to a fluid temperature of 66 °C, the
curve progresses like a typical FPC, indicating increasing heat losses with temperature. The average heat
transfer coefficient of a single heat pipe Uhp is detected as 16 W/K in this temperature range. Thus, the
calculated heat pipe heat transfer coefficient, as reported in Table 1, could be experimental validated.
Considering the number of parallel heat pipes at the collector (nhp = 11) and its aperture area (Aap = 2,15 m²),
the overall heat pipe heat transfer coefficient amounts to 82 W/m²K. The heat transfer coefficient of the
manifold Uman is with 46 W/m²K smaller than expected (see Table 1). The overall internal heat transfer
coefficient Uint is 23 W/m²K. In comparison, Uint of common direct flow FPC range between 60 and
80 W/m²K. We see that the heat pipe heat transfer coefficient Uhp exhibits an elevated level compared to
Uman. Note that Uhp can be almost doubled to about 30 W/K using internally grooved pipes (Figure 4(b)),
Föste et al. (2015). The manifold heat transfer coefficient Uman, which represents the highest thermal
resistance in the heat flow path of the collector, offers the most relevant potential for further optimizations.

1

measured in stagnation mode (solar irradiation G = 990 W/m², ambient temperature Tamb = 26 °C, no wind
and no fluid mass flow)
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Fig. 6: Progression of the heat pipe heat transfer rate (orange curve), the heat transfer coefficients of the heat pipes Uhp (green)
and of the manifold Uman (red), the overall internal heat transfer coefficient Uint (grey) and resulting absorber temperature
(blue) as function of the average fluid temperature during laboratory tests. The dry-out effect sets in beyond the kink point
indicated.

3.2 Collector efficiency curve
The measured conversion factors of the prototype ranges between 73.3 % with standard class cover
(Configuration 1) and 76.2 % with AR class cover (Configuration 2), see Table 2 and Figure 7. Compared to
the heat pipe FPC prototype reported by Jack et al., (2014), this indicates an efficiency increase of 4.3
percentage points. Using internally grooved heat pipes, a further increase of about 2 percentage points is
expected. As already seen in Figure 6, the collector performance sharply decays at an average fluid
temperature above 66 °C. This is also reflected by the efficiency curve of Figure 7, which compares the
measured prototype efficiencies of configurations 1-3. For temperatures above 66 °C, the collector power
quickly shuts-off as a result of the heat pipes dry-out effect. This power shut-off is very well described by the
increase of the linear heat loss coefficient from about 3.6 in the operating range to 15 W/m²K at higher
temperatures. For comparison, the efficiency curve of an identical direct flow FPC is indicated by a solid line
in Figure 7.
(a)

(b)
Conf. 1: standard glass
Conf. 2: anti-reflex glass (AR)
Conf. 3: without insulation + AR
Reference collector
max. fluid temperature

0.8

Collector efficiency 

0.7
0.6
0.5

Prototype

0.4

Slope of shut-off:
mcut = -15 W/m²K

Reference collector

(c)

0.3
Max. fluid temperature in
stagnation mode*:
Tmax = 106 - 130°C
(depending on insulation)

0.2
0.1

0.0
20

40

60

80

100

120

140

160

Tamb ≈ 26°C
G ≈ 990 W/m²
Aap = 2.15 m²
Agross = 2.50 m²
m' = 180 kg/h
 = 45°

Average fluid temperature Tfluid in C
*no wind and no fluid mass flow
Fig. 7: (a) Efficiency curve of the prototype collectors (Configurations 1-3, colored lines) in comparison to a direct flow
collector (reference, grey line) as function of the average fluid temperature. (b) One of the prototypes during laboratory tests
situated in the sun simulator device of ISFH. (c) Test conditions
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3.2 Stagnation mode

DThp ≈ 104 K

Temperature in C

Temperature in C

DThp ≈ 80 K

The shut-off temperature of the collector depends on the heat pipes dry-out effect and on the thermal
insulation at the manifold section. In stagnation mode, transport of absorber heat to the solar circuit fluid is
reduced to axial thermal conductivity along the metal pipe walls. In order to limit this contribution, the
thermal losses at the manifold section may be increased by omitting the insulation. Stagnation tests yield
maximum fluid temperatures of 106 °C (for Configuration 3) and 130 °C (for Configurations 1 and 2) in the
manifold pipes. Close to the collector connections, the temperature drops below 100 °C in all cases (see
Figure 8). This means that the heat pipe related power shut-off prevents undesired evaporation of the solar
circuit fluid during stagnation largely. This effect has to be compared to typical stagnation temperatures of
direct flow FPC (180 - 200 °C) and related vapor productions.
(a)
(b)
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220
200
200
Conf. 1:
Conf. 3:
180
180
heat pipe
heat pipe
160
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manifold pipes
manifold
140
140
collector connections
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lcond
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20
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0
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Heat pipe length in mm
Heat pipe length in mm
Fig. 8: Axial temperature distributions during stagnation for Configuration 2 (a) and Configuration 3 (b).

4. Simulation study in TRNSYS
4.1 Simulation setup

Collector power Q

We simulate annual solar yields for a representative solar thermal system using the TRNSYS suite. Because
of the specific heat pipe characteristics, standard collector models cannot be used for this purpose. Therefore
an existing TRNSYS collector type (Type 832) has been modified so as to represent the heat pipe power
shut-off effect, based on a two-temperature-node model, which allows evaluating the absorber temperature as
well as the commonly evaluated fluid temperature. The power shut-off process is included by implementing
an additional power function into the existing TRNSYS collector type. The function used for this purpose
two parameters, their significance shown in Figure 9: the slope mcut of the efficiency section indicating the
power shut-off. This parameter corresponds to the linear heat loss coefficient during the heat pipes dry-out
process. And furthermore the maximum fluid temperature Tcut at  = 0. Tcut represents the maximum
temperature of the heat pipe process, which is independent of the manifold insulation. Hence the heat pipes
dry-out limit is integrated as a simple linear function.

slope of the
power shut-off mcut

Heat pipes operating range

maximum
temperature Tcut

Average fluid temperature Tfluid
Fig. 9: Linear modeling of the power shut-off process using the slope of the dry-out limit mcut as well as the maximum
temperature Tcut
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The dynamic system simulations consider a solar assisted domestic hot water system (DHW) with 5 m² gross
collector area and 300 l water storage (see Figure 10) according to Bachmann et al. (2018). We simulate the
system performance for different collector coefficients using the parameters of the prototype collectors as
well as the parameters of an identical but direct flow reference FPC of Table 3. Configurations 1 to 3 assume
smooth heat pipes (see prototype measurement in Section 3) and Configuration 4 inner-grooved heat pipes.
The system efficiency is evaluated on the basis of the saved final energy Et according to IEA TASK 54, see
Louvet et al. (2018). In the following, Et is simply referred to as the annual yield.
Gross collector area per collector

2.5 m²

Number of collectors

2

Heat store volume

300 l

Auxiliary volume for DHW preparation

150 l

Heat loss capacity rate

3.56 W/K

Location (Meteonorm)

Würzburg

Heat demand hot water

3002 kWh/a

Heat demand space heating

9090 kWh/a

Fig. 10: Schematic view of the system configuration (left) and main system parameters (right)
as reported by Bachmann et al. (2018)
Tab. 3: Collector parameters of reference and prototype collectors Conf. 1-4 based on aperture area Aap

conversion
factor

0

linear heat
loss coefficient
a1 / mcut

quadratic heat
loss coefficient
a2

max. fluid
temperature
Tcut

specific heat
capacity
cfluid / cabs

collector
area
Aap/Agross

-

W/m²K

W/m²K²

°C

kJ/m²K

m²

Reference1

0.809

3.940

0.0170

-

3.35/2.80

2.30/2.51

Conf. 1

0.733

3.562/152

0.0171

105

1.35/4.90

2.15/2.51

Conf 2

0.762

3.615/152

0.0170

105

1.35/4.90

2.15/2.51

Conf 3

0.762

4.260/152

0.0170

105

1.35/4.90

2.15/2.51

Conf. 4

0.749

3.466/112

0.0188

110

1.35/4.90

2.15/2.51

4.2 Simulation results
Figure 11 shows the simulated annual yields of Configurations 1 and 2, compared to the reference collector.
The annual yield of Configuration 1 (standard glass cover) results into 2,342 kWh/a, which is only
121 kWh/a (4.9 %) lower than the reference collector. In the case of Configuration 2 (AR glass cover) the
deviation is reduced to 43 kWh/a (1.7 %), thanks to the higher solar transmittance of the glass cover. Note
that the reference collector exhibits only a standard glass cover.
Considering significantly reduced conversion factors 0 of the heat pipe prototypes, the indicated deviations
of the system performances are lower than expected. This might be due to the lower specific heat capacity of
the heat pipe collectors, as reported in Schiebler et al. (2017). Under transient conditions (e.g. rapid change
in solar irradiation), the heat pipe system runs more frequently than that with reference collectors, which has
a higher thermal inertia.
1

as specified by TÜV-Rheinland (2017)
linear heat loss coefficient of the collector as slope of the heat pipe power shut-off (mcut)

2

68

B. Schiebler et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

5
0.0

-1.7 %

0

-4.9 %

-5
2463

2500
2000

2342

1000
500

Conf. 1:
standard glass

1500

2420

-10

Conf. 2:
anti-reflex glass (AR)

3000

Reference collector:
KBB K420

Annual yield Et in kWh/a

3500

-15

0

-20

-25

Deviation from the reference
system in %

4000

-30
-35

Fig. 11: Annual yield of Conf. 1 and Conf. 2 and its relative deviation compared to the reference collector

The results of the stagnation tests show that the reduction of the thermal insulation in the manifold section
can reduce the maximum fluid temperatures Tmax (see Section 3.2). As already mentioned, above the
maximum temperature of the heat pipe process Tcut, a remaining heat flux is transferred by thermal
conductance along the pipe axis. Thus the combined impact of the insulation properties of the manifold
housing and the heat pipe shut-off procedure should be analyzed. Both effects should take into account
designing collectors with a more convenient temperature limitation, which is aimed at unifying the maximum
temperatures Tmax = Tcut.
Beside the influences on the maximum fluid temperature in stagnation mode, elevated heat losses at the
manifold section of the heat pipe also result into lower collector efficiencies in the operating range. On the
basis of our experimental investigations (see Section 3), we made a theoretical study by varying the linear
heat loss coefficient a1 as an important parameter of the prototype collectors. Thus, a1 ranges between 3.30
and 4.20 W/m²K, because of more or less thermal insulation in the manifold section. Figure 12 (a) illustrates
the resulting collector efficiency curves, whereby the curve with a1 = 3,56 W/m²K represents the measured
case of Configuration 1. The curve with a1 = 4.20 W/m²K corresponds to Configuration 3 with absent
thermal insulation at the manifold section. The other curves are only theoretical based. As shown in
Figure 12 (b), a higher heat loss coefficient generally leads to lower annual yields. An increase from 3.56 to
4.20 W/m²K reduce the annual yield by 48 kWh/a. The relative deviation compared to the reference collector
is increased from -4.9 to -6.8 %, whereby the maximum temperature during stagnation Tmax can be further
reduced (see Figure 8). With the purpose to find an optimum compromise between insulation and power
shut-off, a linear heat loss coefficient of about 3.90 W/m²K and a maximum temperature between 110 and
120 °C in stagnation mode are aimed in the scope of upcoming activities.
(b)
0.8

4000
3500

0.5

Tamb ≈ 26°C
G ≈ 990 W/m²
Aap = 2.15 m²
m' = 180 kg/h

20

30

2500

40

50

60

70

80

90

-5
-10

2367

2342

2314

2294

-15

2000
1500
1000
500

0.4

-6.8 %

0

a1 = 4.2 W/m²K

0.6

-6.0 %

a1 = 3.9 W/m²K

shutt-off curve

-4.9 %

3000

a1 = 3.3 W/m²K

Annual yield Et in kWh/a

Collector efficiency 

0.7

0
-3.9

a1 = 3.6 W/m²K

a1 = 3.30 W/m²K
a1 = 3.56 W/m²K
a1 = 3.90 W/m²K
a1 = 4.20 W/m²K

Variation of a1 (Conf. 1)

-20
-25

Deviation from the reference
system in %

(a)

-30
-35

Average fluid temperature Tfluid in °C
Fig. 12: (a) Different collector efficiency curves in dependency of the linear heat loss coefficient a1. (b) Simulated annual yields
as well as the relative deviations compared to the reference collector.
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The power shut-off temperature of heat pipe collectors Tcut depends on several conditions. As reported in
Schiebler et al. (2018a), the type and amount of working fluid, which is inside the heat pipe, are the most
important parameters. As a general rule, lesser fluid leads to lower maximum temperatures. A temperature
shift by about ± 10 K can be simply managed by properly dosing the mass of a selected fluid in the heat pipe.
Another important parameter is the slope of the collector power shut-off mcut, which affects the kink point
and therefore the collector efficiency in the operating range. The slope of power shut-off can be influenced,
e.g. by the type of working fluid and inner pipe surface (smooth/grooved).
In Figure 13, Tcut is varied for Configuration 1 (smooth heat pipes) and Configuration 4 (grooved heat pipes).
The slope of power shut-off mcut of Configuration 1 was measured as 15 W/m²K (see Section 3). In the case
of grooved heat pipes (Configuration 4), the dry-out limit is experimentally determined as 11 W/m²K. This
means that, for identical values of Tcut, the kink point of Configuration 4 is significantly lower than the one of
Configuration 1. As a consequence, the collector behavior in the operating range of Configuration 4 is much
stronger affected by the shut-off process.
(a)

(b)
1.0

1.0

0.8

Tcut

0.7
kink point

0.6
0.5
0.4
0.3
Tamb ≈ 26°C
G ≈ 990 W/m²
Aap = 2.15 m²
m' = 180 kg/h

0.2
0.1

kink point

Conf . 4
(standard glass, grooved heat pipe)

0.9

kink point

Tcut

0.8

Collector efficiency 

Collector efficiency 

exp. data

Conf . 1
(standard glass, smooth heat pipe)

0.9

0.7

kink point

0.6
0.5
0.4
0.3
mcut = 11 W/m²K

Tamb ≈ 26°C
G ≈ 990 W/m²
Aap = 2.15 m²
m' = 180 kg/h

0.2

mcut= 15 W/m²K

0.1
0.0

0.0
20

40

60

80

100

20

120

40

60

80

100

120

Average fluid temperature Tfluid in °C

Average fluid temperature Tfluid in °C

Fig. 13: (a) Collector efficiency curve with variation of the maximum temperature Tcut for Configuration 1 with smooth heat
pipes. (b) Configuration 4 with grooved heat pipes

Annual yield in kWh/a

2.400
2.380

Conf. 4
(grooved pipes)

m cut = 11 W/m²K

-4.4 %

2.360

-5.6 %

-4.9 %

-4.9 %

-5.0 %

2.340

-3.6 %

-3.7 %
-3.9 %

-4.9 %

m cut = 15 W/m²K

-5.1 %
Conf. 1
(smooth pipes)

2.320
2.300
90

95

100

105

110

115

120

125

130

Maximum temperature Tcut in °C
Fig. 14: Annual yield for Configuration 1 (smooth heat pipes) and Configuration 4 (grooved heat pipes) by varying the shut-off
temperature Tcut

Figure 14 shows the results of the annual yield by varying the shut-off temperature Tcut. For high values as
Tcut ≈ 125 °C, Configuration 4 shows a significant higher annual yield of about 30 kWh/a compared to
Configuration 1. For lower maximum temperatures, the kink point also shifts to lower temperatures as shown
in Figure 13, which leads to a stronger impact on the collector efficiency. Configuration 1 shows a
significant drop in the annual yield at Tcut ≈ 100 °C. In the case of Configuration 4 this decrease occurs at
Tcut ≈ 112 °C. At Tcut ≈ 102 °C, both configurations achieve the same annual yield, despite the higher
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conversion factor of Configuration 4. Below this value, there is no significant benefit from grooved heat
pipes.
In the case of Configuration 1, for temperatures Tcut above 105 °C the annual yields are constant, which
means that the heat pipe-based power shut-off process has no influence on the system performance. The
deviation of -4.9 % compared to the annual yield of the system with reference collectors is exclusively due to
the additional thermal resistances of the heat pipe collector (lower internal heat transfer coefficient Uint).
Consequently, simpler yield forecasts for heat pipe collectors in solar thermal systems, which are comparable
in type and size to the considered system, can be carried out even without taking the power shut-off process
into account (this assumption applies only to smooth heat pipes as in Configuration 1).
5. Conclusion and outlook
We have investigated different manifold concepts for connecting heat pipes with the solar circuit in FPC and
evaluated their thermal efficiency as well as the possibility of integration in a typical FPC-housing. One of
the considered designs was realized as prototype and tested in the laboratory at ISFH. The conversion factor
was measured to 73.3 % (standard glass cover) and 76.2 % (AR glass cover). Compared to the results with a
heat pipe-based FPC developed in a previous work, this is an improvement of 4.3 percentage points. The use
of heat pipes with internal grooves further increase the conversion factor 0 by 2 percentage points, whereby
this advantage is partially compensated in the system performance by the significantly flatter slope of the
power shut-off process, which negatively affects the collector efficiency in the operating range. In addition to
the performance, we investigated the collector behavior under stagnation conditions. Depending on the
insulation level at the manifold, the maximum collector temperature ranges between 106 and 130 °C, values
which are significantly lower than the usual stagnation temperatures of collectors with direct flow (180 –
200 °C).
Furthermore we carried out annual yield simulations in TRNSYS to evaluate the system performance in
dependency of the measured collector parameters and the heat pipe-based power shut-off. For a typical solar
DHW-system in Würzburg, the annual yield with prototype collector is only slightly below the yield of a
system an identical but direct flow reference collector. Depending on the concrete design of the prototype
(insulation, heat pipes and glass cover), the yield reduction is between 1 and 7 %. As a main result of the
study, it has been shown that the annual yield with standard heat pipes (no grooves) is not affected by the
power shut-off process for temperatures Tcut above 105 °C. In such cases, the heat pipe power shut-off can be
neglected and a simple collector model can be used for annual yield simulations.
As consequence of the already achieved limitation of the maximum temperature and of the successful
suppression of vapor formation, system components such as the expansion vessel or the solar piping can be
resized or made by cheaper polymeric materials. As described in Schiebler et al. (2018b), further cost
reductions can be reached in the installation process, e.g. by the simpler filling and flushing of heat pipe
collectors. For the considered DHW-system according to the IEA TASK 54 definition, a reduction of the
investment costs of 9 - 19 % is expected. As another result of the significantly lower thermomechanical
stress, a reduction in the annual maintenance costs of about 50 % can also be expected, which is mainly due
to the increased service life of the solar circuit fluid (Schiebler et al. 2018c). The Levelized Cost of Solar
Heat (LCoHsol) of such a DHW-system with heat pipe collectors, which represent the cost of the produced
solar energy (€/kWh) over the lifetime of the system, can be reduced by up to 26 % compared to a similar
system with identical direct flow FPC.
Within the scope of this report, we considered various prototype configurations, which differ in the
conversion factor, the heat loss coefficient or the power shut-off behavior. The influences on the system
performance in a typical DHW-system and the corresponding maximum temperatures in stagnation mode
were illustrated and comprehensively discussed. However, a detailed cost analysis is necessary for a holistic
evaluation of the heat pipe-based FPC-configurations. Both the respective effort of the collector production
and the individual benefits in the system costs (depending on solar yield and maximum temperature) has to
be considered. Such an analysis as well as a verification of the expected cost benefits has to be proven on the
basis of real systems in practice and is a part of our current activities.
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Abstract

Development showed in this paper, overcomes the disadvantage presents at the hot water´s tanks, both
solar systems and those that use other energy sources, originated in the mixture of cold water coming into
the system with hot water contained therein, causing a decrease in temperature.
The integrated collector storage system (ICSS) of three tanks improves stratification by natural convection
both inside each tank and between them.
Different aspects of design are discussed, the bases of the simulation program, and the results of the
experimental evaluation that allow characterizing the system, validating the simulation program,
determining the performance and evaluating the degree of autonomy and the solar fraction. Additional
aspects such as frost resistance, tartar formation and others related to installation and maintenance are
incorporated.
Keywords: Autonomy, stratification, integrated accumulator collector.

1. Introduction
An important part of the population of Latin American countries is affected by energy poverty, either
because they do not have access to the network´s gas distribution, electricity, or the rationing of
consumption because of the energy tariffs.
Obviously, the needs of the user who uses solar energy from a certain environmental consciousness,
having the possibility of combining it with other traditional energy sources, are different from those of a
person who uses solar energy because it is the only one within their reach. In the first case at the time of
sizing the system it is tried to reach a reasonable balance between the size and therefore the cost and the
fraction of the thermal load that is able to supply (solar fraction), avoiding that it is oversized for a great
part of the year. But for the case in which the solar system is proposed as an alternative to the difficulty
of access to other types of energy, it is desirable to reduce to a minimum the use of auxiliary energy.
The autonomy of the system, introduces the concept of usable temperature, understood as the minimum
temperature necessary to satisfy a certain need. In the extreme case that there is no auxiliary energy source,
when the temperature is lower than the usable one, the energy contained in the system cannot be used.
The developed system seeks to reduce time to reach usable temperatures and improve the preservation of
them, improving the stratification.
The integral collectors are simple in their constructive form and their basic operation is carried out without
moving parts, unlike the systems with pumping. With relatively cheaper materials they achieve greater
performance than the separate manifold and tank system, tested in different tests. Due to their large
volume of water they offer good frost resistance. Its main drawback is that the night losses are greater
than in other systems, whose accumulator tank is completely isolated.
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In countries with a tropical climate such as India or Cuba, constructive simplicity and the use of lowcost materials are prioritized, so that the systems are widely accessible to the population. For the
prevailing climatic conditions, the integrated accumulator collectors give good results even without a
very elaborate design. The strategy adopted to reduce night losses is the use of transparent covers
combined with the use of Honeycomb polycarbonate. (Reddy, Kaushika, 1998), (Massipe Hernández et
al. 2012) and the English (Chaurasia, Twiddel, 1999). Ahmad et al (2014) compared three different
shapes of front absorber plat, flat, wavy, and zigzag shapes seeking to improve collection efficiency.
In order to reach and preserve higher temperatures the Greeks have carried out detailed studies of different
configurations with one and several tubes comparing diferent shapes of linear reflectors.
(Tripanagnostopoulos et al. 2004.). Madhlopa et al. (2006) investigated systems of several tubes and how
in them the stratification depends on the interconnection of them, which was also investigated by Tacchi
(Tacchi and Monrós, 2004). The same authors developed different designs with a lid that closes manually
or automatically when the radiation is less than a certain established limit value. Kumar and Rosen (2011)
develloped a system with an extended storage unit, deviding the total volume in two sections, one exposed
to solar radiation and the other insulated on all sides.
The study of the mentioned works, leads to the conclusion that the design details that try to respond to the
problem of night losses of integral accumulator collectors, are based on the selection of materials such as
selective surfaces, use of concentrators, partial coverings permanent, complete coverings for periods of
low radiation and designs focused on stratification.
The system analyzed in this work takes as its starting point the patent (AR040913B1) in the name of
Victorio Tacchi entitled “New arrangement of elements that constitute a water accumulator that can also
originate from solar energy”, which proposes the division of the volume Total water in several overlapping
horizontal tanks interconnected with each other seeking stratification. It also contemplates the use of a
complete coating for periods of low radiation.
The present study focuses on the detailed analysis of stratification. Although it does not modify the total
energy content of the system, it favors the possibility of taking advantage of it. In this sense, systems
composed of several tanks located by the collector's own inclination at different heights, largely prevent
the degradation of energy at a temperature that is no longer usable. The desired stratification is achieved
by the combination of concentrators (which produce a non-uniform exposure to radiation) with an
adequate interconnection of the tubes with each other..

2. Design
The prototype was designed to meet the needs of a family of seven members, resident in an area without
access to the gas distribution network, and problems of shortage of bottled gas in winter.

Fig. 2.1 Foto of the prototype

The prototype consists of three galvanized iron and black painted tubes of 256 mm inside diameter and a
length of 2500 mm. They are contained in an insulated box with polyurethane in a thickness of 120 mm.
The total capacity is 386 liters and the glazed surface that receives the radiation is 3.59 m2 which responds
to a volume / surface ratio of 107.5 l / m2.
The inclination of 45º towards the equator perpendicular to the axis of the tubes results in a height
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difference between axes of 362 mm. The double connection between the tanks favors the thermosiphonic
circulation between them, forming three zones of well defined temperatures.
One third of the surface of the tubes - located at the bottom - is in direct contact with the insulator while
the remaining surface is exposed to solar radiation, either directly or by receiving it by reflection of
asymmetric parabolic cylindrical concentrators.
All the described characteristics were designed and calculated to promote the convection inside each tank
and the thermosiphonic circulation between them, in order to improve the thermal transfer to the water
and preserve the usable temperatures.

2.2. The connections between the tubes
The design of the interconnection between the three tubes that make up the system has a great influence
on its operation, since it affects both, the processes that make stratification and the behavior during
extraction that can lead to a degradation of energy below the usable temperature.
Basically we can distinguish three variants of connection (Madhopla, 2004): in parallel, in series and
double connection.
This last variant was chosen. The tanks are interconnected with each other through two ducts. Hot water
is extracted from the highest part of the system while cold water enters through its lowest part.
The double connection allows the thermosiphonic circulation between the tanks when no extractions are
made, since while one of the pipes rises the water at a higher temperature by the other, the one that is at a
lower temperature drops. In this way a greater degree of stratification is obtained than in the other systems
and is still preserved at times without incoming radiation. In addition the thermosiphonic circulation
improves the flow factor and therefore the heat removal factor.
In order to define the exact location of the inlet and outlet pipes, their diameters and the way of connection
to the tubes to favor thermosiphonic circulation and stratification, as well as to prevent mixing during
extraction, a simulation program was developed from the physical-mathematical model, which was then
tested by experimentation. The final design is shown in the figure 2.2.

Fig. 2.2 Termosifonic connection

In the design, the ascending tubes leave the upper part of the diameter of the lower tank flush with the lid,
and enter the upper tank at half the diameter in the far part of the glass penetrating 15 cm into the tank.
The height difference is 36 cm and it is assumed that as long as there is convection inside the tanks there
will also be a temperature difference.
The downcomers leave the lower part of the upper tank by penetrating the lid of the lower to middle tank
on the face exposed to radiation.
Since the diameters of the ascending and descending tubes are 22.2 mm and 16.6 mm, respectively, it is
expected that the effects of countercurrent circulation, which produces mixing with cold water, are small
as indicated in Figure 2.17, with the small arrows.
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3. Simulation
The objective of the simulation was to help characterize and understand the internal convection processes
in each tank, and the thermosiphonic circulation between them, for later - once the results were
corroborated by the measurement - to be able to predict the effects of certain changes of the design.
For the simulation the following premises were adopted:
• There are two types of zones: Those that receive radiation and those that do not. This difference leads
to internal convection.
• Initially, two internal temperatures are distinguished: one near the illuminated part (Tw1) and another
prevailing in the rest of the tank (Tw2 = Tw3).
• A convection process begins between Tw1 and Tw2, transferring heat from the surface to the center. As
its temperature rises, water occupies horizontal isothermal layers.
• In the horizontal layer adjacent to the insulator, Tw3, there is a calm zone, excluded from the convection
process. Heat is transmitted to it by conduction.

Fig. 3.1. Convection process and temperature evolution

3.1. Water temperature calculation
To calculate the temperature (Tw1) of the illuminated part of the tank, the equation that is
suggested by Duffie and Beckmann (1991) was used for integrated accumulator collectors for
taking thermal capacity into account.

Tw  Tamb 


S S
 AU t 
    Tw  Tamb   exp   c t 
U t U t
M 



(3.1)

+

being Tw the water temperature [ºC], Tw the water temperature in the new interval, Tamb the ambient
temperatura, S the global radiation on the collector plane [Jm -2] , Ut the top loose coefficient
[Wm -2. K-1 ], Ac the top surface[m 2], M thermal capacity [JK-1 ] and t the time[s].

3.2. The convection process inside each tank
The stratification inside the tube is due to the fact that two thirds of it receives solar radiation while the
other third, which is in contact with the insulator, does not receive it. The process is reinforced by the
concentration of radiation in the lower part of the area exposed to light due to the reflectors.
It is then a question of looking for a similar process that has been experimentally tested in order to
determine the Nusselt number and from it the convection coefficient. The best fitting analyze found in the
literature was the proposal by Mijeev M.A. and Mijeeva I.M. (1979), which includes a variety of internal
convection processes in the chapter entitled "Heat emission in a limited space" (fig. 3.7).
They propose to simplify the calculation considering the process as an elementary phenomenon of thermal
conduction by introducing the concept of the equivalent coefficient of thermal conductivity, which divided
by the coefficient of thermal conductivity of the medium gives a dimensionless number that shows the
relative influence of convection and flame convection coefficient h.
This coefficient is a function of the product between the Prandl and Grashof numbers. For the procedure,
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the thickness δ of the intermediate layer is taken as the characteristic dimension, which in the case studied
is equal to half the diameter. The determining temperature is the average fluid temperature.
They show experimentally that, despite the simplification, the different geometries and with different
means fit a single curve that relates the convection coefficient to the GrPr product. Finally they obtain the
general formula for the convection coefficient as long as Gr Pr  103 :
)

ℎ = 0,18(

,

(3.2)

The equivalent thermal conduction coefficient keq is obtained from the convection coefficient of the cavity
taking into account the conductivity of the fluid kfl as follows:
=ℎ

(3.3)

Heat flow is then calculated by Fourier's Law in the usual way:
=

(

−

), expressed in

(3.4)

Once the convection coefficient is calculated, the energy balance is carried out to obtain the temperatures
Tw1, Tw2 and Tw3. For this, an iterative calculation is performed assuming that the surface of the tube
that receives radiation and the adjacent fluid layers are at the temperature Tw1 calculated with equation
(3.1). The inside of the tube is initially at the Tw3 temperature as well as the surface that does not receive
radiation.

The termosiphonic circulation between the tubes
Due to the temperature gradient inside each tube, connecting them conveniently, figure 3.9, a
thermosiphonic flow will be established between the tubes, allowing stratification and obtaining as many
average temperatures as there are tanks. The self-convective or thermosiphon flow works according to the
following principle shown in Figure 3.4. (Meinel A. and Meinel M, 1982).

Fig. 3.2. Termosiphonic circulation between the tanks

The expansion of the fluid that is at a higher temperature causes an additional pressure that results in a
force that accelerates the fluid in such a way that the higher temperature fluid rises and the lower
temperature fluid replaces it. This force is:

F   dhAg  ma

(3.5)

Being ϱ the density of the fluid [Kgm-3], dh the difference of heigt due to expansion [m], A is the area
of the duct [m2 ], g the acceleration of gravity [ms-2], m the total mass [Kg]of the fluid to be set in motion
and its acceleration. This height difference depends on the coefficient of volumetric expansion β [k-1],
on the height h [m]which is the difference in height between the exit and entrance of the duct and the
temperature difference.

dh   h  T

(3.6)

where  can be calculated in the following way



1  2  1 


m  T1  T2 

(3.7)
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In this way, the speed of the thermosiphonic flow can be calculated as:
1

v f  ( gh ) 2  T1  T2 

(3.8)

-1

The flow rate C[Kgs ] is then calculated based on the internal diameter D[m] of the smaller pipe and
the average density.

C  vf

D 2
m
4

And finally the ascending

(3.9)

dQs [Js-1]and descending dQb [Js-1]heat fluxes are obtained as:

dQs  CCpT1

(3.10)

dQb  CCpT2

(3.11)

3.2. Results and simulation adjustment

Fig. 3.3. Simulated average temperatura

As can be seen in figure 3.3. the simulated average temperature is located as an average between the
temperature measured at the middle of the medium tank and the average temperature calculated based on
the measurements. The fact that temperatures in the medium of the tank are higher at the time of radiation
is due to the influence of high temperatures in the boundary layer.
However, it was not so simple to simulate the thermosiphonic processes between the tanks. The
temperature differences between the tanks were smaller in the simulation than in the measurements made
as can be seen in Figure 3.4.
After having made attempts to calculate the Nusselt number with different methods, and to compare the
values of measured and simulated flows without finding significant differences, the simulation program
was adjusted so that the energy contained in the ascending flows is not delivered to the entire liquid of a
tank but only to a stratum of the same. Taking the mass of one third of the tank the .simulated curves fit
much better to the experimental values as shown in figure 3.5. It is an achievement to be able to
corroborate in this way that the location and shape of the entrances and exits of the tanks match the
objective of promoting and consolidating the stratification both inside each tank, and between one tank
and the other.
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Fig. 3.4. First simulation attempt

Fig. 3.5. Two tank simulation

4. Experimental evaluation
The purpose of the experimental evaluation was to verify if with the developed constructive form the
stratification is achieved inside each tank, the differentiation of temperatures between the tanks and their
conservation during the extraction. With a second series of measurements it is intended to confirm that
the integrated system obtains satisfactory performance, which combined with greater stratification
increases the degree of autonomy of the solar system.
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4.1. Experimental setup
Eighteen temperature sensors were installed, according to the scheme shown in figure 4.1. The sensors
used are semiconductors of type LM35 connected to a data acquisition system. The radiation was
measured with a photovoltaic type pyranometer built and calibrated by the National Atomic Energy
Commission. For the measurement of the water flow, a Unimag-Actaris water meter, metrological class
B, and suitable for a maximum flow of 3m3 / h was used. in combination with a stopwatch.

Fig. 4.1. Location of temperature sensors

.

4.2 Stratification inside the tank

Fig. 4.1 Stratification inside the tank.

Figure 4.1 shows the temperature gradient inside the medium tank. The greatest temperature difference
between the upper and lower part of it is 15.25 ° C and is reached at the time of greatest radiation (756 W
/ m2). Note that this thermal jump corresponds to the strip located in the upper two or three centimetres
of the tube belonging to the thermal boundary layer. The “almost up” temperature has the sensor located
five centimetres from the top of the tank.

4.3. Temperature difference between the tanks
Figure 4.2. shows the stratification that takes place due to the interconnection of the collection tanks that
are at different temperatures The maximum difference between the upper and lower tanks amounts to 9 °
C, somewhat delayed with respect to the maximum radiation. Between the outlet temperature and that of
the lower tank there is a difference of almost 16 ° C, which implies that the system is capable of reaching
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usable temperatures in very short time intervals, in this case of 2.5 hours, starting with a stabilized system
at the inlet water temperature.

Fig. 4.2. Stratification between the tanks. Temperatures of august 11th.

In turn, in the middle tank, where the sensors are placed at different heights, a temperature gradient of
16.48 ° C is observed. If it is possible to concentrate the radiation in the lower part that is at a lower
temperature, heat transfer is promoted.

4.4. Behavior of the temperatures during withdraw

Fig. 4.3. Temperatura profile during water withdraw

When designing exactly the position, the diameters and the shape of the connection pipes between the
tubes, it has been proved that the stratification can be maintained even during the extraction, when
obviously the tendency is that the replacement water ascends in all possible ways.
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The real effect of all these design factors is difficult to simulate, so the information needed to approve or
improve it could only be obtained through measurement. Figure 4.3. shows the behaviour during
extraction and subsequent night cooling
It is observed that stratification, instead of decreasing, is accentuated during extraction. The causes of this
effect are better understood by analysing what happens with the temperature of the lower zone of the
middle tank. Figure 4.3. shows that at first it increases and then goes down parallel with the temperature
in the middle of the same tank. This is explained by the entry of water at a higher temperature from the
lower tank from the middle and upper part of it. The result is that the water that is extracted is always
replenished with the water that is at a higher temperature in the system, achieving that, while the
temperature in the lower tank drops 12ºC, the temperatures in the upper tanks only decrease between 2ºC
and 5ºC. This allows better use of accumulated energy. In other systems with a single tank the mixing
effect is similar to that occurring in the lower tank - to a greater or lesser extent -, which reduces the
amount of water at usable temperatures, due to the mixing with the replacement water.

4.5. Energy transformation test over a 12-hour period
During these tests, the routine proposed by ISO 9459 -2 (1995) was followed, which consists in balancing
the entry and exit temperatures of the system in the morning, before sunrise, exposing the equipment to
radiation for twelve hours, and then extract as much water as necessary to reach equilibrium again, if
possible at the same temperature as in the morning. Six hours after solar noon, water was extracted at a
flow rate of 10 L / min until the stability conditions were reached. The outlet water temperature was
measured every 2 s. Average temperature values were calculated every 40 L of which useful energy is
obtained by integration. During the 12 hours of radiation exposure internal temperatures, ambient
temperature, wind speed and solar radiation were measured. The tables 4.1 y 4.2. show the results of two
consecutive measuring days.
Tabla 4.1

Tests according to ISO standard. External factors

Date

H
MJ/m2

Average ambient
temperature
ºC

Water
inlet
ºC

Tamb Tinlet
K

Windspeed

28/12/2014

20.878.075,89

30,27

21,27

9,00

0,24

29/12/2014

15.406.868,24

31,57

21,46

10,11

0,29

m/s

Tabla 4.2. Ensayos según norma ISO. Factores internos

Volume

Tmax extr.

l

Average
outlet temp.
ºC

Q

ºC

TmaxTinlet
ºC

882,4

32,32

818,3

30,57

Performance

52,99

31,72

41.265.764,24

0,55

45,68

24,22

31.965.843,70

0,58

MJ

As you can see, the system has a performance greater than 50% on both days. In addition - from the results
of day 28 that was characterized by the presence of a lot of cloudiness - it can be deduced that the ICSS
has a satisfactory use of diffuse radiation.

3.5 Test with multiple extractions in 24-hour period
If it is desired to evaluate the degree of autonomy of the ICSS, it must be tested under conditions that are
as close as possible to a situation of actual use. This is the purpose of a test routine used by the INTI on
the solar platform for homologation of solar thermal equipment. It consists of performing three daily
extractions, for several consecutive days.
 Stabilization of the system at the inlet temperature.
 Three extractions:
o 80 litres in the morning, before the radiation hits the system
o 80 around 2 pm This schedule was chosen because the system is fully illuminated only
at 10:25 am by shadows of surrounding trees
o 100 litres at night, after sunset.
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Extractions were performed with a flow rate of 10 litres / min., Measuring temperatures every 2
s averaging them every 10 litres.
To calculate the solar fraction, it was assumed that the demand for seven daily baths, two in the
morning, two at noon (or dishwashing), and three at night, had to be met.
The energy per bath was calculated based on a consumption of 45 L at 42 ° C.

Tabla 4.3. Test results with three extractions per day

Date/time

Extracted
energy

Volume at
42ºC

J

L

Solar
fraction

March 9
midday
night

11,241,741.3

64.0
Wasn´t done

Wasn´t done

morning (10) Wasn´t done

Wasn´t done

Wasn´t done

11,241,741.3

Inlet
temperature

J/m2

J/m2

ºC

4,483,534.6

6,972,376.9

24.5

13,767,980.7

15,792,886.4

23.3

18,039,394.3

18,074,529.5

24.4

15,829,366.7

16,162,930.8

24.9

12,794,330.3

13,366,343.1

24.4

64.0

March 10
bath

24,214,073.8

night

11,411,408.1

64.9

0.90

morning (11)

14,106,407.6

80.3

0.89

total

137.8 *)

49,731,889.5

283.0

midday

19,521,935.9

111.1

1.23

night

23,395,056.4

133.1

0.99

morning (12)

15,184,848.9

86.4

0.96

total

58,101,841.2

330.6

midday

19,850,128.9

113.0

1.26

night

23,235,857.9

132.2

0.98

morning (13)

14,478,673.4

82.4

0.92

total

57,564,660.3

327.6

20,359,168.3

115.9

March 11

March 12

March 13
midday

Radiation on
the plane

0.71

Wasn´t done

total

Radiation on
system

1.29

bath

9,447,093.3

53.8 *)

night

12,498,288.6

71.1

0.93

morning (14)

14,222,019.7

80.9

0.90

total

56,526,569.9

321.7

5. Conclusiones
The results of the measurements, lead to the conclusion that the combination of the integrated design,
with the parabolic concentrators generates differences of temperatures of up to 16ºC inside the tanks.
The difference in temperatures inside each tube together with the thermosiphonic connection gives rise
to a stratification process by placing each tank at a different average temperature and allowing to reach
usable temperatures in reduced intervals of time: Starting from a balanced system at the inlet temperature
it took two and a half hours to reach 42 ° C in winter. The temperature differences decrease as the
equilibrium temperature approaches, making the entire system reach usable temperatures.
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During extraction - instead of decreasing as usual - stratification is accentuated due to the location of the
water inlets and outlets of each tank. Water is practically moving in isothermal layers from the lower to
the upper tanks. In this way it is possible to maintain the usable temperatures and the process of recovery
of the temperature begins immediately after the end of the extraction (diurnal) or even during it.
These characteristics allow to reach in the collection yields that are around 55% that were measured with
the procedure established by ISO 9459-2. As a complete system - measured in 24-hour periods - the
yields of the system with a lid are around 50%. The system meets the expectations regarding thermal
behavior and manages to obtain the expected autonomy, is robust, resistant to hard water and frost.
An industrial model is currently being developed, complying with international quality standards and
taking into account aspects that are related to installation and maintenance.
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Abstract
The use of sun finders is essential to optimize the performance of solar concentration systems. A sun finder based
on the pin-hole camera principle has been developed for Concentrating Photo Voltaic systems, which require
pointing precision of the order of 0.01 angular degrees. Several configurations of this device were implemented
and they were tested in laboratory and outdoor. This paper discusses the outdoor characterization of a set of sun
finders, analyzing the results. Features and performances measured in real conditions are in good agreement with
the data obtained in the laboratory, under controlled and reproducible conditions. The field of view of the sun
finder can be customized by varying the pinhole-detector distance allowing to use it in many applications. Even
if the results show that the pointing precision exceeds 0.01 degrees, the sun finder is simple, useful, adjustable
and economic.
Keywords: sun tracking; sun finder; optical sensor; solar energy; optical test; solar concentration.

1. Introduction
Sun tracking is a key feature for each technology that uses optical systems for sunlight concentration (Lee et al.
2009; Mousazadeh, H et al. 2009). Systems operating in the CSP (Concentrating Solar Power) or CPV
(Concentrating Photo-Voltaic) sectors need to be accurately aligned with the solar rays in order to focus them on
the active region of the receiver. Any error on the sun tracking would affect the intercept factor of the system,
namely the ratio between the sun rays that reach the receiver and those that cross the aperture. The intercept factor
is one of the terms that contribute to the optical efficiency of the concentrator, so a better-performing sun tracking
could improve the global efficiency of the solar energy exploitation system.
Two methods are currently in use for this purpose: the first one (passive tracking) is based on the “ephemeris
tables”. They contain astronomical calculations that can predict the position of the sun in a specific location of the
Earth for each moment of the year (Chen et al. 2006). The second method (active tracking) utilizes a dedicated
device, namely the “sun finder”, which directly measures the position of the sun. In this case, the sun finder gives
a continuous feedback to the tracking system, allowing to bypass the systematic errors typical of the ephemerisbased tracking control. Indeed, for the passive tracking systems, it can be difficult to keep a high mechanical
stability; for example because of the wind action, or due to little mechanical jams of the tracking motors. In fact,
systems based on ephemerides need to be calibrated often, in order to reduce this kind of errors (Parmar et al.
2015).
For linear concentrators, like parabolic troughs, a simplified guiding system rotates the solar trough only in one
direction. Two configurations are possible in this case: the linear axis of the mirror can be placed along the NordSouth direction, while the tracking follows the daily sun motion from East to West, or the mirror axis can be
located along the East-West direction, while the tracking is performed to reach the correct sun altitude that varies
seasonally (Sansoni et al. 2015). In both cases the opto-electronic device for tracking utilizes couples of photodetectors that, in conditions of alignment in the solar rays’ direction, supply the same response because they detect
the same amount of light (Huang et al. 2009). The simplest device is composed of an opaque sector, which
separates two photodiodes (Salawu and Oduyemi 1986). In alternative, similar optical configurations can be used
to project shadows on the detectors: for instance two crossed opaque sectors or a rod centered on a screen (Rouan
et al. 2000).
Concentrating PhotoVoltaic (CPV) plants and Solar Dishes CPV systems can work only with direct sunlight, so
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they need to use an active pointing system. In this case an enhanced pointing accuracy can be obtained employing
an optical system with a focal length F, such as a lens, which projects the sun’s image on photo-detectors. Since
the sun has abundant luminous intensity, the lens can be replaced with a tiny pinhole, creating a so-called "pinhole camera" (Fontani et al. 2007). This kind of device projects the sun’s image in the same way as a lens could
do, but with a much cheaper realization.
Sun finders equipped with an optical system are also utilized as astronomical pointing devices. Recently
techniques based on image processing have also been applied to solar tracking (Fontani et al. 2011).
In this paper we propose a characterization of Pinhole Camera Sun Finders (sun finders). The study is made in
operative conditions, namely with the sun finder mounted on a sun tracker exposed to solar radiation.

2. Pinhole Camera Sun Finders
The sun finders studied in this paper are very simple and cheap to realize. They are based on the principle of the
pin-hole camera. Sun rays enter through the pin-hole aperture and reach a 4Q (four quadrants) detector, whose
surface is perpendicular to the optical axis of the device (in red in Fig. 1(a)). This kind of detector is composed of
four independent squared photodiodes placed on the same surface. Each photodiode generates a photo-current that
is proportional to the light that arrives on it. The distance between pin-hole and 4Q detector (L) is the parameter
that characterizes the different sun finders studied. The field of view can be customized by varying the pinholedetector distance allowing to use it in many applications.

Fig. 1 (a) Sketch of the Pinhole Camera Sun Finder. Sun rays enter through the pinhole and intercept the 4Q detector which is
perpendicular to the optical axis (red line). (b) Principle of measure of the sun position. Orange arrow represents the sunray that
passes through the center of the pinhole aperture, while blue line and red line represent the projections of the sun-ray onto the u-w
plane and the v-w plane, respectively.

The sun can be considered as a light source located at an infinite distance, so the solar rays are considered almost
parallel. Anyway, the position of the sun with respect to a surface can be expressed by two angles. In the reference
system of the Earth surface, the two angles in use are the “elevation angle”, namely the complementary of the
angle that the sun rays form with the zenith direction, and the “azimuth angle”, the angle that the projection of the
sun rays on the Earth surface forms with the Nord-South direction (Bhatia 2014).
In the reference system of the detector, indicated by the (u,v,w) axes in Fig. 1, it is useful to define a new couple
of angles to describe the sun position. In this case the two angles 𝜃𝑢 and 𝜃𝑣 , indicated in Fig. 1(b), are in use. They
are, respectively, the angle between the optical axis and the projection of sun rays onto the u-w plane (𝜃𝑢 ) and the
v-w plane (𝜃𝑣 ,). As the figure shows, the coordinates of sun-spot center, with respect to the detector’s center, 𝑑𝑢
and 𝑑𝑣 in Fig. 1(b), are directly proportional to the sinus of angles 𝜃𝑢 and 𝜃𝑣 .
Unfortunately, a detector like the 4Q–detector has the advantage of having a cheap cost, but is not able to measure
these coordinates for each sunspot position. In fact, the only possible data that it gives are the four voltages, each
of which is proportional to the photocurrent generated on each quadrant. With reference to Fig. 2(a), indicating
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the voltages with Vi (i=1,2,3,4) referred to quadrants Qi, we can define the new parameters

𝑃𝑢 =
𝑃𝑣 =

(𝑉1 +𝑉2 )−(𝑉3 +𝑉4 )
𝑉1 +𝑉2 +𝑉3 +𝑉4
(𝑉1 +𝑉4 )−(𝑉2 +𝑉3 )
𝑉1 +𝑉2 +𝑉3 +𝑉4

(1)
(2)

The meaning of these two variables can be understood in the following way: they give a measure of relative
alignment of the 4Q-detector with respect to the direction of solar rays. When the area of sun-spot is completely
in one quadrant the values of (𝑃𝑢 ,𝑃𝑣 ) will be ±1 with four combinations that individuate the four quadrants. With
reference to Fig. 2(a), if the spot area reaches only 𝑄4 , 𝑉4 is the unique non-zero voltage signal , so 𝑃𝑢 = −1 and
𝑃𝑣 = +1. Otherwise, if the center of the spot lies in the green region of Fig. 2(a), it means that the spot area lies
at least in one another quadrant and the values of 𝑃𝑢 and 𝑃𝑣 would be between +1 and -1. Furthermore, when the
spot center is perfectly in the center of the 4 quadrants, namely the sun ray is aligned with the optical axis of the
sun finder, (𝑃𝑢 , 𝑃𝑣 ) = (0,0).
A typical behavior of the parameter Pu (Pv) is shown in Fig. 2(b).

Fig. 2 (a) Sketch of the different regions in the 4Q – detector. (b) Measure of Pu for a Pinhole Camera Sun Finder with L = 6.6 mm.
The green zone indicates the "monotone region" where Pu (Pv) corresponds to a unique value of θu (θv), while the FOV of the
sensor is indicated with the light orange background.

The green region of Fig. 2 is identified as “monotone region”, because in this region there is a unique
correspondence between 𝑃𝑢 (𝑃𝑣 ) and 𝜃𝑢 (𝜃𝑣 ), almost linear, so the measure of the four voltage signals gives at
least one of the two angles of the sun position in an unambiguous way. When the spot lies in the red rectangle of
Fig. 2(a), both angles could be measured.
When the sunspot falls outside the 4 quadrants all voltage values go to 0 and 𝑃𝑢 (𝑃𝑣 ) is only affected by the noise
of the electronic device. This region is identified as “out of the FOV” of the sensor, indicated with a white
background in Fig. 2(b); where FOV is the Field Of View of the sensor, which corresponds to the light orange
background. In this region is possible to determine only the direction of the sun position with respect to the
detector center.

3. Experimental setup
The purpose of the present study is to characterize several Pinhole Camera Sun Finders in operative conditions,
namely when they are under the solar radiation. For this purpose, the sun finders are mounted on a sun tracker,
shown in Fig. 3(a).
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Fig. 3 (a) Sketch of the sun tracker utilized for the sun finder characterization. The internal frame is for elevation-tracking and is
colored in red while the external one is for azimuth-tracking and colored in blue. (b) Sketch of the experiment. While the tracker
follows the sun along the elevation angle, the sun proceeds in its daily path (dotted line), allowing a measure of θu.

The Sun Tracker is composed of two frames that can rotate separately in order to follow the sun along its daily
motion. The external frame follows the variation of the azimuth angle (“azimuth-tracking”), while the internal
one follows the variation of the elevation angle (“elevation-tracking”).
The rotation axis of the azimuth-tracking is placed so that its projection on the Earth’s surface (𝑥𝑦 plane in Fig.
3(a)) is coincident with the North-South direction. The same axis is inclined with respect to the Earth’s surface of
an angle of 43.8°, same of the latitude of Florence. The rotation axis of the elevation-tracking is fixed on the
external frame and parallel to the azimuth-tracking axis. It is worth to note that this alignment is just a positioning
of convenience: with this configuration, the movements of the tracker are reduced to a minimum. Nevertheless, it
does not mean that the tracker is not able to follow the sun in many other configurations.
A pyrheliometer is also mounted on the sun tracker. It is used both as an alignment reference and for collecting
the data of the DNI (Direct Normal Irradiance) during the experiment.

4. Alignment and Measurement procedures
In order to execute the measurements the following steps are performed.
First of all, the tracker is positioned so that the sunrays are perpendicular to the plane of the internal frame. For
this purpose, a tiny hole placed on the pyrheliometer is utilized: it projects a sunspot on a second hole placed at a
distance of about 20 cm. When the spot passes through both holes, the sun is considered aligned with the direction
perpendicular to the frame plane.
When this alignment is reached, the sun finder is tilted by means of a specific movement with two screws to have
𝑃𝑢 and 𝑃𝑣 equal to zero. This corresponds to the situation in which the detector plane is parallel to the plane of the
internal frame of the sun tracker.
After that, the sun finder is rotated around the w-direction, in order to align the u direction (or v) of the 4Q-detector
with the x-axis, which represents the East-West direction (Fig. 3(b)). To do this it is necessary to check the values
of 𝑃𝑢 (or 𝑃𝑣 ) while the tracker executes its azimuth-tracking and elevation-tracking movements. For example, to
align the u-direction of the sun finder with the direction East-West of the Earth, it is necessary to assure that a
movement of the elevation-tracking does not affect the 𝑃𝑢 value, that has to remain zero. Similarly a movement
of the azimuth-tracking has to keep 𝑃𝑣 = 0. The same procedure has to be followed to align the v-direction, where
𝑃𝑢 and 𝑃𝑣 are exchanged.
As in the previous laboratory measurements (Fontani et al. 2018), the sun finders are characterized for both u and
v directions, separately. The examined direction (u or v) will be the one aligned with the x-direction, with the
procedure explained above. In the following, P will indicate the variable under examination (𝑃𝑢 or 𝑃𝑣 ) and so θ
(𝑢 or 𝑣 ) the respective angle. All the measurements are made with the elevation-tracking enabled, this allows
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that only the variable under examination varies. To complete the elevation-tracking, the same sun finder is in use
as a feedback sensor.
To achieve the measurement the azimuth-tracking is initially moved so that θ goes out of the FOV of the sun
finder, with the sun positioned at East with respect to the optical axis (Fig. 3(b)). Then the sun proceeds in its
daily motion, going toward West, it passes through the position aligned with the optical axis of the sun finder
(θ=0) and then goes again out of the FOV on the other side of the pointer. In this way it is possible to afford a
complete angular study of the sensor.
A suitable acquisition system allows to save the values of the four voltage signals (𝑉𝑖 ) as the time (t) varies. After
that, 𝑃 is calculated with the formulas (1) or (2). To define an uncertainty for 𝑉𝑖 , the electrical noise (𝑁𝑖 ) is
recorded acquiring 𝑉𝑖 with the entrance pinhole closed, in order to ensure that no light goes inside the sun finder.
The mean value of 𝑁𝑖 is kept as an offset to be subtracted to 𝑉𝑖 , while its standard deviation is used as the
uncertainty of the voltage signals (𝛿𝑉𝑖 ). The uncertainty of P is calculated propagating the error on its formula.
The time measurement is converted into an angular value and since the time resolution of the acquisition system
is ~ 0.01 𝑠, the angular resolution will be about 10−5 °.
In its motion, the sun goes also into the FOV of the pyrheliometer, allowing a measure of the DNI during the
duration of the experiment. These data measure the environmental conditions, in which the outdoor
characterization of the sun finders was performed.

5. Study of the sensitivity
The sensitivity of the sensor is defined as the smallest variation of  that the device can associate to a variation of
P. With this definition, it represents the accuracy with which the sun finder is able to determine the sun position.
Obviously, it makes sense to define it only in the monotone region of the sensor.
As Fig. 4 shows, the behavior of the data in an angular range close to the resolution of the acquiring system is not
so regular. It can be seen a presence of casual errors in the behavior of P, these errors increase the uncertainty
previously defined. These casual errors are due probably to small movements of the tracker. This means that the
study of the sensitivity will give different values depending on the region of  considered.
The following procedure is performed to avoid this difficulty and to measure a reliable quantity. For each data a
“punctual sensitivity” (k) is defined. It is the minimum interval for θ for which all the consequent P values have
their superior limit of uncertainty lower than the inferior limit of the uncertainty of the data of interest.
Following the example of Fig. 4, the “punctual sensitivity” k of the red-colored data is highlighted in green, and
it is possible to see that all the data after this interval are below the inferior limit of its uncertainty, represented
by the dashed line.

Fig. 4 Example for the study of the sensitivity. The plot shows a small portion of the characterization in the u-direction for the sun
finder with L = 6.6 mm. The green region highlights the k value for the point colored in red. The dashed line is in correspondence
of the inferior limit of the uncertainty range of this value.
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Figure 5 shows an example of the behavior of the “punctual sensitivity” k when  varies. The sensitivity can be
defined as the mean value of this distribution, represented by the dashed line in Fig. 5. It is important to remind
that these measurements are made in the “monotone region”.

Fig. 5 Distribution of the punctual sensitivity k as a function of θ. The dashed line indicates the mean value. Data refer to the sun
finder with L = 19.5 mm.

6. Studies of FOV region and monotone region
Referring to Fig. 2(b), in Sect. 2 the monotone region (in green in Fig. 2(b)) has been defined as the central portion
of the curve, where P decreases monotonically with respect to θ. P is the variable under examination (𝑃𝑢 or 𝑃𝑣 )
and θ (𝑢 or 𝑣 ) the respective angle. Concerning the FOV (Field Of View), which is the whole angular aperture
of the sensor. In Fig. 2(b) is indicated with the light orange background and represents the zone where the sun is
detected by the sensor also if it is not possible to determine exactly the position but only the direction where the
sun is located with respect to the device axis. The white zone in Fig. 2(b) has been called the “region out of the
FOV” of the sensor, where the sun position is missed.
As in the previous laboratory study (Fontani et al. 2018), the limits of FOV are defined as the angle for which the
module of P reaches the value of 90% of the max before it collapses in the noisy “region out of the FOV”. As the
same, the limits of the “monotone region” are the values of  for which the module of P reaches 0.9, before it
becomes 1.
However it is impossible to determine without ambiguity these angular limits, because of the uncertainty and the
casual error shown in Fig. 4. It can be observed that the casual oscillation affects the forth decimal of P, so the
data can be rounded to the thousandth without significant loss of information. After that, the limits of the region
of interest (monotone or FOV) are defined as the median of the angles that correspond to a value of the module
of 0.900. The range of the set of angles defines the uncertainty of the limits values calculated.

7. Summary of results.
The results of the outdoor experimentation of three different Pinhole Camera Sun Finders are presented in Fig. 6
and Table 1. The sun finders are identified by the distance between pin-hole and 4Q-detector L (see Fig. 1).
As it could be easily understood, an increasing distance between pin-hole and 4Q-detector L corresponds to a
minor extension of the monotone region and to a smaller FOV. This behavior is well described in Fig. 6 that shows
the variation of 𝑃u as a function of the angle 𝜃𝑢 for the three sun finders under examination.
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Fig. 6. Experimental data of 𝑷𝒖 as a function of 𝜽𝒖 for the three sun finders under examination. Each couple of colored dashed
lines indicates the FOV of the corresponding sensor.

The experimental results are synthetized in Table 1, where the values both for u-direction and v-direction are
reported. It is possible to see that the values are almost the same in both directions, except for small differences,
possibly due to little errors in the alignment procedures.
The mean DNI is also reported with its standard deviation, with the operation of mean implemented for all the
values recorded in the FOV of the pyrheliometer. It can be inferred that the sun finders can operate under the same
conditions in a DNI range between around 700 𝑊/𝑚2 and 900 𝑊/𝑚2 .
Table 1: Summary of the characteristics of the sun finders examined outdoor for both directions

Pinhole- Direction
detector
distance L (mm)
sun
finder
1

6.6

sun
finder
2

19.5

sun
finder
3

50

Sensitivity
(mean)

Sensitivity
(max)

Width of the
“Monotone
region”

Field Of View

DNI

u

0.003°

0.03°

(5.5 ± 0.1) °

(25.0 ± 0.1)°

861 ± 4

v

0.003°

0.03°

(5.9 ± 0.2) °

(25.0 ± 1.2)°

901 ± 4

u

0.002°

0.014°

(2.36 ± 0.02) °

(11.79 ± 0.17) °

824 ± 5

v

0.001°

0.011°

(2.31 ± 0.02) °

(11.83 ± 0.19) °

784 ± 3

u

0.002°

0.015°

(1.019 ± 0.006) °

(5.38 ± 0.74) °

744 ± 5

v

0.002°

0.013°

(0.828 ±0.008) °

(4.92±0.26)°

702 ± 4

(𝑾/𝒎𝟐 )

A previous study (Fontani el al. 2018), was directed to characterize the same devices in the laboratory. In this
case, the sun rays were replaced by a laser beam passing through a beam expander, so with no divergence, and
the movement of the sun was simulated with a mechanical rotator that mounted the sun finder under examination.
The laboratory measurements aimed to provide an optical characterization of the devices in replicable conditions,
determining the angular range of the “monotone region”, the angular sensitivity and the FOV of the device.
Table 2 reports a summary of the experimental results, comparing the laboratory measurements with the outdoor
measurements. Here a mean value of the two directions (u and v) is considered. For the outdoor sensitivity, the
mean value is considered.
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Table 2: Summary of the characteristics of the sun finders examined in laboratory and under the sun.

Pinholedetector
distance - L
(mm)
sun
finder
1

Lab

sun
finder
2

Lab

sun
finder
3

Lab

Out

Out

Out

6.6

19.5

50.0

Width of the
“Monotone
region”

Sensitivity

Field Of View

(6.5 ± 0.2) °

0.003 °

(24.0 ± 0.2) °

(5.7 ± 0.1) °

0.003 °

(25.0 ± 0.6) °

(2.6± 0.2) °

0.001°

(10.6 ± 0.2) °

(2.34± 0.02) °

0.002 °

(11.8 ± 0.2) °

(1.1± 0.2) °

0.001 °

(4.4 ± 0.2) °

(0.923± 0.007) °

0.002 °

(5.2 ± 0.5) °

Outdoor measurements confirm the values obtained with laboratory tests. Moreover, the mean of the sensitivity
is of the same order of magnitude (10−3 °). However, in the laboratory measurements, the uncertainty was
obtained calculating the mean on the data of each measurement, before rotating the mechanism mounting the sun
finder, in order to eliminate some effects due to noise. In the outdoor case, that represents the operative condition
for the device, this kind of measurement in “stable” condition was not possible, because of the motion of the sun
and of the casual error occurrence described before. Furthermore, laboratory tests were performed on a stable
configuration, free of vibrations, in a way that the outdoor configuration cannot be. Nevertheless the values
obtained are in agreement, thus validating the characterization made in the laboratory, which for the reasons
mentioned above is more controlled and repeatable. A significant result is that the sensitivity values are in good
agreement and it is particularly important that they are extremely lower than the required precision for this type
of devices (Fontani el al. 2011).

8. CONCLUSIONS
The sun finder represents the core of the solar tracking device, which is necessary for systems based on sunlight
concentration. When the collector is correctly aligned in the sun direction, the focused radiation is maximized and
consequently the collection efficiency of the system reaches its maximum. The presented sun finder is based on
the pin-hole camera principle: it couples a pinhole with a 4quadrant-detector using the displacement of the spot
projected on the detector to calculate the angular displacement of the sun. Several configurations of this sensor
have been practically realized and experimented in laboratory and outdoor. The results of the laboratory
characterization have been presented at the SolarPACES conference 2018 (Fontani el al. 2018).
The results of the outdoor experimentation, with direct exposure to the sun, are discussed in this paper. They have
been successfully compared with the laboratory results.
The different versions of sun finder are identified by the L value, which is the distance between 4Q-detector and
pin-hole (in Fig. 1(a)). Geometrical features and optical parameters have been measured in different conditions in
the outdoor tests with respect to the laboratory measurements. Nevertheless they are in good agreement, as the
summarizing Table 2 shows.
An exemplificative result is the characterization of a sun finder (in Fig. 2(b)), which is obtained plotting the
parameter Pu versus the angular displacement of the sun (θu). In this type of plots, two regions can be identified:
the “monotone region” (in green in Fig. 2(b)) and the “FOV region” (in orange in Fig. 2(b)). The “monotone
region” represents a key feature of each examined sun finder. In this region the parameter Pu varies almost linearly
with the angle θu. Outside this region there is the so-called “FOV region”, where it is possible to obtain information
only on the direction of the solar movement. In fact, here the sun finder is still able to detect the sun presence, but
it is not possible to have a precise measure of the sun’s position.
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The outdoor experimentation has confirmed the results obtained in the laboratory characterization of the sun
finders. A significant result is that the sensitivity values are in good agreement and it is particularly important that
they are extremely lower than the required precision for this type of devices.
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Abstract

ULISSES 2.0 is a new development for the solar thermal and photovoltaic generation market focused on largescale solar heating and cooling plants for low and medium temperature industrial processes (50 - 150ºC). It is
especially suited to mining processes such as electrowinning or electrorefining, or photovoltaic generation. In its
thermal version, ULISSES 2.0 technology consists of large format solar thermal collectors aligned East-West
(EW) or North-South (NS) depending on location and consumption eccentricity, with two tracking reflectors
resulting in an increased aperture area. The moving reflectors not only increase the amount of solar radiation
captured but also improve the safety of large-scale solar thermal plants, given that in an overheating situation the
reflector can be moved to block the sun. Furthermore, this technology can also be used in large photovoltaic
plants as solar radiation is homogeneously concentrated over the absorber surface. A TRNSYS parametric study
was conducted using axis-tracking orientations, different global locations, and temperature levels as parameters,
to evaluate the benefits of ULISSES 2.0 technology compared to BAU solar thermal technologies.
Keywords: Large-Scale, Solar Thermal, Photovoltaic, Enhanced Safety Operation, Stagnation, TRNSYS.

1. Introduction
ULISSES 2.0 is the next generation of a previous technology, ULISSES 1.0, which consisted of a single static
reflector to boost generation and a large-scale drainback system to enhance operational safety in overheating or
freezing events. This system was constructed and tested at a mining site in northern Chile in 2015 – 2016, the
results of which encouraged further development of this technology.

Fig. 1: ULISSES 1.0 prototype (100 m2 aperture area) consisting of a single static reflector

The basic concept of ULISSES is maintained in the 2.0 version: enhanced production and reliable low-cost
operation to disrupt large-scale solar market. ULISSES is not only aimed at new solar thermal or photovoltaic
plants, but also on existing ones, as its adaptability to the characteristics of existing frames and structures allow it
to be coupled to existing thermal or photovoltaic solar collectors.
ULISSES 1.0 was upgraded to ULISSES 2.0 by incorporating a second reflector and adding the possibility of
tracking both reflectors. Tracking can be conducted along two axis: North-South (NS) and East-West (EW)

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.02.02 Available at http://proceedings.ises.org
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orientation.



North-South (NS) orientation is intended for use at low latitudes. The absorber plane lies horizontal and
mirrors track the sun from East to West.
East-West (EW) orientation is best suited for use at high latitudes. The absorber plane has a tilt angle
optimized for latitude and mirrors are oriented for tracking the solar altitude.

Fig. 2: Tracking concept for the NS orientation. 1 Reflector 2 Absorber. Concentration varies during the day, increasing for high
incidence angles Aaperture < Aaperture’ < Aaperture’’

These developments resulted in ULISSES 2.0 technology that can be described as a non-focalizing truncated cone
cross-section concentrator. Two tracking, flat reflectors are implemented that rotate on an axis perpendicular to
the cross-section and having nominal low concentration levels (typically, C ≤ 2), which vary during the tracking
process.

Fig. 3: General overview of ULISSES 2.0 Technology

The crucial feature of ULISSES 2.0 is the homogenous distribution of the concentrated radiation on the opening
surface, absorber or photovoltaic modules. Importantly, this avoids the high local concentrations characteristic of
other concentrators such as CPCs (Solar Cylindrical Collectors) and allows to be used in photovoltaic modules.

2. ULISSES Developments
Several adjustments have been made in ULISSES 2.0 to improve not only solar yield, but also to reduce capital
and operational costs, and to increase the reliability of large-scale solar thermal systems.
A structural optimization study was conducted to reduce capital costs. Here, an integrated approach to unify solar
collector and ULISSES concentrator structures were considered. Also, different anchoring-ballast systems were
studied to reduce the civil engineering work commonly associated with large-scale solar field construction.
Several solutions emerged from this study, which will be validated in the next prototype (see Section 5.
Experimental Validation).
To reduce piping costs and ensure smooth operation (and consequently lower operational costs) in large-scale
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solar plants, an optimal hydraulic design for collector array interconnection of the large-scale solar field was
implemented, similar to that of Phillip and Robert (2013). This included the optimal hydraulic configuration of
the meander structure solar flat-plate collectors to be included in ULISSES concentrating arrays. As such, the
absorber pipe and minimum manifold header pipe diameters were considered for the maximum collector array
with low flow skewness factor and good emptying behaviour. Consequently, material and installation costs can
be reduced given the lower total metal mass of array piping outside the collector.
Furthermore, the tracking system not only boosts solar production in applications that require heat at high
temperatures but also ensures more reliable operation, as the mobile reflectors can block solar radiation from
reaching the absorbers in situations close to overheating. This has the advantage of increasing the operational
safety of large-scale solar thermal plants.

Fig. 4: “Overheating protection” position and “turtle protection” position against strong winds

When the solar system is close to overheating, the mirrors are folded so as to cover the absorber in an “overheating
protection” position. This allows for the blocking of almost total solar radiation and maintains the solar field safe
from over-heating. This position may also be useful at night, as covering the collectors protects the system against
frost and cold radiation.
On the other hand, the tracking system allows wind loads over the collector to be reduced, whilst precluding the
reflectors from high drag coefficient positions (normally close to 90º, vertical position in Figure 4). During strong
winds events, measured by the meteorological station, the mirrors move to the most open “turtle position”, which
reduces the overall structure drag coefficient, and thereby the loads on the collector and concentrator.
The enhanced overheating and freezing protection reduce capital cost even further. In the absence of overheating
scenarios, less expensive materials can be used in the primary loop, less antifreeze protection is required in the
primary fluid flow loop, and even pure water could be considered as a primary heating fluid. This would also
make the use of a heat exchanger (and secondary pump station) to mix the antifreeze fluid with water from
secondary loop unnecessary.
Together, these improvements would result in an approximate 20% reduction of capital costs of a BAU (built-asusual) large-scale solar thermal plants technology.

3. Methodology Analysis
To evaluate the benefits of ULISSES 2.0 technology compared to the BAU solar thermal technologies, a
parametric study for different solar thermal ULISSES 2.0 concentrations and different axis-tracking orientations,
various global locations, and temperature levels was conducted. The following parameters were analyzed:







Different solar thermal technologies: BAU technology for Flat Plate Collector (FPC) and Evacuated Tube
Collector (ETC) technologies used in large-scale plants were compared to ULISSES solar concentrator
C=2.0 technology.
Different ULISSES 2.0 axis-tracking orientations: East-West (EW) or North-South (NS).
Different locations: Calama (Chile) -22.31º, Santiago (Chile) –33.47º, Seville (Spain) 37.42º, Kobenhavn
(Denmark) 55 .67º, Beijing (China) 39.93º y Lhasa (Tibet) 29.65º. Locations were not only selected for
potential markets, but also to evaluate the integration of ULISSES in existing large-scale thermal plants.
Different return processes temperature levels (Tret): 40ºC, 55ºC, 70ºC, 85ºC.
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For the energy performance evaluation, a TRNSYS 17 by Klein et al. (2016) model was used.

Fig. 5: TRNSYS 17 by Klein et al. (2016) model for ULISSES 2.0 performance evaluation

The TRNSYS model describes ULISSES 2.0 energy performance, considering the singularity of the double
reflector incidence angle modifiers (IAMs), including accumulation and service. For the characterization of the
ULISSES 2.0 technology, an IAMs study was previously conducted to characterize optical performance between
the incident solar radiation and the radiation collected by the absorber.

Fig. 6: Concentrating IAM used for ULISSES 2.0 C2 NS configuration performance evaluation

The following solar collector performance coefficients were considered for FPC BAU and ETC BAU technology:
Tab 1: Solar collector performance coefficients considered for FPC BAU and ETC BAU technology
Parameter
a0

Unit

FPC BAU

ETC BAU

-

0.857

0.666

a1

W/m·K

3.083

2.022

a2

W/m·K2

0.013

0.001

-

0.91

Bi-Axial

IAM (K50)

All cases (six technologies, six locations and four return temperatures) were simulated using a solar fraction
objective of 33% so as not to affect eccentric solar thermal production versus constant demands.
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Levelized cost of energy (LCOE) were calculated for a 20-year period considering a 3% inflation rate, an 8%
discount rate and a 2% energy cost increase. The following capital costs were calculated for the different
technologies:

Tab 2: Large-scale Solar Thermal capital costs [USD/m2] by aperture area for different technologies for LCOE analysis
Unit
USD/m2

Capital Costs

FPC
BAU
355.67

FPC
C2EW
369.64

FPC
C2NS
366.35

ETC
BAU
366.39

ETC
C2EW
375.00

ETC
C2NS
371.72

Previous analysis have shown EW orientation costs to be higher than NS due to higher structural costs. Notably,
the 20% ULISSES 2.0 technology reduction costs, regarding the hydraulics in the primary and secondary loop
(listed in section 2. ULISSES Developments), were not considered in this analysis for a more conservative
approach to ULISSES technology.

4. Results
The results of the TRNSYS simulations parametric study in terms of solar energy yields for FPC BAU and ETC
BAU and its combination with ULISSES technologies, for the different locations and return process temperatures,
are shown in following figures:

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

Fig. 7a: Energy yields [kWh/m2] by aperture area for different solar thermal BAU and ULISSES technologies and return
temperatures for Calama (Chile) and Santiago (Chile).

As shown in Figure 7a and 7b, ULISSES technologies outperform other technologies in locations with higher
direct radiation (Calama, Santiago, Seville and Lhasa), at both lower and higher temperatures. In these locations,
both North-South (NS) and East-West (EW) orientation improve solar yield production compared to BAU
technologies. However, NS orientation is the optimal choice for solar fractions up to 40% due to eccentricity. For
higher solar fractions or more eccentric demand, EW orientation would be the optimal. On the other hand, as
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shown in Figure 7b, in locations with more reduced direct solar radiation (Beijing), ULISSES outperforms other
technologies only at higher return process temperatures and, given the location’s latitude, mainly for EW
orientation. In Kobenhavn, ULISSES outperforms other technologies in the EW orientation.

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

Fig. 7b: Energy yields [kWh/m2] by aperture area for different solar thermal BAU and ULISSES technologies and return
temperatures for Seville (Spain), Kobenhavn (Denmark), Beijing (China) and Lhasa (Tibet)
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The following table summarizes the advantages of ULISSES over BAU FPC and ETC technologies in terms of
solar yield production for different temperatures and locations.

Tab. 3: Changes of ULISSES solar yield production for different technologies, temperatures and locations. BEI Beijing, CAL
Calama, KOB Kobenhavn, LHA Lhasa, SAN Santiago and SEV Seville. Red indicates disadvantage, black indicates advantage for
ULISSES
FPC - Flat Plate Collector
Tret 40º

Tret 55º

C2EW

C2NS

C2EW

Tret 70º
C2NS

C2EW

Tret 85º
C2NS

C2EW

C2NS

BEI

-7%

-15%

3%

-8%

18%

3%

47%

23%

CAL

5%

15%

12%

24%

22%

33%

36%

50%

KOB

6%

-16%

24%

-5%

42%

7%

68%

28%

LHA

5%

6%

14%

14%

25%

22%

41%

37%

SAN

1%

13%

8%

23%

20%

37%

41%

60%

SEV

-1%

-1%

7%

7%

18%

16%

34%

30%

ETC - Evacuated Tube Collector
Tret 40º
C2EW
BEI
CAL
KOB
LHA
SAN
SEV

Tret 55º

Tret 70º
C2NS

C2EW

Tret 85º

C2NS

C2EW

C2NS

C2EW

C2NS

5%

-5%

13%

1%

23%

8%

36%

17%

16%

23%

22%

30%

29%

38%

36%

46%

13%

-15%

26%

-7%

41%

3%

57%

15%

16%

14%

23%

21%

31%

27%

40%

35%

6%

21%

10%

28%

15%

37%

25%

46%

11%

9%

18%

15%

25%

22%

34%

30%

It can be concluded that in the vast majority of locations and temperatures, the yield production of ULISSES is
greater than any of the BAU. In locations with very low direct radiation (Beijing) or at very high latitudes
(Kobenhavn), the advantages become evident at return temperatures (Tret) >55ºC.

LCOE of FPC BAU and ETC BAU and their combination with ULISSES technologies were assessed using
TRNSYS simulations as well as capital and operational costs. As illustrated in Figures 8a and 8b, despite
ULISSES’s capital costs are slightly higher as shown in table Tab 2, ULISSES’ LCOE reductions are greater for
all return temperatures tested in locations with high direct radiation (Calama, Santiago, Sevilla and Lhasa).
Reduced LCOE, or higher potential ESCO benefits, are proportional to process temperature. In these locations,
the additional structure cost associated with EW orientations (referred in the cost structure description, see Section
3. Methodology Analysis) result in NS orientations being most advantageous. In locations with lower direct solar
radiation (Beijing), ULISSES production only becomes advantageous at higher process temperatures and, due to
location’s latitude, mainly in the EW orientation. In Kobenhavn, it is mainly the EW orientation in which
ULISSES is advantageous. This would make it possible to repower existing solar thermal plants that are already
aligned in this orientation.

101

I. Gurruchaga et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

Fig. 8a: LCOE [USD/kWh] for different solar thermal BAU and ULISSES technologies and return temperatures for Calama
(Chile), Santiago (Chile), Seville (Spain) and Kobenhavn (Denmark).
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FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

FPC BAU

FPC C2EW

FPC C2NS

ETC BAU

ETC C2EW

ETC C2NS

Fig. 8b: LCOE [USD/kWh] for different solar thermal BAU and ULISSES technologies and return temperatures for Beijing
(China) and Lhasa (Tibet)

The following table summarizes the advantage of ULISSES in terms of LCOE:
Tab 4: Reduction of ULISSES LCOE for different technologies, temperatures and locations. BEI Beijing, CAL Calama, KOB
Kobenhavn, LHA Lhasa, SAN Santiago and SEV Seville. Red indicates disadvantage, black indicates advantage for ULISSES.
FPC – Flat Plate Collector
Tret 40º

Tret 55º

Tret 70º

Tret 85º

C2EW

C2NS

C2EW

C2NS

C2EW

C2NS

C2EW

C2NS

BEI

12%

22%

1%

13%

-12%

1%

-31%

-17%

CAL

-1%

-10%

-8%

-16%

-15%

-22%

-24%

-32%

KOB

-2%

24%

-16%

11%

-27%

-2%

-41%

-21%

LHA

-1%

-3%

-8%

-9%

-17%

-16%

-27%

-25%

SAN

4%

-8%

-3%

-16%

-13%

-25%

-27%

-36%

SEV

5%

4%

-3%

-3%

-12%

-11%

-23%

-21%

ETC – Evacuated Tube Collector
Tret 40º

Tret 55º

Tret 70º

Tret 85º

C2EW

C2NS

C2EW

C2NS

C2EW

C2NS

C2EW

BEI

-2%

8%

-10%

1%

-18%

-7%

-26%

C2NS
-14%

CAL

-12%

-18%

-16%

-22%

-21%

-27%

-26%

-31%

KOB

-10%

21%

-19%

11%

-28%

0%

-37%

-12%

LHA

-12%

-11%

-17%

-16%

-23%

-21%

-28%

-26%

SAN

-2%

-16%

-6%

-21%

-10%

-26%

-17%

-31%

SEV

-8%

-6%

-13%

-12%

-19%

-17%

-25%

-22%
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Table 4 and Figure 9 illustrate ULISSES’ potential in terms of LCOE, for different locations and temperatures.
At return temperature processes above 55ºC, ULISSES outperforms all other technologies. At temperatures below
55ºC, ULISSES achieves significant LCOE reductions for ETC in both NS and EW orientations in all locations
except Beijing. Beijing receives low direct radiation and thus achieves lower solar energy yields, consequently
increasing LCOE.

Fig. 9: Reduction of ULISSES LCOE for different technologies, temperatures and locations. BEI Beijing, CAL Calama, KOB
Kobenhavn, LHA Lhasa, SAN Santiago, and SEV Seville. Increased LCOE indicates disadvantage, decreased LCOE indicates
advantage for ULISSES.
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5. Experimental Validation
To verify results, a second prototype plant will be built in Chile in the second semester of 2019 using solar thermal
FPC, ETC and photovoltaic ULISSES 2.0 technology. In this prototype plant, performance and operational tests
will be conducted to validate previous models.
This prototype will consist of:




56 m2 aperture area FPC C1.6NS ULISSES Technology
35 m2 aperture area ETC C1.6NS ULISSES Technology
0.75 kWp Photovoltaic ULISSES Technology

Fig. 10: ULISSES 2.0 Prototype to be constructed during second semester 2019

A detailed experimental analysis plan has been defined to test all operational modes. Performance figures of
ULISSES technology will be obtained by installing a meteorological station with additional pyranometers for
different measure planes, as well as heat and electricity meters. Cleaning operations will be part of the indicators
to correlate with performance figures. First results are expected between the end of 2019 and the first trimester of
2020.

6. Conclusions
It can be concluded that ULISSES is a technology capable of not only of producing more energy by aperture area,
but doing so more reliably, thereby enhancing the safety of large-scale solar thermal systems.
According to the parametric study, thermal energy production of ULISSES technology is 10 – 40 % higher in
most locations and mainly dependent on process return temperature. For low temperatures, ETC C2EW
technology performs best in terms of solar yield as a result of its better IAM. At Tret > 55ºC an increased solar
yield was obtained as a consequence of reduced thermal losses due to better IAM and concentration factors.
Regarding costs, it has been verified that the costs per unit area of the integrated FPC and ETC plus ULISSES
technology are very similar to that of FPC or ETC BAU technologies. In addition, the enhanced safety operation
due to the tracking protection positions, results in significantly reduced primary and secondary circuit costs by
making the antifreeze in primary fluid or the heat exchanger superfluous. In the present analysis, these savings
have not been considered to obtain more conservative technology penetration market scenarios.
In terms of LCOE energy price, ULISSES has almost total advantage at return temperature processes above 55ºC.
Therefore, the potential market for ULISSES is very big, covering not only new solar thermal and photovoltaic
systems but also existing ones. Hence, the repowering of existing large-scale solar thermal plants is considered as
a prospective market. This further expands the potential target market of ULISSES, as the concentrator can be
adapted to the characteristics of the existing frame.
ULISSES technology is patent pending in Chile, Europe, China, India and Israel.
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Abstract
As environmentally-friendly alternative to vapor compression chiller, solar-driven absorption machines can be used
to satisfy cooling demand. To improve confidence in this technology, good simulation and monitoring tools are
needed to ensure the optimal performance of the systems. However, the performance prediction of absorption chiller
is no easy task if non-steady states and good accuracy are required. As proposed by various authors, artificial neural
networks (ANN) proved useful for providing easy to implement, yet very accurate ways of predicting the
performance of absorption machines. Hence, this paper aims to further explore the limits of these ANN performance
predictions, this paper attempts to apply the model to four of the currently largest solar thermal air-conditioning
(SAC) plants. The results show, that the ANN works very well on all the solar systems with R² of 95% and RMSE
of lower than 2.3°C, 0.8°C and 0.4°C for the hot water, cooling water and chiller water side respectively.
Furthermore, the results indicate that the ANN can even be used for fault detection and for analysation purposes.
Keywords: solar cooling; large-scale; absorption chiller; performance prediction; artificial neural network;

1. Introduction
The energy demand for cooling is rising rapidly in the recent years due to population and economic growth
(OECD/IEA 2018). At the present time, this cooling demand is satisfied almost entirely by the use of electric-driven
vapor compression chillers. However, there are some drawbacks of using these types of air conditioning systems
(ACs): Firstly, if the temperature rises above a certain level such that all ACs in the area start almost simultaneously,
this results in very high electric peak loads. This behavior is quite complicated to handle for the electric grids.
Secondly, the cooling is only provided locally, but there is also waste heat produced that is transferred to the
surroundings, creating even more cooling demand for adjacent buildings. If a lot of vapor-compression chiller are
used in the same area, this can lead to the so-called “urban heat islands” effect as pointed out by Lazrak et al. (2016)
and Pons et al. (2012).
As an alternative, solar air-conditioning systems (SACs) can be used to provide renewable and environmentallyfriendly energy, by powering an absorption chiller with solar thermal heat. Conveniently, solar power is always
available when cooling demand is high due to the relation of solar irradiation and high ambient temperatures,
increasing the potential of the technology even further. Furthermore, besides solar cooling a variety of different
applications can become important in diverse future energy systems. Flue gas condensation (HPT TCP, 2018a) and
system combinations with seasonal heat storages (HPT TCP, 2018b) are two examples. However, to increase the
market share and to improve the trust and confidence in this technology, good simulation models and monitoring
tools are needed to ensure the optimal performance of SAC systems.
For absorption machines a variety of performance prediction models already exist, each varying in complexity,
accuracy and validity conditions. While most models are either very complex to implement, not applicable to
dynamic operating conditions or derived for specific chiller types only, artificial neural networks (ANN) were shown
to be useful for modelling chillers at non-steady state conditions while being very accurate and easy to implement
(Nasruddin et al. 2019; Xu and Wang 2017; Lazrak et al. 2016; Frey et al. 2014; Rosiek and Batlles 2011, 2010;
Manohar et al. 2006). However, until now, studies either focused on rather small absorption machines or were
conducted with steady-state data only. To further explore the limits of the ANN-performance prediction, this paper
attempts to apply the neural network model to four of the currently largest solar thermal air-conditioning plants,
covering different system-layouts and climate conditions. This way, the ANN can be tested on the absorption
machines of large-scale systems in operation and individual results for each system can be analyzed and compared.
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2. Method
2.1 Introduction to Artificial Neural Networks
Basically, an artificial neural network (ANN) is a mathematical function with adjustable weights. The name of ANNs
derived from its resemblance to the processing of information in the brain (see Fig.1). For example, in pattern
recognition an image (the input) is handled by a network of neurons where each of the neurons processes the
information that is received from previous ones. The result is then sent to the next layer of neurons and so on, until
finally some output (e.g. the classification of the image) is generated. Similarly, the ANN consists of layers of nonlinear functions (the neural nodes) that are connected to one another by weighed connections. Therefore, the nodes
resemble the action of the neurons on the input. On the other hand, the weights act similar as the neuro-transmitter
between the dendrite and the synaptic terminals, which amplify or damp the signals from the other neurons.
The choice of function that is used at the output nodes is dependent of the type of the problem. In the case of
continuous output values1 linear functions are sufficient, as they allow to calculate continuous values and have other
useful properties. The functions on the hidden layers, however, have to be non-linear. This is important as it enables
the network to model a wider range of problems which one could not mimic with linear functions alone. The specific
choice of function is arbitrary, but usually logistic, sigmoid or tanh functions are chosen, due to their useful properties
related to their derivation (Bishop 2006).
In summary, an artificial neural network transforms some input to some output values, where the output values are
highly dependent on the weights. Moreover, it has even been proven that ANNs are universal approximators,
meaning that they are able to mimic any kind of continuous function as long as the weights are adjusted correctly
(Bishop 2006) 2.

Fig. 1: Sketch of a neural network with input nodes in red, output nodes in blue and two hidden layers in gray. The weighs are
displayed as black lines. On the right side of the figure, the similarity between neural nodes and neurons is visualized schematically.

This adjustment of weights can be done by supervised learning, that is, by supplying some training data with known
output to a specific ANN-model and altering the weights until the predicted values match the output from the training
set. The detailed process of calculating the weights based on the data is usually done by Backpropagation and is
described in (Bishop, 2006). However, as most of the needed algorithms have already been implemented in various
programming languages, the creation of neural networks has become rather easy. This, combined with the fact that
ANNs allow to model arbitrary functions without much information about the underlying processes, has made
artificial neural networks very popular in the field of machine learning.
2.2 Absorption Chiller model
For the proposed task of modelling absorption chiller via ANNs, various authors have shown that rather simple
architectures are sufficient for the performance prediction. In accordance to Lazrak et al. (2016) and Frey et al. (2014)
the volume flow 𝒎̇ and the input temperatures of the chiller 𝑻𝒊𝒏 have been chosen as input values, while the outlet
temperatures of the chiller are used as the output. Hence, the function that the neural network should mimic is given
by:
𝐓𝐨𝐮𝐭 ≅ 𝑓𝐴𝑁𝑁 (𝐓, 𝒎̇)

(eq.1)

1

In contrast to classification problems where the output are True/False or probabilistic values.
This holds true as long as (1) the output of the function to be predicted depends solely on the known input, (2) there is enough
data available for training and (3) the architecture for the ANN is complex enough (i.e. the used functions and the number of
nodes and layers are chosen well).
2
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with the abbreviations:
𝒎̇ = (𝑚̇𝐻𝑜𝑡 𝑖𝑛𝑙𝑒𝑡 , 𝑚̇𝑅𝑒𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑖𝑛𝑙𝑒𝑡 , 𝑚̇𝐶𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡 )
𝐓 = (𝑇𝐻𝑜𝑡 𝑖𝑛𝑙𝑒𝑡 , 𝑇𝑅𝑒𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑖𝑛𝑙𝑒𝑡 , 𝑇𝐶𝑜𝑙𝑑 𝑖𝑛𝑙𝑒𝑡 )
𝐓𝐨𝐮𝐭 = (𝑇𝐻𝑜𝑡 𝑜𝑢𝑡𝑙𝑒𝑡 , 𝑇𝑅𝑒𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑜𝑢𝑡𝑙𝑒𝑡 , 𝑇𝐶𝑜𝑙𝑑 𝑜𝑢𝑡𝑙𝑒𝑡 )

(eq.2)
(eq.3)
(eq.4)

The resulting prediction 𝐓𝐨𝐮𝐭 of (eq.1) then allows to calculate various performance indicators of the chiller like for
example the Coefficient of Performance (COP) or Energy Efficiency Ratios (EER) by only using input data for the
calculation.
As proposed by Lazrak et al. (2016), there might be a time delay such that also previous timestamps influence the
resulting output temperature, especially if non-steady state conditions are considered. This can be compensated in
the ANN-model by also providing the values from previous timestamps. However, in contrast to Lazrak et al. only
input values are used for the computation, but not the output values of previous timesteps. Equation (eq.1) is hence
modified to:
𝐓(𝑡), … , 𝐓(𝑡 − 𝑛 Δ𝑡),
𝐓𝐨𝐮𝐭 (t) ≅ 𝑓𝐴𝑁𝑁 (
)
𝒎̇(𝑡), … , 𝒎̇(𝑡 − 𝑛 Δ𝑡)

(eq.5)

where 𝑡 indicates some timestep, Δ𝑡 is the monitoring interval and 𝑛 ⋅ Δ𝑡 is the maximal time delay to be considered.
As additional feature, also the ambient temperature is introduced as input parameter, as it might influence the
operation of the chiller due to heat losses.
𝐓(𝑡), … , 𝐓(𝑡 − 𝑛 Δ𝑡),
𝐓𝐨𝐮𝐭 (t) ≅ 𝑓𝐴𝑁𝑁 ( 𝒎̇(𝑡), … , 𝒎̇(𝑡 − 𝑛 Δ𝑡), )
𝑇𝑎𝑚𝑏 (𝑡), … , 𝑇𝑎𝑚𝑏 (𝑡 − 𝑛Δ𝑡)

where

𝒎̇(𝑡) ≠ 0

(eq.6)

The 𝒎̇(𝑡) ≠ 0 is needed because the prediction is only relevant if the chiller is in operation during the current
timestep 𝑡. Else, the cooldown of the temperatures in the pipes would be trained by the ANN, too. Even though it
would be possible for the network to mimic the cooldown simultaneously to the in-operation case, the results are
uninteresting as the equations for heat losses in pipes are known anyways. Plus, the accuracy of the cooldownprediction would blur the results of the in-operation performance evaluation. Hence, the data is filtered such that for
every predicted temperature-set 𝐓𝐨𝐮𝐭 (t) the mass flows 𝒎̇(𝑡) of each circuit is higher than zero, while still allowing
not-in-operation data in the previous timestamps (𝑡 − 𝑖Δ𝑡) for 𝑖 ≠ 0.
The specific choice for the architecture of the artificial neural network is based on the works of Nasruddin et al.
(2019), Xu and Wang (2017), Lazrak et al. (2016) and Frey et al. (2014). All of them show good results for the
predictions by only using one to two hidden layers with 5 to 20 nodes and logistic activation functions, combined
with linear functions for the output. However, to choose the best values for the ANN, the number of nodes and the
time-delay are varied successively until good results are obtained within the validation.
2.3 Validation Methods
To validate the results of supervised machine learning methods, the available data is usually split into multiple parts:
First, there is a training set that is used for the training of the network and the calculation of the weights. Next, there
is a validation set in order to check how well the trained model can adapt to unseen data. This is important to prevent
overfitting, where the ANN learns patterns that are only valid on the training data but do not apply on new data.
Hence, with the validation set the parameters are optimized until both the training set and the validation set can be
modelled well. Finally, a third set of the data is used for performance measurement only. It is important that the test
set does not influence the training or validation in any way as this is crucial to ensure that the performance results
are indeed valid for unseen data.
Usually, the sets are randomly sampled from the available data. In contrast to many machine learning problems,
however, the samples of subsequent timesteps are not independent of each other as they contain information about
the previous input variables (see eq.6). Hence, choosing randomly sampled values for the test set would violate the
rule that the test set should be independent of the training and validation. As a result, the most recent part of the
available data is chosen for the test set. The remaining previous data is randomly sampled to generate the training
and the validation set., all samples corresponding to one date are always assigned to either the training or the
validation set in blocks to also guarantee independence of the training and validation set (see Fig.2).
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Fig. 2: Sketch visualizing the sampling of the available data. Blocks of one day minimum are assigned to either set.

For benchmarking, the following scores are used to analyze the results: First, the R²-score describes how much of
the variance of the data can be described by the model. It indicates whether the chosen model is sufficient for the
problem where a score of 1.0 means that the model can predict the values perfectly and 0.0 means that the prediction
is very bad. With the output value to be predicted donated by 𝑦𝑖 , the prediction of the ANN donated as 𝑓(𝑥𝑖 ), the
input as 𝑥𝑖 and the mean of the observed data 𝑦̅, the formula for the 𝑅2 -score is given by:
∑𝑛 (𝒚𝑖 − 𝒚
̅)

𝑅2 = 1 − ∑𝑛 𝑖=1
(𝒚
𝑖=1

(eq.7)

2
𝑖 −𝑓(𝒙𝑖 ) )

Furthermore, the root mean squared error (RMSE) is used for the performance test to give a clearer understanding of
how much the predicted values differ from the measured ones in terms of the specific units of the variables. It is
calculated for each output variable separately and is given by:
1

𝑅𝑀𝑆𝐸 = √ ⋅ ∑𝑛𝑖=1(𝑓(𝑥𝑖 ) − 𝑦𝑖 )2

(eq.8)

𝑛

3. Data Selection
For the training, validation and testing of the ANN-model that is proposed in section 2, the data of four large-scale
solar-air conditioning systems is used. All selected systems were built and are operated by the solar thermal specialist
SOLID. With cooling capacities of approximately 1MW they belong to the currently largest solar thermal airconditioning systems (Weiss and Spörk-Dür 2018) and thus have been studied previously by various authors (Feierl
et al. 2018; Olsacher and Schnitzer 2016; Schubert et al. 2014, 2011; Buchinger et al. 2012). An overview of the
characteristics of the selected systems can be seen in Tab.1.
The systems are closely monitored by the Methodiqa-Software (Ohnewein et al. 2015) which provides pre-processed
data with a 5-Minute time interval. Before applied to the ANN, each input and output variable gets normalized so
that its values range from minus one to one. This is important as the logistic activation functions used for the hidden
layer work best within this domain. The chosen minimum and maximum values for each system and respective
temperature and mass-flow rates can be seen in Tab.2. The initialisation, training and validation of the neural
networks was done with Python while strongly relying on the scikit-learn library (Pedregosa et al., 2011) for
designing and managing the neural network.

Tab. 1: Overview of characteristics of the selected solar thermal air-conditioning systems.

Name

Location

Time of
commission

Collector
area

Cooling
capacity

Type

Chiller

United World
College

Singapore

2011

3872 m²

1477 kW

Domestic Hot
Water and Cooling

BROAD
BDH127X

Desert Mountain
High School

Arizona

2014

4935 m²

1750 kW

Cooling

BROAD
BDH151X

Hospital Managua

Nicaragua

2017

4450 m²

1023 kW

Domestic Hot
Water and Cooling

Carrier
16 JL R024

Ikea Alexandra

Singapore

2017

2472 m²

880 kW

Cooling

BROAD
BDHY76X

Tab.2: Temperature and volume flow ranges at each system during operation.

Section
Hot water

Variable
Inlet Temperature [°C]

UWC

DMHS

Managua

Ikea

50 – 100

45 – 115

45 – 110

40 – 110
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Cooling
water

Outlet temperature [C]

40 – 90

40 – 105

45 – 105

40 – 90

Volume Flow [m³/h]

88 – 100

78 – 117

25 – 119

30 – 115

Inlet Temperature [°C]

23 – 30

20 – 45

22 – 30

25 – 32

Outlet temperature [C]

24 – 34

18 – 40

25 – 45

27 – 38

510

218 - 436

166 – 276

160 - 245

Inlet Temperature [°C]

6 – 20

5 – 30

8 – 20

11 – 18

Outlet temperature [C]

4 – 16

3 – 25

5 – 15

8 – 16

Volume Flow [m³/h]

79 – 84

90 – 243

88 – 126

66 – 165

Temperature [°C]

24 – 36

5 – 45

20 – 45

24 – 45

Volume Flow [m³/h]
Chilled
Water

Ambient

3.1 United World College (UWC)
The solar air conditioning system at the United World College Tampines in Singapore was commissioned by SOLID
in 2011. Located in the tropical rainforest climate of Singapore with high ambient temperatures of approximately
20°C to 36°C and high humidity of approximately 80% throughout the year, the solar air-conditioning system is used
to both cool the buildings using a solar powered 1475kW lithium bromide absorption chiller and furthermore
providing domestic hot water for the college. For efficient energy management two 30m³ heat storages are installed
between the collectors and the chiller, allowing to generate chilled water even if no radiation is available at that time.
Due to being the largest solar thermal air conditioning system until 2014 it was previously studied by Olsacher and
Schnitzer (2016) focusing on the financial aspects, and Schubert et al (2011) and Feierl et al. (2018) dealing with
operation and performance results.
3.2 Desert Mountain High School (DMHS)
Installed in February 2014, the system at the Desert Mountain High School in Arizona is currently the largest solar
thermal air conditioning system worldwide. It uses 4935m² of solar collectors to power a 1750kW lithium bromide
absorption chiller that is operated in combination with 3 conventional vapor-compression chillers to cool 55000m²
of air-conditioned space (Schubert et al, 2014; Olsacher and Schnitzer, 2016). Furthermore a 34.5m³ heat storage is
installed to buffer the solar load. The system is located in the arid desert climate with ambient temperature ranging
from 0°C up to 45°C in the summer and with varying humidity of 20% to 45% (Feierl et al. 2018).
3.3 Hospital Managua (Managua)
The third selected system is located at the Hospital Militar Escuele Dr “Alejandro Dávila Bolaños” in Managua,
Nicaragua and was installed in 2017. The heat produced by the 4450m² flat plate solar collectors are used to provide
hot water for the laundry and the hospital itself and to power a 1023kW lithium absorption chiller for cooling the
building (SOLID 2019). There is a 75m³ storage installed providing the chiller with temperatures of approximately
100°C depending on the produced solar heat. The system is located in the tropical wet and dry climate, with
constantly high temperatures but varying seasons featuring both heavy rainfalls and dry periods (Feierl et al., 2018).
3.4 Ikea Alexandra (Ikea)
In December 2017, a solar cooling system with 2472 m² of solar collectors were commissioned at Ikea Alexandra in
Singapore (SOLID, 2019; Feierl et al., 2018). The solar heat is used for powering an 880kW absorption chiller
cooling the warehouse. The demand is determined mostly by the number of visitors and thus the opening hours of
the building. Similar to the other selected systems a 15m³ heatstorage is used for buffering. The system is located in
Singapore’s tropical rainforest climate as described previously for UWC.

4. Results
4.1 Architecture optimization
In accordance to the discussion in section 2, the described ANN-model (eq.6) is used to predict the output
temperatures of the chillers at each system. In order to choose appropriate parameters for the final artificial neuronal
network, multiple networks with different settings for the time delay and the number of nodes are trained and
validated using the validation set. As the training and validation sets are randomly sampled at each run, each setup
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is evaluated at least ten times and average values are calculated to minimize the effect of random fluctuations. The
results are displayed in Fig.3.
It can be seen that both the number of nodes and the amount of time delay improves the R²-score of the ANNs,
seemingly converging to a maximal value for high numbers. The obtained scores of all systems reach up to 93%
(UWC) to 96% (DMHS) indicating acceptable to very good agreement to the measured data. Furthermore, for a
number of neurons higher than 25 and time-delays of more than 8 (i.e. 40min) the results are practically identical.
Thus, a (8⋅7, 25, 3) architecture with 65 input values, 25 nodes in the hidden layer and 3 output parameters can be
used for the performance evaluation in the following section.

Fig. 3: Average R² scores for each solar system in relation to the number of nodes (left) and to the number of time shifts (right). The
other parameters are held constant during these tests.

4.2 Quality of the Prediction.
Next it is evaluated how well the ANN can predict the output temperatures of the chiller at each system individually.
With the derived (65, 25, 3) architecture from section 4.1, four neural networks are created and trained with the
respective data of each system. In order to analyze the prediction performance, the test sets are used to compute the
scores (eq7.) and (eq.8). The results for the scores for each system can be seen in Tab.3.

Tab.3 Prediction results for each individual system.
R-squared
[-]

RMSE Hot Water
Temperature [°C]

RMSE Cooling Water
Temperature [°C]

RMSE Chilled Water
Temperature [°C]

UWC

94.45%

0.63

0.07

0.38

DMHS

90.81%

8.75

0.80

2.14

Managua

90.98%

2.29

0.38

0.41

Ikea

95.78 %

1.84

0.21

0.10

DMHS (pre-service)

97.00 %

1.49

0.26

0.27

DMHS (post-service)

87.77 %

13.26

1.12

2.92

To give a better understanding of the prediction accuracy, a comparison of measured and predicted temperatures are
displayed in Fig.4. For each predicted value, the corresponding measured value is plotted on the y-axis. Hence,
perfectly predicted samples would span the diagonal. A margin-line indicates errors of higher than 1°C (dashed line)
and 2°C (solid line) respectively. The percentage on the upper left and the lower right show how much percent of
the data is outside of the 2°C margin-line (1°C for the chilled water) on either side. This way the amount of more
critical errors can be seen more clearly.
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UWC

DMHS

Managua

Ikea

Fig.4: Comparison of measured and predicted data for each system and each output of the neural network with measured values on
the y axis and predicted values on the x-axis.
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For UWC very good results were obtained, with scores similar to the validation set (ref Tab.3 and Fig.3). Both the
R² and the RMSE are within reasonable ranges with a R² of 94.45% and RMSE of lower than 0.63°C. The RMSE
for the cooling water Temperature is especially well, as there is no speed control at the cooling water pump. In
accordance to the scores, Fig.4 shows that the predicted temperatures at UWC are quite close to the measured ones.
The diagram contains almost no outliers outside of the margins of 2°C and 1°C. The successful prediction can also
be seen in Fig.5 showing that the ANN is also able to model sudden fluctuations at the chilled water side easily. In
summary the ANN works very well in the case of UWC.

Fig.5: Comparison of measured and predicted data for UWC at each circuit. The coloured ‘x’ marker visualises the predicted values
whereas the measured values are displayed as black lines.

In contrast, DMHSs result are bad: The R² score is noticeably smaller than at the validation in section 4.1 and the
RMSE are very high, especially for the hot water and chilled water circuit. This can also be seen more clearly at
Fig.4 where a lot of values are out of bounds.
The reason for this is a chiller service that was conducted at some time during the period of the test set. If the testset gets subdivided into two parts, one containing the data of before the service was done and one set with data after
the service was conducted, and the tests are run for both segments individually, the influence of the service can be
seen more clearly. In fact, the ANN can predict the pre-service period quite accurately with a R² of 97,00% and
RMSEs of 1.49 °C for the hot water temperature, 0.25°C for the cooling water temperature and 0.27°C chilled water
temperature (see Tab.3 at the bottom). The results for the pre-service case can also be seen in Fig.6, where the
comparison with Fig.4 shows that the values now are within acceptable ranges. In contrast, for the other set both the
hot water and the chilled water get predicted very inaccurately (see Tab.3). Interestingly, this means that critical
interventions can be detected by the use of the ANN. For modelling the post-service data, however, a new neural
network would have to be trained with the new data.

Fig.6: Comparison of measured and predicted temperatures at each circuit for DMHS if using data previous to the service conducted
at the chiller.
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Similar to DMHS, the R² score for Managua is below the score from the validation. Even tough the scores are all in
appropriate ranges, this indicates problems in the data. Indeed, it can be seen in Fig.4 that the chilled water
temperature predictions are shifted upwards the diagonal, that is, they are too high compared to the measured ones.
This means that the chiller works worse than expected by the ANN-prediction during the test-period. To analyze this
incidence further, the average daily error of the prediction of each circuit is shown for the test set in Fig.7. It can be
seen that the error at the chilled water circuit is initially low for some time but then gradually gets worse over time.
This indicates that something alters the performance of the chiller continuously during that period. Hence, the ANN
is even able to detect subtle changes in the chiller operation and might be used to suggest service check-ups.

Fig.7: Median daily errors of the ANN-prediction in comparison to the measured values. Error margins of
±2.5% are visualized by black lines. The temperatures initially get predicted well until the chilled water
gradually gets worse.

For Ikea the results shown in Tab.3 are very well, similar to UWC. As shown in Fig.4 the trained ANN-model is able
to predict the outlet temperatures of the chiller very accurately. Only at the Hot Water circuit some of the predicted
values are too low in comparison to the measured values for rather low temperatures of 55°C to 65°C. This is the
case especially during start-up and shutdown of the chiller as can be seen paradigmatically in Fig.8. Nevertheless,
the predictions are very accurate with a RMSE of only 1.84°C for the hot water side, 0.21°C for the cooling water
and only 0.10°C for the chilled water side.

Fig.8: Comparison of measured and predicted data for Ikea for each circuit. The coloured ‘x’ marker
visualises the predicted values whereas the measured values are displayed as black lines. The highest errors
can be seen at the start-up of the chiller.

116

L. Feierl et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

5. Conclusion
In this paper, the capabilities of artificial neuronal networks to predict the performance of absorption chillers at solar
thermal systems were studied. The model derived in section 2 allows to introduce time delays and uses the inlet
temperatures and the mass flows as input to predict the outlet temperatures of the chiller. The resulting model was
applied to four of the currently largest solar thermal cooling systems worldwide, enabling to study the prediction
ability of ANNs on systems in operation and with different climate conditions.
The results indicate that even quite simple architectures are sufficient for the prediction and optimal values for the
time delay (40 Minutes) and the number of neurons (1 hidden layer with 25 neurons) were derived. The performanceresults show very good agreement of the prediction and the measured values with RMSE of lower than 2.2°C for the
hot water side, 0.80°C for the cooling water side and 0.41°C for the chilled water circuit at each system. As seen in
Fig.4 and Fig.6, only few percent of the data is outside of the boundaries of 2°C for the hot water and cooling water
and 1°C for the chilled water side. More clearly the timeseries in Fig.5 and Fig.8 show the capabilities of the network
to correctly predict the outlet temperatures based on the input.
To sum up, the ANN-model is very successful on large-scale SAC systems, hence, showing high potentials for
various applications. For example, the prediction might be used for fault detection, as the results for DMHS and
Managua show (Fig.4, Fig.6, Fig.7). Plus, one could provide the ANN with artificial data and try to find the optimal
parameters for the operation of the chiller. This would allow to analyze the system without running costly in-situ
simulations. Finally, the results also indicate that the application of ANN on absorption heat pumps most likely would
yield similar results and could be used in analog ways to optimize the operation of the system.
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Abstract
Soiling and the accumulation of dust on transparent covers of solar thermal collectors have a negative effect on
their solar transmittance. This results in a lower optical performance and can reduce the thermal efficiency of a
solar plant. The Sultanate of Oman recently tends to implement solar technologies as an option of renewable
energy, but experiences and studies in this field are still limited. Previous studies around the globe have shown
that the rate of accumulation of dust and soil and the corresponding efficiency loss is highly dependent on the
location and climate and vary significantly. This study aims to quantify the loss in solar transmittance over time
for the location of the Innovation Park Muscat and identify options to compensate them. For that aim, eight
samples of transparent collector covers were exposed in different configurations to determine the impact of the
soiling on the solar transmittance. Besides several lessons learned during field operation in a hot desert climate
region, the results of the data analyses show that the solar transmittance is being reduced due to soiling by ~0.3 %
to ~0.5 % per day and the effect is highly dependent on the weather.
Keywords: solar transmittance, transparent cover, soiling
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1. Introduction
Within an international collaborative in the Sultanate of Oman between the German Research Centre For
Geosciences Potsdam (GFZ), the Technical University in Berlin (TUB), the Helmholtz Centre Berlin (HZB), the
University of Applied Sciences Berlin (HTW) and KBB Kollektorbau GmbH (KBB) - a manufacturer for solar
thermal collectors - a non-residential building shall be cooled with an absorption chiller and a solar thermal plant
throughout the whole year. The operating power for the chiller will be supplied by a solar collector field with an
area of 2500 m² to 3500 m² depending on the degree of autarky, storage size and solar fraction (Cordes et. al.,
2018). Dust and soiling is influencing the optical characteristics of the solar collector field. It mainly effects the
solar transmittance of the glass cover. Literature shows that the negative effects are highly dependent on the
location and climate of the solar plant (Duffie and Beckman, 2013; Sarver et. al., 2013). Some areas like Boston,
MA show a decrease of only a few percent over a year (Hottel and Woertz, 1942), whereas other regions,
especially on the Arab peninsula, show rates of up to 50% within a few months (Al-Hassan and Ghoneim, 2005).
For the design of the solar plant, it is necessary to obtain knowledge on how fast the transmittance and thus the
energy yield decreases at the specific location. Moreover, how a cleaning schedule has to be designed to secure
the safe operation of the cooling plant throughout the whole year. A lessened yield because of dust and soiling
has to be compensated by a rigid cleaning schedule or a bigger aperture area of the solar field. For the city of
Muscat in the Sultanate of Oman, there is to this day no data for the decrease of transmittance available that could
be used for the economical design of large-scale solar thermal plants. Yet there has been some studies with
photovoltaic modules, which show a significant loss due to a single dust event, but no comprehensive investigation
over a long term (Sarver et. al., 2013).
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Fig. 1: Overview of the experiment site with eight different transparent covers in their frame, four different PV glass samples and
a weather station with temperature and humidity sensor, wind direction and wind velocity sensor

2. Location and Climate
The site is located in the Innovation Park Muscat (IPM) in the western stretches of the capital of the Sultanate of
Oman on the northeast of the Arab Peninsula as it is shown in Fig. 2. The location lies between the Gulf of Oman
and the Al Hajar Mountain range. It is noteworthy, that the biggest sand desert on earth, the Rub-al-Khali desert,
stretches to the foothills of the Al Hajar, which leads to the common formation of dust storm. Even though during
our observations there was no such event.
Muscat has an arid climate and is located in a desert region. There is very little precipitation in winter and virtually
no precipitation in summer. Even though during our experiment there was an unusually high amount of days with
rain. A situation that has a significant effect on the accumulation of dust. The winter temperatures are pleasant
around 21° C. In the summer month, the temperatures might rise as high as 50° C. Additionally, the southwest
monsoon is influencing the climate and brings wet currents, which lead to very high humidity. This makes the
heat even more oppressive and dangerous. In addition, it leads to the formation of dew on night cold surfaces even
in the hot summer month. The north coast of Oman is also influenced by the Shamal winds from northwest, which
is dry and often transports dust from Jordan and Syria to Iraq and over the Gulf of Oman to the Gulf States
including Oman (El-Baz and Makharita, 1994).
The combination of dew-wet surfaces like glass covers at night and several natural sources of sand and dust in the
region will probably lead to a high rate of dust and soiling. Additionally, the part of Muscat where the IPM is
located is constantly growing, which means there is a continuous construction activity in close proximity to the
site. The growing city also has a high volume of traffic, which is also a source of fine dust. Despite the constant
modernization process there is still livestock farming in the area with herds of goats, which regularly raise dust as
they pass the site.
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Fig. 2: Location of the experiment site at the Innovation Park Muscat [ref: Google Earth]

3. Experiment Design
For the investigation of the aforementioned topics, the following scientific questions have been incorporated in
the studies objectives:
a) The change of the solar transmittance through soiling
The decrease of the collector efficiency in desert-like regions is expected to be mainly due to soiling on the glass,
while the possible soiling of the absorber is expected to be negligible. Therefore, the focus of the investigation is
on the solar transmittance of the transparent cover. In addition to the soiling, the transmittance might be also
reduced due to a damaged glass surface and its coating, caused by sand storms or the cleaning process. By
measuring the change of the solar transmittance of the covers, the main reasons for a decrease in the efficiency of
solar thermal collectors can probably be determined.
b) The influence of the collector slope
The slope of the collector might also have an impact on the rate of accumulation of dust. It is possible, that an
angle of 35° instead of 20° could lower the deposit of dust and thus the loss of efficiency caused through soiling.
In this case the frequency of cleaning could be reduced. This effect will be investigated through the comparison
of two identic samples with different slope angles.
c) The rate of soiling at different degrees of soiling
The sand and dust might behave different on a clean glass sample than on sample which is already covered with
dust. This will be tested by cleaning one sample in a regular interval (e.g. monthly) and compare it with another
identical sample which is only cleaned once a year.
d) The behavior and impact of different types of glazing
The surface of the glazing might have an impact on the soiling. A structured surface could support the deposit of
dust and sand, while an even surface is easier to clean. The stress of sandstorms and the cleaning process could
damage certain transparent covers more than others. To investigate this issue, samples with different transparent
covers (structured, even, with and without anti-reflective coating).
e) Damage of the transparent cover
Sandstorms and the cleaning process, but also the high solar radiation and temperature could have an impact on
the surface of the glazing. The exposed glass samples should be visually investigated and the solar transmission
should be compared with unused samples after the experiment.
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Figure 3 schematic view of the experiment site at IPM.

For that purpose KBB sponsored 8 glass covers for solar thermal collectors mounted on typical collector frames
as it is shown in Fig 1. Figure 3 shows the setup of the experiment at IPM . The glass samples are being exposed
in an area that has a concrete fundament and is surrounded by a fence. A weather station is also part of the setup
and it contains sensor to measure temperature, humidity, wind speed and wind direction. The slope angles and
general properties of the samples are listed in Tab. 1.
Tab. 1: overview of solar glass samples and their properties, the grey highlighted samples are included in the data analysis

Sample

slope

surface

coating

cleaning

1.1

20°

clear

none

yearly

1.2

35°

clear

none

yearly

2.1

20°

structured

none

yearly

2.2

20°

structured

none

monthly

3.1

20°

clear

Anti-reflective

yearly

3.2

20°

clear

Anti-reflective

monthly

4.1

20°

structured

Anti-reflective

yearly

4.2

20°

structured

Anti-reflective

monthly

4. Data acquisition
Since solar thermal applications use a broader spectrum of the electromagnetic radiation than photovoltaics (PV)
the setup consists of two pyranometers CMP11 from Kipp&Zonen, which measure the global radiation in the
spectrum from 285 nm to 2800 nm. A PV cell sensor could have simplified the measurement process, but would
have also limited the spectrum that is measured. Both pyranometers are tested and calibrated. To ensure that both
pyranometers are tilted correctly into the plane of the samples, they are mounted on an arm. This arm slides into
a fixture construction on the side of each collector frame. That way it is ensured that both pyranometers are
positioned correctly and in the same way in each measurement. The measurements are taken manually, since an
automated solution was not applicable to the variety of samples and due to limited funding.
On a typical measurement day the first measurement is taken to determine the relative error between the two
pieces of equipment. They are mounted onto the arm and positioned horizontally. The relative deviation between
them is being logged and applied in the data analysis (see next chapter). Each glass sample has three positions for
the arm that holds the pyranometers: the upper position a little bit above the middle of the glass as it is shown in
Fig. 4, the middle position and the lower position is below the middle. The value for the solar transmittance for a
specific glass samples is represented by the mean value of the three positions.
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Fig. 4: the two pyranometers are mounted onto an arm that is held by a fixture construction to ensure that the measurements are
always at the same position

Taking into account, that there are 8 glass samples with 3 positions each. Because water is a scarce resource in
Oman, the regular cleaning was done dry. A soft cloth is used to wipe off dust and dirt by hand from top to bottom.
To limit the physical stress for the person taking the measurement, the routine is shortened to only one position
for each sample after Ramadan. During Ramadan the measurements are suspended.
To avoid being in the direct sun for too long during midday, the measurements start early in the morning. This
results naturally in low positions of the sun - or high angle of incidences (AOI) in the plane of the glass samples.
High AOI result in low incidence angle modifiers (IAM), because a significant part of the radiation is reflected or
absorbed by the glass. Because of these effects, that where not foreseen during the experiment design process, the
analysis had to be reduced to the samples that are measured at last in each measurement day: 3.1, 3.2, 4.1 and 4.2.
The reduction made sure that the measurements were all taken under an AOI lower than 50°, resulting in an IAM
of at least 0.9 for each sample, reducing the error.

5. Data Analyses
The global radiation which is measured under the glass sample is noted with 𝐺𝐺𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 The global radiation in plane
of the glass sample, measured next to the glass sample, is noted with 𝐺𝐺𝑟𝑟𝑟𝑟𝑟𝑟 For each position the pyranometers are
being exposed for 3 minutes, which results in around 450 single values for each position, that are used to calculate
̅
a mean value. Mean values are noted with an overline: 𝐺𝐺𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔
Since the instruments are handled manually, there is always a small relative deviation between them. A correction
factor 𝑘𝑘 is determined with the first measurement of each day:
𝑘𝑘 =

𝐺𝐺̅𝑟𝑟𝑟𝑟𝑟𝑟

𝐺𝐺̅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

(eq. 1)

The next step in the analysis is to account for the angle of incidence by the calculation of the incidence angle
modifier (IAM). Since we exposed only the glass covers with a frame, the Ambrosetti-equation is not applicable.
For the calculation of the physical IAM the authors used the function physicaliam(), which is part of the PVLib
library for Python (Holmgren and Hansen, 2013). It uses Fresnel's Law and Bouguer's Law to calculate the angledependent IAM factor 𝐾𝐾𝜏𝜏𝜏𝜏 (De Soto et. al., 2006). The physical properties of the glasses that were used are
summarized in Tab. 2.
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Tab. 2: Physical properties for the reduced set of solar samples. For the unstructured samples 3.1 and 3.2 the value are taken
from (Wesselack et. al., 2017) and for the structured samples 4.1 and 4.2 the values are taken from test certificates (SPF, 2019)
and information from KBB Kollektorbau GmbH

Sample

surface

coating

Τ

n

K

D

3.1 / 3.2

clear

anti-reflective

96 % ± 0.5 %

1.35

4

3.2 mm

4.1 / 4.2

structured

anti-reflective

96 % ± 0.5 %

1.35

4

3.2 mm

With the correction factor 𝑘𝑘 and the the IAM factor 𝐾𝐾𝜏𝜏𝜏𝜏 the solar transmittance of each position 𝑖𝑖 can be calculated
by
𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠,𝑖𝑖 =

1 1 𝐺𝐺̅𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,𝑖𝑖
𝑘𝑘 𝐾𝐾𝜏𝜏𝜏𝜏 𝐺𝐺̅𝑟𝑟𝑟𝑟𝑟𝑟,𝑖𝑖

(eq. 2)

The solar transmittance for one day and for one specific glass sample is the mean value of all the positions that
were measured on that day: three position before Ramadan and only the middle position after Ramadan. All the
measured and calculated values and the physical properties used in the calculation are prone to errors and
uncertainties. The authors would like to highlight some of them:
•

•

uncertainties in the physical properties:
o

the physical properties (Tab. 2) were not measured in a laboratory

o

they are only valid for clean glass. Dust and soil will most likely raise the refraction
index and absorb a higher fraction of the solar radiation

o

the uncertainty is higher, the higher the AOI is

error margin:
o
o

the lower the radiation, the higher the error in the measurements of 𝐺𝐺
the higher the angle of incidence, the higher the error in the IAM

6. Findings
6.1 Effects of dew on the accumulation of dust
Owing to high humidity in this region, dew is a common climate effect. At night, the temperature of the glass
surface drops below the dew point, which leads to the formation of dew on the cold surface of the solar glass. This
has two opposing effects on the accumulation of dust:
First, the dew-wet surface attracts dust particles, which are held at the surface through adhesion. Instead of just
being blown over the surface, the dust is attracted by the water and accumulates over time. When the sun rises,
the dew evaporates, leaving the accumulated dust on the surface. This effect has a negative influence, because it
speeds up the accumulation of dust at night.
However, in some nights, the formation of dew is so strong, that water drops are forming on the glass. As Fig. 4
shows these drops will get bigger until they flow down the surface. On their way down the glass cover, they pick
up dust and carry it down to the lower edge of the collector frame as it shown in Fig.5. This can be described as a
self-cleaning process and has a positive influence on the transmittance.
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Fig. 5: When dew is forming it can generate droplets that
flow down the glass cover. This creates visible flow patterns

Fig.6: When dew flows down the glass surface it will reach
the lower edge of the frame. Dust that has been picked up by
the dew will accumulate there.

6.2 Effects of dust on the transmittance of glass covers
The experiment started with a thorough wet clean, using purified water: this is marked with (1) in Fig 7. The
corresponding values are summed up in Tab 3. The first measurement of the clean glass covers shows the values
that the manufacturer promotes (compare with Tab 2). This ensured that the method we chose is suitable to
evaluate the changes in transmittance. Within the first few weeks of exposure the glass samples start to accumulate
dust and dirt and the transmittance is being reduced. After 38 days of exposure the samples 3.2 and 4.2 were dry
cleaned with a cloth (“(2) - dry”). The solar transmittance from the wet clean could not be fully recovered. Instead
the samples lost 1.45 % (3.2) and 1.39 % (4.2) compared to a wet clean.
Unusual for the location and the time of year, there were a couple of rain days. They are marked with a black
diamond in Fig. 7. The first heavy rain event was between April, 11th and April, 14th with 4 consecutive days with
rain, which cleaned the samples very effectively. The second heavy rain event was during Ramadan on May, 19th
and May, 20th. There is no measurement data for that event, but an on-site observation of the samples suggested,
that all of them where cleaned after the two days with rain, restoring the transmittance like the first event in April.
Within the 3 month (89 days) after the first dry clean, the experiment was continued and the solar transmittance
of the glasses decreased continuously. During Ramadan no measurements were taken. Over the whole period
between the two cleanings the glass cover 3.1 lost 16.8 % or 0.19 % per day in solar transmittance. The structured
sample 4.1 lost only 13.81 % or 0.16 % per day. This is a very conservative statement, since we know that the
samples were cleaned due to heavy rain during Ramadan. If we assume that the rain was effective in cleaning the
glass and restoring the transmittance we get a different result: The samples 3.1 and 4.1 lost 33 % of their
transmittance in a period of 77 days (from the rain to the last measurement on August, 5th). This is an average rate
of loss of transmittance of 0.42 % per day. And it is even worse in the period between the first dry clean and the
last measurement before Ramadan: The samples lost 7.5 % of their transmittance within 14 days – a rate of loss
of transmittance of 0.53 % per day.
The samples that were dry cleaned again on July, 8th lost a significant amount of solar transmittance compared to
a thorough wet clean: the clear glass sample 3.2 lost 4.46 % compared to day 1. The structured sample 4.2 lost
2 % compared to a wet clean.
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Overall it is apparent that the clear, unstructured glass samples perform worse that the structured glass
covers. That could have several reasons. The covers are still on site, so these reasons are only possibilities
and have not been validated:
•

dust is accumulating faster on the clear glass

• the surface of the structured glass is bigger, so it transmits a larger fraction of the radiation while
accumulating the same amount of dust
•

the structured surface might capture more diffuse light due to its bigger surface

Fig. 6: Solar transmittance of the four samples with AR coating and different surface structures over time. The experiment started
in March with a wet clean (1). The samples were then cleaned 3 times. 2 times with a dry cleaning method (2), (3) and ended with
another wet clean (4). Two heavy rain events marked with a diamond had a strong cleaning effect.
Tab. 3: overview of the solar transmittance on the days of cleaning. The values for cleaned samples (3.2, 4.2) are given in pairs:
(before clean) / (after clean)

Sample

(1) wet clean

(2) dry clean

3.1

96.06 %

85.64 % /

3.2

95.94 %

85.15 % / 94.49 %

75.30 % / 92.09 %

86.40 % / 92.62 %

4.1

96.24 %

87.07 % /

76.20 % /

61.91 % /

4.2

96.04 %

88.15 % / 94.64 %

-

(3) dry clean
74.57 % /

-

79.53 % / 93.03 %

(4) wet clean
61.97 % /

-

85.18 % / 93.91 %

7. Summary
The solar transmittance of the exposed transparent glass covers has been reduced by ~10 % in one month and
~15 % in the next 3 months. We could see, that the effect is highly dependent on the weather and during our
experiment we saw unusually often rain events, which cleaned off some of the dust having a positive effect on the
transmittance. It is also expected that dust storms will have a significant negative effect, but none could be
observed. This means that the measured loss in transmittance is on the lower end of what is possible in this region.
The dry cleaning method that was used did not fully recover the original transmittance of the solar glasses. The
loss after one month without cleaning is ~1 % and after 2 month without cleaning ~4 % for the clear glass and
2 % for the structured glass after dry cleaning. It is noteworthy that a strong rain event is as effective in restoring
the transmittance as the dry cleaning method being used in this experiment.
In general the negative effect of the accumulation of dust is stronger for the clear glass than for the structured
glass. Thus, the authors recommend using the structured glass for the investigated location. The loss in
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transmittance due to a dry cleaning regime has to be compensated with a larger collector area to still meet the
energy demand for the specific cooling project. Alternatively, the authors advise a wet clean regime or an
improved dry cleaning technique.
The next phase of the experiment has to show which solution is economically most efficient. The data for the
exposed PV glass samples will be published separately in the near future. The whole experiment will continue to
clarify some of the stated research objectives, which could not be included in this paper.
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Abstract
This paper presents a system of indirect air heating coupled to a drying chamber (type
tunnel) for agricultural product. The energy for the drying process comes from a solar water
heating system (92.4 m2) with thermal storage or working directly. The water heating system
has thermal efficiencies between 47-57%, depending on the temperatures reached by the
water in the hot water thermal storage tank and the weather conditions. The indirect air
heating system is by means of a heat exchanger of finned tubes that has an average heat
transfer capacity of 50 kW, delivering temperatures at the entrance of the tunnel between
45-75 °C. The heat transfer efficiency of the water-air exchanger is around 85%.
Keywords: solar energy; solar drying; thermal efficiency; solar collectors
1. Introduction
A method widely practiced by farmers in Mexico and developing countries since ancient
times, open-air sun drying for the preservation of food and agricultural crops has inherent
limitations: large post-harvest crop losses caused by inadequate drying; fungal attacks;
insect, birds and rodents invasion; and, unexpected rain and other meteorological
phenomena. Losses using conventional drying methods, such as open sun drying, classical
drying and others are estimated to correspond to 30-40% of total production in developing
countries [1]. The above-described limitations result in a low-quality product that, in most
cases, will not comply with minimum food safety standards.
Among the various types of solar dryers, distributed-type forced solar convection dryers
have been reported to be superior in drying speed and quality [1]. Distributed solar dryers
are basically composed of a solar energy collection system and a drying chamber. Usually
the working fluid of the solar collection system is air. However, solar collectors based on a
liquid thermal fluid can also be used indirectly to heat the air using a liquid-gas heat
exchanger [2], which also allows to store the energy to be used even after the sun goes down.
Given environmental concerns and finite fossil fuel resources, it is necessary to further
reduce energy consumption in the food sector and decouple food prices from unstable and
increasing fossil fuel prices. Thus, it is desirable to use renewable energy for drying
agricultural products. Given the foregoing, a plant using solar thermal systems (solar air
heaters and flat-plate solar water heaters), with conventional LP gas support, was developed
and installed for the drying of agricultural products in the state of Zacatecas, México; which
operates by forced convection in a tunnel-type drying chamber.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.04.01 Available at http://proceedings.ises.org
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2. Method and Results
2.1 Description of the drying plant
The plant has a distributed-type forced convection hybrid solar drying system. It has a semicontinuous tunnel type drying chamber with a maximum capacity of 2700 kg of fresh
products depending on the type of food. Up to eight drying racks can be accommodated
inside the tunnel and each rack can contain a maximum of 120 perforated trays. The interior
of the tunnel, drying racks and trays are made of food grade stainless steel.
The thermal energy required for the drying process can be provided by two solar collection
systems: a direct air heating system using 48 solar air heaters (111.1 m2) and an indirect air
heating system using water-based solar collectors (92.4 m2). In addition, there is an LP gas
burner to back up thermal energy. The integration of the different technologies offers a
versatile system for heat generation. It can easily and quickly adapt to different modes of
operation: conventional, solar and hybrid. In the conventional mode, the air is heated by the
direct combustion of LP gas and is injected into the drying chamber by the thrust force of
the centrifugal fan, while the inlet temperature is controlled automatically by flame
regulation undertaken via fuel flow variation. In the solar mode, solar heat generation
systems can operate on either an independent or coupled basis. A coupled system harnesses
the heat collected by the two solar systems during the day, thus increasing the plant’s
operating hours even after sunset. In the hybrid mode, when the plant is operating
continuously and the solar collection technology is unable to supply the heat required by the
dehydration process, the air is passed through the backup air heating system (LP gas burner)
to obtain the desired conditions in the drying chamber. Figure 1 shows schematically the
distribution of the components that integrates the drying system of the plant, as well as some
of the sensors installed for its evaluation. The operating variables of the solar drying system
are monitored and recorded simultaneously in one minute periods by a data acquisition unit.
In this work, the thermal analysis of the indirect air heating system is presented.

Fig. 1. Schematic representation of the distribution of some of the measurement sensors installed in the plant.
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2.2 Description of the indirect air heating system
The solar air heaters are not the only solar thermal systems for drying applications. Also the
solar collectors based on a liquid thermal fluid can be used indirectly using a gas-liquid heat
exchanger. Nonclercq et al. [3] designed a prototype solar drying cabinet type capable of
processing more than 40 kg of fresh tomato (S. lycopersicum) in 10 h. The interior
temperature of the dryer reached up to 65 °C with the help of radiators, a thermo-tank and
solar water collectors. Tiwari et al. [4] designed an indirect solar dryer with hot water storage
and a solar water heating system. Water has a heat capacity four times more than air and a
higher thermal conductivity, these properties allow it to be a heat-carrying fluid more
efficient than air. A flat solar collector system for water heating was installed and evaluated
at the drying plant. The indirect air heating system is integrated by (see Figure 2):
• Field of flat plate solar collectors.
• Liquid-liquid plate heat exchanger
• Thermal storage tank
• Water-air finned tube heat exchanger
• Centrifugal fan
• Auxiliary equipment: instrumentation, pumps, expansion vessel, valves and air eliminators

Fig. 2. Indirect air heating system with the instrumentation of its components.

One of the best known and experienced solar thermal applications is water heating with flat
plate solar collectors. These solar collectors are manufactured in Mexico, with high
efficiency at medium temperatures and with long life materials. For this project the high
efficiency flat plate solar collector model MAXOL MS2.5® was selected. The collector has
an aluminium absorber plate and 11 copper pipes (risers). The absorber surface has a
selective coating of titanium oxide to increase the ability to absorb solar radiation. It has a
low-iron tempered glass cover. The side walls and the bottom of the collector have a
polyurethane and mineral wool insulation. The frame that supports the collector components
is made of rolled steel. Table 1 shows the technical characteristics of the solar collector used
in the indirect air heating system.
The field of flat-plate solar collectors used in the present study for indirect air heating is
composed of 40 collectors equivalent to an aperture area of 92.4 m2, distributed in four
parallel rows, each consisting of two arrays of five parallel collectors connected in series (10
collectors per row). These collectors are oriented towards the Equator with an inclination of
22.72 ± 0.94° in relation to a horizontal plane and a separation between rows of 0.92 m.
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Figure 3 shows the distribution of the collectors, as well as their instrumentation.
Table. 1. Technical characteristics of flat plate solar collectors

Characteristics
Thermal fluid
Dimensions
Length
Width
High
Empty weight
Gross area
Aperture area
Cover
Material
Transmittance
Thickness
Absorber surface
Material
Absorptivity
Emissivity
Insulating
Material
Bottom insulation thickness
Side insulation thickness

Flat Solar Collector
Water
2099 mm
1196 mm
95 mm
46.5 kg
2.326 m2
2.311 m2
Tempered glass
0.91
4 mm
Copper
0.95
0.05
Polyurethane + mineral wool.
44 mm
25 mm

Fig. 3. Field of flat plate solar collectors for water heating, as well as its instrumentation.

The field of solar collectors operates by a forced circulation system composed of a closed
primary circuit and an open secondary circuit. Each circuit operates with a 1.5 HP pump
with a nominal flow rate up to 160 l/min. The primary circuit has a reverse-return
configuration and an expansion vessel of 325.5 l that allows the collector field to remain in
stagnation conditions without the need to drain liquid to reduce the pressure in the circuit.
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The heat transfer between both circuits occurs via a plate heat exchanger with a capacity of
40 kW. The indirect system is able to operate in two ways: a) the hot water obtained from
the solar collector systems is used directly in the water-air heat exchanger; or, b) said hot
water is stored in a thermal storage tank for later use. The air is indirectly heated in a waterair finned-tube heat exchanger with a nominal heat transfer capacity of 60 kW. The air that
passes through the water-air exchanger is sucked by a centrifugal fan (10 HP motor). A
horizontal atmospheric thermal tank with a nominal capacity of 6000 liters is used for hot
water storage and a ¾ HP water pump (559.275W) with a nominal capacity of up to 60 l/min
is used to supply hot water to a water-air heat exchanger. Both the fan and the pump are
connected to a frequency converter that allows them to regulate their flow.
The water heating system has a differential temperature control that activates the primary
and secondary circuit pumps when the difference between the temperature of the working
fluid at the outlet of the collector field and the temperature of the water in the lower part of
the thermotank exceeds 8 °C. When the temperature difference falls below 4 °C the pumps
switched off. In addition, the control is programmed to stop the pumps when the thermotank
reaches a temperature of 90°C.
The primary circuit has eight temperature sensors, two pressure transducers to measure the
pressure drop in the plate heat exchanger and two flowmeters: one to measure the overall
flow to the collector field and another to measure only a row flow of collectors (north row).
The secondary circuit has two temperature sensors in the plate heat exchanger and a flow
meter. A pyranometer was installed in the solar collectors to measure the solar irradiance on
the collector plane. The distribution of the sensors allows determining the overall efficiency
of the collector field, as well as the efficiency of the heat exchange between both circuits. In
the water-air heat exchanger four temperature sensors and two waterside pressure sensors
were installed. The thermal storage tank has a temperature sensor; additionally it has a
bimetallic thermometer dial in the middle part. There is a weather station composed of: a
pyranometer to measure horizontal solar irradiance, an anemometer to measure the
horizontal component of wind speed and its direction, a rain gauge to measure the Rainfall
and a sensor for the measurement of relative humidity and ambient temperature. Figure 2
and Figure 3 shows the distribution of some of the sensors and Table 2 shows the
characteristics of the sensors installed.
Table. 2. Instruments used to measure the variables of the solar drying system

Variable
Air velocity
Liquid volumetric flow
meter
Temperature
Irradiance
Temperature
relative humidity
Wind speed
Rainfall

and

Instrument / sensor
Hot wire anemometer:
TSI model 8345
Impeller
flowmeters:
Seametrics, model SPT100 and SPX-100.
RTD, class PT-1000
Pyranometer: Kipp &
Zonen, model CMP3
Ibérica, model PCE-P18
Cup anemometer: Davis,
model 6410
Pluviometer:
Davis,
model 7852

Range

Accuracy

0 m/s to 30 m/s

±3%

2 l/min to 150 l/min

± 1 % FSO

-50 °C to 750 °C
0 W/m2 to 2 000
W/m2
-20 °C to 60 °C
and 0 % to 100%

± 0.5 °C

±2%
± 0.5 % and ± 2 %

0.5 m/s to 89 m/s

± 1 m/s

0 mm/m2 to 999.8
mm/m2

±4%

±2%

Full Scale Output (FSO) is the resulting output signal or displayed reading produced when the maximum measurement for a given device is applied.
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2.3 Thermal evaluation of the indirect air heating system
The present work reports the results of the operation of the indirect air heating system in
storage mode by means of two forms of energy extraction from the hot water tank (test 1
and test 2). Water heating and energy storage was carried out in two days in order to achieve
maximum stored energy capacity (water≈90 °C). For both tests, the volume of water
contained in the tank was 6150 l. The evaluation of the system can be carried out in two
parts: solar water heating system and extraction of the energy stored in the thermo tank
2.3.1 Solar water heating system
The operation of the test 1 system was carried out on September 25 and 26. During the first
day of operation, the pumps of the water heating system started at 7:24 h intermittently until
7:53 h; from that time, they were kept on permanently until 15:26 h. The first day of
operation, the tank reached a temperature of 71.9 °C. On the second day of operation, the
pumps initially started at 8:25 h and operate intermittently according to the differential
temperature control parameters and the incident solar irradiance. At 14:04 h the tank
temperature reached 89.6 °C and the pumps automatically switched off; however, later the
pumps switched on intermittently until they finally went off at 15:43 h. During the operation
of the pumps, the pressure of the primary circuit reached up to 4 kg/cm2. Figure 4 shows the
temperature profile: at the inlet (TW-1), at the serial connection of the north row (TW-2)
and at the outlet (TW-6) section of the field of flat plate solar collectors. The progression of
the temperature in the hot water tank (TW-11) and the solar irradiance on the solar collectors
plane (I) for the two days of operation of the system are also included.
The temperature of the tank increases 42.9 °C in the first day. During the waiting period for
starting the pumps in the next day (mainly at night), the tank has a thermal loss of 2.49 °C.
The temperature increase on the second day of operation is 20.19 °C reaching 89.6 °C.
Figure 4 shows how the speed of the increase in water temperature in the tank is significantly
lower on the second day, this is mainly because higher temperatures produce greater heat
losses and, therefore, the efficiency of the solar collector decreases and the increase in
temperature in the tank is slower.

Fig. 4. Temperature profiles in the field of flat plate solar collectors, temperature of water in the tank and solar irradiance on
the collector plane for September 25-26.
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The useful heat gain supplied by solar collectors was determined via the following
expression:
𝑸̇𝒖 = 𝒎̇ 𝑪𝒑𝒎 𝒇 (𝑻𝒇,𝒐𝒖𝒕 − 𝑻𝒇,𝒊𝒏 )

(1)

where 𝐶𝑝𝑚 𝑓 is the mean heat capacity at constant pressure of the fluid, 𝑇𝑓,𝑖𝑛 and 𝑇𝑓,𝑜𝑢𝑡 are
the inlet and outlet temperature, respectively.
The instantaneous thermal efficiency of the field of solar collectors is defined as the ratio
between the useful heat gain and the incident solar power, and was calculated via the
following equation.
𝜼=

𝒎̇ 𝑪𝒑𝒎𝒇 (𝑻𝒇,𝒐𝒖𝒕 − 𝑻𝒇,𝒊𝒏 )
𝑰 𝑨𝑪

(2)

where 𝐴𝐶 is the aperture area of solar collectors [m2] and 𝐼 is the solar irradiance on the
collector plane [W/m2].
Figure 5 shows the instantaneous efficiencies of the north row and global of the field of solar
collectors for water heating respectively; as well as the energy accumulated in the thermal
storage tank during the two days of operation. Instantaneous efficiency was determined by
eq. () using the individual mass flow rates registered. The area used for the efficiency of
the north row was 23.11 m2, while for the global was 92.44 m2. The average heat capacity
of water was considered constant as 4185 J/kg K. The instantaneous efficiencies of the north
row are relatively lower than the global one; this is because the water mass flow rate is lower
through the north row compared to the other rows of the collector field. The efficiencies
gradually decrease during the water heating because the heat losses increase with the
increase of the water temperature in the storage tank. During the first day of operation, the
water heating system stores 1043.39 MJ of thermal energy, 65.7 MJ is lost during the waiting
period for starting the pumps the next day. The second day stores 525.76 MJ to give a total
of 1503.5 MJ during the two days of operation. Therefore, the water heating system during
the second day contributed only 35% of the total energy stored in the storage tank.

Fig. 5. Instantaneous efficiencies and accumulated energy in thermal storage tank (September 25-26).
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Table 3 shows the results of solar water heating and energy storage tank of the two tests
performed when operating the indirect system in storage mode. The system storage power
was similar in both tests: 33.04 kW (test 1) and 33.4 kW (test 2).
Table. 3. Parameters of the water heating system

Parameters

Test 1

Test 2

23-may

24-may

25-sep

8.52

5.7

7.68

26-sep

5.37
Effective operating time (h)
Average primary circuit water flow
99.96 ± 1.71 99.92 ± 1.33 112.4 ± 1.81 115.46 ± 1.78
(kg/min)
Average secondary circuit water flow
64.95 ± 0.84 57 ± 2.03 73.87 ± 0.62 67.76 ± 6.06
(kg/min)
Total incident energy useful in the plane
2196.86
1652.71
2228.21
1830.00
of the collector (MJ)
Total useful heat (MJ)
1231.02
787.97
1175.70
878.59
Thermal efficiency of the collector field
56.04%
47.68%
52.76%
48.01%
(%)
Water temperature stored at the
27.76
68.48
31.39
69.38
beginning of the day (° C)
Water temperature stored at the end of
70.48
91.43
71.94
89.76
the day (° C)
Energy stored in the hot water tank (MJ)
1098.69
592.24
1043.40
525.77
Energy lost at night (MJ)
51.49
--65.70
--Global efficiency of the water heating
50.01%
35.83%
46.83%
28.73%
system (%)

2.3.2 Extraction of the energy stored in the storage tank
Two ways of extracting the energy stored in the termotank were tested. For test 1, the water
flow through the heat exchanger was varied stepwise from 18 kg/min to 45 kg/min during
the first 40 minutes of operation, and then the water flow remained constant around 55.3
kg/min (maximum pump flow). The energy extraction stopped when the air temperature at
the outlet of the exchanger was ≈ 45 °C. For test 2, the flow rate of the water flow through
the finned tube exchanger was regulated so that the temperature of the air at the outlet of the
heat exchanger was maintained around 55 °C, but not less than 50 °C. For both tests, the
volumetric air flow through the exchanger was 6367.8 m3/ h.
In a heat exchange of two fluids, the fluid of higher temperature (subscript h) gives part of
its heat to the fluid with lower temperature (subscript c) and another part is lost to the
environment. The thermal efficiency of a heat exchanger is determined by the following
expression:
𝜂𝑒𝑥𝑐ℎ𝑎𝑛𝑔𝑒𝑟 =

𝑚̇𝑐 𝐶𝑝𝑚𝑓𝑐 (𝑇𝑓𝑐,𝑜𝑢𝑡 − 𝑇𝑓𝑐,𝑖𝑛 )
𝑄𝑐̇
=
𝑄ℎ̇
𝑚̇ℎ 𝐶𝑝𝑚𝑓ℎ (𝑇𝑓ℎ,𝑜𝑢𝑡 − 𝑇𝑓ℎ,𝑖𝑛 )

(3)

Figure 6 shows the thermal efficiencies of the water-air heat exchanger (ƞ), the temperature
profile of the air at the outlet of the exchanger (TA-35), the increase in air temperature
(ΔT_A) and the profile of water temperature inside of the thermotank (TW-11). The
variation of the water flow through the exchanger (FW-4) is also presented during the two
drying tests. An abrupt decrease in the temperature inside the tank can be observed when
the flow of hot water extraction is greater than 30 kg/min. This is due to a greater mixing of
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the water that breaks with the stratification of the temperature inside the thermotank. It can
be seen that during test 2 the stepwise increase in the flow of water through the heat
exchanger allowed to maintain the temperature of the air at the outlet around 55 °C.

Fig. 6. Thermal efficiencies and air temperature in the heat exchanger; as well as the temperature in the thermotank.

Table 4 shows the operating parameters of the indirect air heating system by extracting the
energy stored in the hot water thermotank. In test 2, the indirect system operated 1.82 hours
less than in test 1 and with a stepped extraction flow. Therefore, in test 1, more energy was
extracted from the thermotank and, therefore, there is a lower temperature inside the
thermotank at the end of the operation. The greatest use of energy wss made at the expense
of the decrease in temperature at the tunnel entrance at the end of the operation. The water
temperature in the hot water thermotank drops, providing a total of 1006.44 MJ (test 1) and
726.78 MJ (test 2) of thermal energy for indirect air heating, this is equivalent to 61% and
48% of the energy stored during the two days of operation of the water heating system,
respectively. The thermal efficiency in the water-air heat exchanger was higher when it
regulated the flow of water through the exchanger because temperatures were maintained
lower than those obtained by the maximum water flow. The unused stored energy allows the
indirect air heating system to operate continuously in a hybrid way with the conventional
system preheating the air. Alternatively, it allows to decrease the heating time of the water
stored in the subsequent days of drying, being a good solar day enough to be able to reach
the desired temperatures for the drying process.
Table. 4. Parameters of operation of the air heating system

Parameters
Effective operating time (h)
Initial temperature of the hot water thermotank (°C)
Final temperature of the hot water thermotank (°C)
Total energy received by the air in the heat exchanger
(MJ)
Thermal efficiency of the water-air heat exchanger (%)
Average temperature at the tunnel entrance (°C)

Test 1
24-May

Test 2
26-Sep

5.35
90.97
51.94

3.53
89.20
61.02

794.25

571.39

83.44
56.74

88.07
53.72
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3. Concluding remarks
The results of the thermal analysis have shown the technical feasibility of the use of solar
thermal technologies for indirect air heating for drying products at an industrial plant. Some
highlights of the work are:


The system of indirect air heating provides operating in storage mode allows
uniform temperatures at the entrance of the drying chamber, as well as having
thermal energy during the night and periods with adverse weather conditions
(very cloudy and rainy days). It also allows the system to be operated in a hybrid
way with gas backup or with direct air heating systems.



Indirect air heating systems are able to deliver the temperatures required in the
food drying process, that are, temperatures between 50 °C and 70°C.



Different kind of food products can be dried on the thermosolar plant designed,
resulting in substantial fuel savings and environmental benefits.



The development of robust solar drying technologies that adapt to the needs of
the agroindustrial sector and other industrial sectors is relevant. Given
environmental concerns and finite fossil fuel resources, it is necessary to further
reduce energy consumption in the food sector and decouple food prices from
unstable and increasing fossil fuel prices.

The development and implementation of solar drying systems technology, initially at
demonstration scale, in the Mexican industrial sector could allow a technical and economic
maturation of the technology, and the benefits could be presented in the short term.
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Abstract: Solar energy is the most clean and free energy source, solar seasonal heat storage technology can
make the full use of total yearly solar radiation for building space heating demanding. First this article doing a
real system that using BTES theory to confirm the design. After running 5 months, the temperature rise of the
core area is almost 30℃ from both software simulation and real system. All the test data shows that solar
seasonal BTES systems are possible and have a bright future.

Key words: BTES（borehole thermal energy storage）, solar energy, seasonal storage, space heating
1.Introduction
Building space heating demanding is one of the largest energy consumption in the world. In northern part
of China, space heating is mainly powered by fossil fuels, especially the coals. These caused series environment
pollution and poison fog or PM2.5 during winter season. So we must turn to clean energy space heating
technology. Solar thermal energy is free, easy to collect, large amount and so many benefit, it’s the most ideal
choice. But solar thermal energy also has shortages such as bad influence by weather condition, the uncertainty
of solar radiation, the unbalance during summer and winter. Usually space heating demanding gets its highest
point during winter season, while the daily/monthly average solar radiation gets its lowest point; when summer
time, the space heating demanding and the average solar radiation take a reverse, shown as Figure 1

Figure.1:Average solar radiation compare with space heating demanding in a year

Using seasonal thermal storage technology can store the abundant solar energy in spring, summer and
autumn, and withdraw the energy when needed in winter. The common storage medium is water. Since the space
heating energy consumption is huge, when designing a solar powered space heating system, we need to use
either large scale collector area or large scale storage volume. Thus we need a large plant to arrange the
collectors or storage systems. Especially with the solar thermal space heating systems, if using water as storage
medium, it is space costly and hard to design or build the system, etc. Using borehole thermal energy storage
(BTES) system combine with solar energy is possible, it can solve problems such as unbalance between solar
radiation and space heating demanding, large areas for arranging collectors and water storage systems.
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The Vartiosaari area in Finland had applied BTES with solar energy to fulfill the space heating demanding,
research shown that the solar energy can cover 60% of total space heating demanding and decreased CO2
emission by 50%, SO2 emission and dust by 70%. Another successful example is the Okotoks Town in Calgary,
Canada, it also used BTES combine with solar energy to power the district heating systems, according to the
running data, now it gets 100% solar fraction.

2 .Introduction for solar BTES system
Solar BTES system conclude: the collector array, energy center, borehole storage system, pipe systems and
space heating endings. The energy center has buffer tank, control systems and pumps, shown as figure 2.

Figure.2 The schematic view of solar BTES system

During warm seasons, the solar energy gathered by collector arrays pass through the energy center and
charge the BTES system, during winter season when there are space heating demanding from buildings, the
energy center withdraw energy from collector arrays or discharging BTES systems. Besides, the energy can
supply DHW hot water for buildings.

3 .Design analyze
The system designing parameters and system capabilities are based on software simulation, take a single
house demo project located in Fangshan District, Beijing, China as example, the space heating demanding is
shown in table 1.
Table.1: Space heating demanding of a single house in Beijing demo project

Parameter

Detail value

Unit

Space heating area

130

m2

Space heating load

50

W m-2

Design room temperature

18

K

Space heating days

120

Day

Based on space heating demanding, local geography condition, local weather condition, etc, the designed
system schematic of solar BTES system is shown as Figure 3.
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Figure .3: Schematic view of the solar BTES space heating system

The system can be putted into several parts: solar collector system, BTES system, space heating ending
systems and control/monitoring system. This system can test the thermal charging characteristic for the soil
storage bed in non-heating seasons. In heating seasons, when the solar energy is sufficient, the system using
energy from solar collectors and buffer tank to fulfill the need; when the instant solar energy is not enough , the
system use another group of

pumps and valves to discharge the BTES system in reverse direction. The

controlling/monitoring system can manage the system automatically and collect, storage the system data like
daily average solar radiation, soil temperature at different points, heat in different parts of the system.

4 .Testing and experiment
4.1.System construction
Based on the schematic from Figure 3 and parameters from Table 1, we had finished and tested the system
Final system design parameter is shown in Table 2
Table.2: System parameter

Parameter

Detail value

Unit

Solar collector area

70

m2

Collector angle

30

º

Buffer tank volume

1

m3

BTES storage volume

381.51

m3

Total BTES pipe length

357

m

The actual boreholes location is shown in Figure 4(Top View)
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Figure.4: Distribution of the boreholes

Seen from Figure 4, Number 1~10 is the boreholes contain single U pipe, the U pipe length is 15 meters.
The ten boreholes can be putted into two radius: inner radius has a diameter of 2 meters and outer radius has a
diameter of 2 meters. Each radius has 5 boreholes that can exchange energy with surround soil. Number a~f are
sensor holes, each has a distance of 0.5m with the last one. The vertical distribution of temperature sensors is
shown in Figure 5.

Figure.5: Vertical distribution of temperature sensors

We putted temperature sensors at -3m,-7m,-11m,-15m points inside sensor holes, combined with the
horizontal sensors a~f, we could get a temperature distributing field. That’s really help to analyze the
temperature change.

4.2.Data Analyze
The initial temperature field is shown in Figure 6, the date is March 10th,2017.
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Figure.6: Initial temperature distribution of the BTES

The initial temperature is below 14 ℃.
After running 3 months, on June 1th,2017,the temperature distribution is shown in Figure 7.

Figure.7: Temperature distribution of the BTES after 3 months

After running 3 months, the core temperature of BTES reaches over 40 ℃.

5 .Conclusion
This article is based on a real demo BTES project, after 3 months the core temperature of BTES reaches to
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over 40 ℃. It shows that using soil as storage medium is possible. Although the solar fraction can increase
gradually in the starting years, the solar fraction is still at low level and the system needs backup energy some
time. Still a lot improvements like heat loss control, system optimize ,increase the efficiency must be done and
checked. Finally, to make the solar BTES systems for commercial usage, the system costs need to be reduced
and the system efficiency need to be improved.
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Abstract
Heat pumps are a widely spread kind of thermal system used to provide heating. This kind of system has to
be adapted to the new requirements related to environmental impacts of its working fluids. Several countries
already restricted the use of non-environmental friendly fluids and established deadlines for the end of their
use. Carbon dioxide is a suitable option since it is a natural substance, with very low greenhouse impact and
null ozone depletion potential. Considering this scenario, a steady state simulation model was developed and
a parametrical analysis is presented for a solar-assisted heat pump with carbon dioxide as working fluid on a
transcritical compression cycle. In the high pressure side a gas cooler working as a counterflow heat
exchanger provides hot water for residential use. In the low pressure side, a flat-plate solar collector
improves heat input for the system enabling a more compact design. Simulation results are presented as a
function of some working parameters that demonstrate the feasibility of the system for the intended
application.
Keywords: solar assisted heat pumps, carbon dioxide, water heating.

1. Introduction
Electricity consumption for water heating in Brazil corresponds to approximately 20% of the demand of the
residential sector. The electric shower is the main equipment used for this purpose (about 73% of the
brazilian households). Due to population habits, the use of the electric shower increases the consumption at
peak hours, which in turn demands costly measures by the electric sector (EPE, 2012). More economical and
efficient alternatives are important in this context. Heat pumps are widely used for water heating worldwide
(Buker and Riffat, 2016) and is an efficient solution (Sun et al., 2015), providing not only a much more
efficient conversion of electric into thermal energy but also having the advantage of allowing thermal
storage, shifting the peak of electric energy consumption. Due to Brazil’s socioeconomical conditions, it is
desirable that such systems be compact and of relatively low cost.
One of the strategies to improve the performance of heat pumps for water heating (HPWH) is to increase the
heat supply on the cold side (heat sink). This can be achieved by the use of a solar-assisted heat pump (SAHPWH) (Buker and Riffat, 2016), where a significant extra heat supply to the evaporator by solar irradiation
enables a more compact and efficient system design.
The growing concern about the environmental impacts caused by human activity has led to a re-evaluation of
materials and processes. In refrigeration the use of several fluids has been restricted since the discovery of
the destructive effect of chlorofluorocarbons (CFCs) on the ozone layer in the 1970s, and the relationship
between global warming and the increase of concentration levels of greenhouse gases in the atmosphere in
the 1990s. International agreements and legislation now require replacing these refrigerants with others with
low or null ozone depletion potential, less impact on the greenhouse effect and shorter atmospheric lifetimes
(European Comission, 2007; Calm, 2008).
Carbon dioxide (CO2) is one of the proposed working fluids for the new generation of heat pumps. It is a
natural fluid with null ozone depletion potential and low greenhouse effect compared to other substances,
non-flammable and non-toxic, presents good thermal properties, compatibility with common (mineral)
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lubricants, has low cost and do not need to be recycled (Lorentzen, 1995). All these advantages make it a
good choice among the several existing refrigerant options, providing a totally safe, economical and costeffective natural solution for heat pumps.
Indeed, CO2 has been applied to heat pumps (Chen et al., 2016, Passos et al., 2017). Because of its low
critical point, CO2 application in HPWH cycles causes the fluid to operate under transcritical conditions, but
the heat exchange with water can compensate for the reduction of efficiency resulting from the transcritical
states when compared to a condensing refrigerant. CO2 residential HPWH have been commercialized in
Japan since 2001 (Zhang et al., 2015).
The present work aimed to evaluate through simulation the operation of a small SA-HPWH using CO2 as the
working fluid. Aiming at simplicity, an evaporator directly coupled to a flat-plate solar collector is proposed.
This evaporator design is not common in CO2 systems, making it an original feature.

2. Literature review
Studies involving the use of the heat pump for water heating have increased in the last decades. Hawlader et
al. (2001) presented an analytical and experimental study on a SA-HPWH where an unglazed, flat plate solar
collector acted as an evaporator for the refrigerant R-134a. Condenser was placed inside the hot water
storage tank, heating a fixed mass of water. It was found that to ensure improved performance when the solar
irradiance varies, a variable-speed compressor should be employed to allow a proper matching with the
highly varying evaporator load and the thermostatic valve (TEV). Thermal performance of the system was
affected significantly by speed of the compressor, solar irradiation, collector area and storage volume.
Sun et al. (2015) presented an experimental and numerical study on the comparison between a solar-assisted
and a conventional air-source HPWH systems. The AS-HPWH employed a finned tube evaporator and TEV,
while the SA-HPWH employed an unglazed, uninsulated roll-bond type evaporator, an electronic expansion
valve and a smaller compressor. The use of a unglazed solar collector allowed to absorb heat from both solar
radiation and ambient air, enabling the solar-assisted system to operate in all weather conditions all day. Both
systems had the condenser placed inside the hot water tank. Results showed that the SA-HPWH showed
better performance under clear day conditions (i.e., high radiative load), mostly because evaporating
temperature of the system was increased. Also, SA-HPWH was capable of working adequately for low
radiative load and even at overcast night condition, due to the convective heat transfer. The performance was
significantly impaired only for clear night condition, due to the radiative heat loss.
Nawaz et al. (2018) presented a model to predict the performance of a HPWH that uses CO 2 as the
refrigerant that was based on experimental data. The model was used to run a parametric analysis, and for a
comparison with a R-134a HPWH. It was found that CO2 HPWH performance was comparable to that of an
R-134a HPWH when a gas cooler configuration was employed. This configuration resulted in much higher
system performance for both refrigerants, even if it required additional infrastructure (water pump and flow
control). The gas cooler was relatively larger for CO2 than for R-134a, due to the single-phase vs. two-phase
heat transfer, respectively. In such a configuration, the system was highly sensitive to the water circulation
rate, and it was found that a system with a variable-speed pump had superior performance compared with a
fixed-speed pump. The set point for water supply temperature also had a significant impact on the system
performance, with a higher supply water set point degrading efficiency.
Paulino et al. (2019) presented a dynamic and distributed model of an evaporator of a direct expansion solarassisted HPWH, in order to analyze the evaporator response to sudden changes in radiation. Experimental
tests were performed and the comparison between experimental results and the model showed small
deviations. The system was comprised of a gas cooler, a constant-speed compressor, a needle valve and a
flat-plate collector evaporator. Simulations have shown that a step change in solar radiation produced
relevant effects in the superheating at the evaporator outlet, indicating that an almost immediate action of the
expansion device is necessary to correct it. Considering the small values for the time constants observed for
the superheating step response and the fact that the system could operate in a continuous transient condition
during some seasons, it was concluded that an electronic expansion valve (EEV) would be better suited to
meet the needs of rapid interventions on the mass flow rate at the evaporator inlet.
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The authors (De Noni et al., 2018) presented a parametric analysis of a HPWH operating on a transcritical
CO2 cycle, through simulation. The results showed that several features of the system must be improved to
take advantage of the thermo-physical properties of the fluid and provide a better performance. It was shown
that keeping the evaporator temperature close to the ambient temperature by adjusting the compressor speed
yielded a higher COP, as well as increasing the superheating degree. The solar irradiance and the temperature
of the water to be heated had great impact on the system performance, indicating that advanced control
features must be employed to enhance the performance of the system under to varying demand.

3. System modeling
The lay-out of the proposed system is shown in Fig. 1(a), and operating conditions of refrigerant are shown
in Fig. 1(b). Following the previous informations reported in Section 2, the system consists of a CO2 heat
pump with a flat plate solar collector evaporator and a counter flow heat exchanger – the gas cooler (GC) - to
heat the water. A secondary hydronic system equipped with a variable-speed hydraulic pump is used to pump
the water to and from an insulated tank. The use of an unglazed uninsulated flat plate solar collector as
evaporator is proposed which yields low cost and allows the solar radiative thermal load to be summed to
convective heat transfer with ambient air. The system is capable of operating at evaporating temperatures
above or below the ambient air by the action of the variable-speed compressor, and a thermostatic expansion
valve (TEV) is proposed as the expansion device. According to Fig. 1(b), at point 1 CO2 leaves the
evaporator in a superheated state. After an isentropic compression the fluid reaches transcritical condition
(point 2) and enters the gas cooler, heating the water. The refrigerant leaving the gas cooler (point 3)
undergoes an isenthalpic expansion process passing through the TEV, returning to the evaporator (point 4).

(a)

(b)

Fig. 1: (a) heat pump configuration; (b) refrigeration cycle at pressure-enthalpy diagram.

System modeling was based on a similar model working with R134a (Abreu et al., 2011) that was later
adapted to work with CO2 (De Noni et al., 2018). The model solves a set of algebraic equations that
describes the behavior of each component, based on mass and energy conservation principles under steadystate regime. Pressure drop and heat losses along piping and heat exchangers were considered negligible. All
the variables are defined in Tables 1 and 2.
The compressor is modeled based on an isentropic compression process (eq. 1, 2) corrected by the use of
compressor volumetric and isentropic efficiencies taken from experimental results of real compressors:

ẆCOMP = ṁCO2 ∗ (h2S − h1 )⁄ηg

(eq. 1)

ṁCO2 = ROT ∗ VDISP ∗ ηv ⁄v1

(eq. 2)
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where h1 and h2s are the enthalpies at point 1 and point 2, respectively. Compressor speed is not fixed, being
instead a consequence of the refrigerant mass flow demanded. The expansion process is modeled as
isenthalpic, and the expansion valve behavior is defined by setting the superheating degree at the evaporator
outlet.
The solar collector is modeled considering factors for the optical efficiency and for thermal heat transfer to
surrounding air (eq. 3, 4), both factors being obtained from manufacturers’ data. The collector efficiency
profile is considered to be valid for an evaporating temperature range above and below ambient temperature.

Q̇ EVAP = G ∗ Acol ∗ ηcol

(eq. 3)

ηcol = FR (τα) − FR UL ∗ (TEVAP − TAMB )⁄G

(eq. 4)

The gas cooler (GC) was discretized in order to achieve a more realistic approach for CO2 thermodynamic
properties in the transcritical region, particularly near the critical point. The discretization scheme is shown
in Fig. 2.

Fig. 2: Heat exchanger discretization (source: Incropera and De Witt, 1990)

The gas cooler is characterized by its global thermal conductance (UAGC), that was assigned as input data, as
well as the water inlet temperature (TWATER,in). Both the water temperature rise (TWATER = TWATER,out TWATER,in) along the gas cooler or the water mass flow rate (ṁWATER ) can be previously set. The solution is
obtained through a finite difference scheme where the total enthalpy change of the refrigerant is equally
divided and the corresponding value of UAGC is calculated from conservation laws (eq. 5). The algorithm
then iterates to find the solution for TWATER or ṁWATER , whichever is not previously set.

dQ̇ GC = ṁWATER ∗ cp,WATER ∗ dTWATER = ṁCO2 ∗ dhCO2 = d(UAGC ) ∗ (TCO2 − TWATER )

(eq. 5)

The water mass flow rate is adjusted by the variable-speed hydraulic pump of the hydronic system, as
suggested by Nawaz at al. (2018). Pump power was calculated in the usual way (Kakaç and Liu, 2002),
taking into account viscous dissipation and considering typical technical data for this kind of system.
However, quantitative results must be understood as purely indicative and not actual values. For this reason
pumping power values were not included in the system COP calculation.
The expansion device was modeled as an isenthalpic process from point 3 condition (Fig.1(b)). In order to
visualize the action of the expansion valve, the throat-area of the valve port (formed by the valve needle and
seat) was calculated from (Li et al., 2004):
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ṁCO2 = 𝐶𝑉 ∗ 𝐴𝑡ℎ𝑟𝑜𝑎𝑡 ∗ √(𝑝𝐺𝐶 − 𝑝𝐸𝑉𝐴𝑃 )⁄v3

(eq. 6)

where Athroat is the throat-area, CV is the discharge coefficient, and v3 is the specific volume of CO2 at the
valve inlet.
Liao et al. (2000) presented a study on the optimization of the high pressure of a transcritical CO2 cycle. The
authors showed that, because of the peculiar thermodynamic and thermophysical properties of the CO 2 at
transcritical conditions, there is an optimum pressure that will yield the maximum COP of the system, given
by:

phigh,optimum = −9.34 + 0.381 TEVAP + 2.778 T3 − 0.0157 TEVAP T3

(eq. 7)

This optimum pressure is used to define the high pressure of the heat pump system. This is equivalent to
defining, for each simulated condition, a certain appropriate refrigerant charge. In a real system this would
require the use of a special expansion device (Peñarrocha et al., 2014, Montagner and Melo, 2014) consisting
of two expansion valves and an accumulation tank, that would be capable of dynamically adjusting the
amount of fluid circulating through the system. A simpler and cheaper alternative would be to adjust a single
charge value to a high pressure slightly (5 to 10 bar) above the optimum pressure, which would allow proper
system operation without significant performance degradation over a wide operating range. As a means of
visualizing the optimum refrigerant charge, a simple model for charge estimation has been implemented,
based on typical values for the inner volume of the high and low pressure sides of the system and the mean
specific volume of the fluid in each side.
The computational model was developed with the Engineering Equation Solver (EES) software (Klein,
2002), employing the software own library of thermodynamic properties.

4. Results and discussion
A reference case was defined whose values are shown in Table 1. These values were chosen in a preliminary
design of the system components based on a solar irradiance of 1,000 W m-2 and a solar collector area of
2 m2. The volumetric displacement of the compressor (3.3 cm3) and the global thermal conductance of the
gas cooler (150 W K-1) were estimated and then kept fixed for all calculations. Values for other parameters
were typical operating conditions of a heat pump for water heating. Global and volumetric efficiency values
for the compressor, as well as the values for optical efficiency and thermal losses factors of the solar
collector are typical values for the operating range.
Solution of the model for the reference case yields the results presented in Tab. 2. As mentioned, compressor
speed was adjusted according to the evaporating temperature set in order to satisfy the heat transfer rate in
the solar collector, i.e., it is the variation of compressor speed that allows the proper evaporation pressure to
be maintained even if there is a large variation in solar irradiance throughout the day. It can be seen that the
results are realistic for such an application.
The behavior of the heat pump was analyzed for different control variables and operational conditions. Table
3 shows the parameters chosen and their working ranges. The temperature difference at the evaporator
(ΔTEVAP = TAMB - TEVAP) and the superheating degree at the evaporator outlet were chosen as control
variables since they are respectively related to the compressor speed and the expansion valve throttling. Solar
irradiance and water temperature in the gas cooler inlet were the operational conditions. In all cases the gas
cooler pressure was calculated to achieve the optimum system COP (eq. 7).
Figures 3 to 6 shows the results for the parametric analysis, where figures (a) shows the inlet and outlet
temperatures and pressure of CO2 at the gas cooler, (b) the mass flow rates of CO 2 and water in the gas
cooler and the (computed) compressor speed, (c) the heat transfer rates, compressor work and COP of the
heat pump, (d) the computed CO2 charge and the expansion valve throat-area, and (e) the logarithmic mean
temperature difference (LMTD, Incropera and De Witt, 1990) at the gas cooler and the pump power.
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Tab. 1: Model input parameters for the reference case.

Component

Parameter

Symbol [unit]

Value

compressor

volumetric displacement

VDISP [cm³]

3.3

isentropic efficiency

ηg[-]

0.65

volumetric efficiency

ηv[-]

0.75

overall thermal conductance

UAGC [W K-1]

150

water temperature rise

ΔTWATER [ºC]

10

inlet water temperature

TWATER,in [°C]

40

area

ACOL [m²]

2

optical efficiency factor

FR(τα) [-]

0.8

thermal losses factor

FRUL [W m-2 K-1]

10

solar global irradiance

G [W m-2]

1,000

fluid/ambient temperature
difference

ΔTEVAP [ºC]

10

superheating degree

SUP [ºC]

1

ambient temperature

TAMB [ºC]

25

gas cooler

solar collector

fluid

carbon dioxide

Tab. 2: Results for the reference case.

Parameter

Symbol [unit]

Value

Compressor speed

ROT [rpm]

3,129

Pressure at gas cooler (refrigerant side)

pGC [bar]

121.2

Evaporating pressure

pEVAP [bar]

50.9

CO2 temperature at compressor discharge

T2S [°C]

82.2

CO2 temperature at gas cooler outlet

T3 [°C]

49.1

CO2 mass flow rate

ṁCO2 [kg h-1]

72.9

Water mass flow rate

ṁWATER [kg h-1]

209.8

Heat transfer at evaporator/collector

Q̇ EVAP [W]

1,800

Heat transfer rate at gas cooler

Q̇ GC [W]

2,439

Compressor power

ẆCOMP [W]

983

Heat pump coefficient of performance

COP [-]

2.48

Fig. 3 presents the results for the variation of TEVAP. One can see from Fig. 3(c) that the maximum COP is
obtained for null difference, that is, when the evaporating temperature is equal to ambient temperature.
Indeed, when TEVAP is higher than TAMB there is heat loss from the evaporator to the air, and for the reference
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ambient temperature set (25 °C) these conditions resulted in the CO2 being next to critical condition, which
would degrade the heat transfer capacity in the evaporator, a situation not foreseen in the modeling, so it is to
be expected that the reduction in COP would be even greater.

Tab. 3: Parameters and working ranges used for the parametric analysis.

Parameter

Symbol [unit]

Range

Evaporator temperature difference

ΔTEVAP [ºC]

-5 a +10

Superheating degree

SUP [°C]

1 to 10

Solar irradiance

G [W m-2]

200 to 1,100

Water inlet temperature at the gas cooler

TWATER,in [°C]

30 to 50

(a)

(b)

(c)

(d)

(e)
Fig. 3: Results for variation of TEVAP : (a) temperatures and pressure at gas cooler; (b) mass flow rates and compressor speed;
(c) heat transfer rates, compressor power and COP; (d) expansion valve aperture and refrigerant charge; (e) LMTD and
pump power.
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When TEVAP is lower than TAMB the additional heat gain at the evaporator does not compensate for the
increase of compressor power due to the increased pressure ratio. As TEVAP increases (i.e., TEVAP decreases)
there is an increase of the heat transfer at the gas cooler, and consequently an increase of the water mass flow
rate and the pump power. Interestingly, in order to keep both T EVAP and SUP constant, CO2 mass flow rate
must be reduced (and the expansion valve throat-area is reduced accordingly) but nevertheless compressor
speed is increased (Fig. 3(b)) to overcome not only the increased pressure ratio but also the reduction of the
specific volume at the compressor inlet. Variation of the predicted optimum pressure is relatively small (Fig.
3(a)) but CO2 charge is strongly affected. The increase in the compressor discharge temperature (gas cooler
inlet temperature) yields an increasing LMTD.
Fig. 4 presents the results for the variation of the superheating degree at evaporator outlet. As SUP increases
the compressor speed reduces as a means of maintaining TEVAP constant, and consequently there is a
reduction in CO2 mass flow rate and a small decrease of the heat transfer at the gas cooler, that is
compensated by a stronger decrease of compressor power, resulting in a significant increase in the system
COP. The refrigerant charge is also greatly reduced.

(a)

(b)

(c)

(d)

(e)
Fig. 4: Results for variation of the superheating degree: (a) temperatures and pressure at gas cooler; (b) mass flow rates and
compressor speed; (c) heat transfer rates, compressor and pump power and COP; (d) expansion valve aperture and
refrigerant charge; (e) LMTD and pump power.
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Fig. 5 shows the results for the variation of the solar irradiance. As G increases the compressor speed also
increases as a means of maintaining T EVAP constant, also increasing the CO2 mass flow rate and therefore the
heat transfer at the gas cooler, but due to the even greater increase in compressor power, the COP is reduced.
Other variables behaved accordingly.

(a)

(b)

(c)

(d)

(e)
Fig. 5: Results for variation of the solar global irradiance: (a) temperatures and pressure at gas cooler; (b) mass flow rates and
compressor speed; (c) heat transfer rates, compressor and pump power and COP; (d) expansion valve aperture and
refrigerant charge; (e) LMTD and pump power.

Fig. 6 shows the results for the variation of the water temperature at the gas cooler inlet. As TWATER,in
increases pressure and temperature at the gas cooler must also increase, thus greatly affecting the compressor
power and severely impairing the COP, although the heat transfer to the water was increased. It is possible to
see that although the compressor speed increases steadily because of the raising of the pressure ratio, the
TEV needs to adjust to maintain the superheating degree constant.
Figure 6(f) shows profiles for the CO 2 specific heat along the gas cooler as a function of its temperature, for
3 different values of TWATER,in. It can be seen that, as the transcritical CO2 temperature gets closer to the
critical point (31°C) there is a strong increase of the specific heat and therefore of the heat capacity of the
fluid. Thus, it is recommended to work with the pressure at the high side as close as possible to the critical
point in order to achieve higher thermal capacitance and heat transfer efficiency.
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(a)

(b)

(c)

(d)

(e)

(f)

Fig. 6: Results for variation of TWATER,in: (a) temperatures and pressure at gas cooler; (b) mass flow rates and compressor
speed; (c) heat transfer rates, compressor and pump power and COP; (d) expansion valve aperture and refrigerant charge; (e)
LMTD and pump power; (f) profiles for the specific heat of CO2 along the gas cooler.

As a whole, it is possible to observe that the computational model is robust and presents a consistent
response to the variations of the parameters. From the results, it is possible to conclude that, for increasing
the COP of the system, it is recommended that:
 evaporating temperature should be maintained equal to the ambient temperature, in order to avoid
heat losses to the air, and at the same time maintaining the evaporating pressure as high as possible, what
is desirable for reducing compression power;
 the superheating degree at the evaporator outlet should be high, since its effect on the refrigerant
density at the compressor suction is small and, since the evaporating pressure must be controlled, higher
superheating will allow lower refrigerant mass flow rate;
 TWATER,in should be as low as possible, in order to allow the refrigerant to operate as close as possible
to the critical point at the gas cooler, thus improving its heat transfer capacity;

The proposed control strategy showed the ability to achieve an increase in the system COP with reduced
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solar irradiance, which is a welcome feature since a real system will operate much of its time under varying
solar irradiance conditions.
It must be remembered that this analysis was focused on the efficiency of the heat pump system and not in
meeting the hot water demand, that is not being considered here but will be in a future work.

5. Conclusions
In the present work, modeling and a parametric analysis of a solar assisted heat pump for water heating
system using CO2 in a transcritical cycle was carried out. The developed model achieved convergence in a
wide operational range and presented results consistent with those in the literature.
The analysis comprised four degrees of freedom or control parameters of the system: (1) restriction on the
thermostatic expansion valve (represented by the superheating degree at the evaporator outlet); (2) optimum
high pressure (equivalent to setting up the refrigerant charge of the system); (3) water mass flow rate and
temperature at the gas cooler inlet (directly related to the demand of hot water); and (4) difference between
the evaporation temperature and the ambient temperature in the solar collector (which is adjusted by the
control over the compressor speed). The increase in superheat increased the COP, while variations in the
temperature difference at the evaporator showed a point of maximum COP when evaporating temperature is
close to the ambient temperature.
The influence of the temperature of the water to be heated and solar irradiance were also analyzed, and it was
verified a great dependence of the performance of the system on the water inlet temperature in the gas cooler,
indicating that this SA-HWHP system may be more adaptable to some types of demand than others. Also,
there was a reduction of the COP with the increase of the irradiance although the amount of the heat carried
by the heat pump increases.
The behavioral trends of the system showed the feasibility of using CO2 as working fluid in heat pumps. A
better adaptation of the cycle to the peculiar properties of the fluid becomes essential for the system to be
more competitive. In addition, a demand-driven analysis and optimization processes is a path that must be
followed.
The developed model demonstrated its ability to be used as a design and analysis tool. Notwithstanding,
there is room for improvement, such as more detailed and realistic component modeling. The ability to
simulate different demand profiles will also be welcome, which may allow the development of different
control strategies better adapted to each case.
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Abstract

Hybrid solar PVT has the potential to become a major player in the renewable energy sector, but one of the major barriers is the
limited reliable information due to the lack of reliable number of monitored PVT hybrid systems with proven thermal performance
results. In order to address this issue, a statistical study was realized to analyze in-field performances of twenty-eight hybrid solar
domestic hot water installations equipped with innovative non-overglazed PV-T collectors in Western Europe (France,
Switzerland and Portugal).
The results show that PVT technology , moreover PV production, is very pertinent for domestic hot water preheating, with a
monthly average of the daily maximal temperature (Tmean) of the panels above 45°C during 5 months in the year. The results
also demonstrate the robustness of the non-overglazed PVT collector, as the highest stagnation temperature was always measured
below 74.5°C, which is very safe in terms of risk of overheating and effect on PV performance.

Keywords: Photovoltaic thermal (PVT), PVT Solar Domestic Hot Water (SDHW), European PVT database

1.

Introduction

PVT is not a new technology, as Kern and Russell published a report for the MIT already in 1978. Hybrid collectors
have been optimized over the years, and even in 2003 Zondag et al. gave a large review of possible designs for
collectors. Since the 2000s commercial collectors have been launched, some manufacturers had underestimated the
technological difficulties. In the 2010s, the commercial products have become more reliable and at the end of 2013,
the norm ISO 9806 proposed a procedure to test the hybrid collector reliability and performances. More recent
reviews of PV/T technologies has been done by Zhang et al. (2012), Wu et al. (2016) or Das et al. (2018).
As the cost of photovoltaics has dropped significantly, PVT technologies have also become more cost-competitive.
But Dupeyrat et al. noted in 2014 that very few field studies with a global system approach of PVT technology exist.
This study provides data for PVT collectors in a pre-heating domestic hot water (PVT-SDHW) configuration.
The used PVT module for the field data collection is based on the DualSun module and presented on Figure 1, for
more details see Brottier et al., 2014. PV/T module in the study is based on an WISC (wind and infrared sensitive
collector) flat-plate liquid design with dimensions of 1677×990×40mm3, it has 60 monocrystalline cells and a
nominal power of 250Wp (power loss -0.44%/°C). The thermal characteristics (η0=57.8%; bU =0.028 s/m; b1=12.08
W/K/m²; b2=1.842 W.s/K/m3) were determined by tests conducted at the TÜV Rheinland laboratory following the
Solar Keymark certification rules (ISO 9806 : 2013).
We will first present the twenty-eight installations with PVT modules for domestic hot water system, from where the
data were collected. Then the study will continue with the statistical analysis of the field temperatures.
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Fig. 1: Picture of the DualSun PVT module

2.

Presentation of the 28 PVT SDHW installations

Twenty-eight installations with PVT modules across France, Portugal and Switzerland (Figure 1) were installed and
monitored. The majority of the installations are composed of 4 to 6 PVT modules (Figure 1.a). All but two
installations are mainly south facing (0-45°/South) (Figure 1.b). Half of the installations are building-integrated
(BIPVT) - with the modules replacing roof tiles, and the other installations are mainly on roof - with an air gap
between the tiles and the modules (Figure 1.c).

-a-

-b-

-c-

Fig. 1: Number of PVT (a), orientation to the South of the PVT (b), integration type (c) for the 28 PVT installations

All of the installations are PVT solar domestic hot water (SDHW) systems, and 5 of 28 installations (including the
largest installation) also combine pool heating. With a SDHW PVT system, the hybrid PVT solar panels are used as
a pre-heating solution for sanitary water, and simultaneously produce photovoltaic electricity for self-consumption
in the house or injected into the grid for a feed-in tariff. Heat from the solar panels is transferred to the hot water tank
via a heat exchanger with circulating glycol water (which flows into the modules) and the sanitary water (Figure 2)
in the tank. The system’s pump is stopped as soon as the difference between the temperature of the modules and the
bottom of the tank is only 2 ° C.
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Fig. 2: Hydraulic diagram of the PVT SDHW system

An electrical (electrical resistance, heat pump) or thermal (gas, oil, wood ...) backup heater complements the heating.
This backup heater is installed at the top of the tank (internal) for half of the installations, or at the output after the
storage (external) for the other, so as to deliver a set temperature (Figure 3).

Fig. 3: Position of the additional heater for the 28 installations

All of the 28 installations had at least one temperature probe to measure of the bottom of the tank temperature (S2)
and one temperature probe to measure the PVT collectors field output temperature (S1). The temperature probes are
of type PT1000 (precision 0.3 °C). The solar controller processes the data of the probes and activates accordingly
other equipments like the pump. This controller, usually a BXPlus, also collects the data and the datalogger (DL2)
routes them to the server of the private vbus.net platform, which stores them and makes them available on the Internet.
For the photovoltaic part, inverters that convert DC to AC (Enlighten, SMA, SolarEdge) also often collect electrical
data, their accuracy is better than 5%.
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As we can see with a data sets taken from 03 to 08 July 2017 from the Ambérieu-en-Bugey installation in Figure 4,
the produced electricity illustrates the solar availability and we can see the as expected the regularity of the periodic
electricity production (sunlight in time and intensity). When the temperature difference between the bottom of the
tank and the PVT collectors field output is sufficient, the solar pump is activate. The panel temperature increases and
heat the water as long as the pump is circulating. The solar thermal part is pre-heating the tank, the temperature at
the bottom of the tank follows the PVT collectors field output temperature as illustrated by the changes from 03 to
08 July 2017. Finally when the difference between the two temperatures is no longer sufficient, the pump stops. The
bottom of the tank then loses temperature due to thermal losses of the tank or hot water consumption.

Fig. 4: Functioning of the PVT: PV production (top) and thermal solar energy transfer to the bottom sanitary tank (bottom);
from the Ambérieu-en-Bugey installation

3.

Temperature statistics and analyze

It has been checked that the photovoltaic production shows a good statistical coherence with 1% difference to
predictions obtained by PVGis in average over the twenty-eight installations and a small standard deviation of 7%.
The discrepancy is due first the bias (shadowing, albedo...), to the difference between the real and the statistical
weather, to the cooling of the cells (effect supposed negligible in this application), and to the uncertainty of the
measurement (5%).
To analyse the thermal part, we plot the outlet temperature (S1 sensor) during July on Figure 8. Such evolution
illustrate clearly the large amplitude on the panel temperature from almost 10°C to 60°C. The different collectors
field output temperature will first considered averaged in order to avoid the previously underlined errors and
variability of the external conditions (radiation, wind and outer temperature). Several parameters have been defined
and plotted on the following figure (Figure 8):


The monthly maxima of the PVT collectors field output temperature 𝑇𝑚𝑜𝑛𝑡ℎ
𝑚𝑎𝑥 (red symbol), noted Tmax for
simplicity



The daily maxima of the PVT collectors field output temperature 𝑇𝑑𝑎𝑖𝑙𝑦
𝑚𝑎𝑥 represented with the orange points
linked with the orange full line
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The monthly average of the daily maxima of the PVT collectors field outlet temperature ̅̅̅̅̅̅̅
𝑇𝑑𝑎𝑖𝑙𝑦
𝑚𝑎𝑥 |𝑚𝑜𝑛𝑡ℎ noted
Tmean for simplicity and represented with horizontal dashed line on the figure 8.

Fig. 5 : Definition of Tmean and Tmax

The maximum temperature of the PVT collectors field measured on the twenty-eight installations is 74.2°C
(stagnation), it is under the 85°C, so this SDHW thermal system will not affect the PV robustness in the time. Another
conclusion with this maximum temperature measured in the field is that WISC PVT modules do not need high
pressure in the system. Indeed the glycol water fluid is always below its boiling point, already at atmospheric
pressure. Furthermore with low temperature and low pressure, the piping can be done with polymer material, and it
will reduce the system price comparing to copper or stainless steel pipes usually used in solar heating installations.
Thus this low temperature is good news for the PV robustness and the potential of price reducing for the system.
The maximum temperature is low enough for robustness, it will be checked now if the mean temperature is high
enough to warm the water for domestic hot water application.
As seen in Figure 4, in a normal functioning way, the bottom of the tank should be pre-heated by the thermal part of
the PVT. The pump is turned off when the temperature at the modules output is only 2°C higher than the bottom tank
temperature. So the maximum bottom tank temperature is expected to reach, at 2°C near, the maximum module
output temperature each sunny day (each time the pump is turn on because the module output is 5°C higher than the
bottom tank temperature). For that reason, the daily maxima of the PVT collectors field outlet temperature is
interesting to considered. The monthly average of these daily maxima (Tmean) gives an indication of the capability
of the collectors field to provide a given hot water temperature.
More precisely, the average over the twenty-eight installation of the monthly averages of the daily maxima of the
PVT collectors field outlet temperature is given in Figure 6. The standard deviation over these twenty-eight
installations is only 5.2°C, so we have a strong idea of the potential temperature of PVT in Western Europe.
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Fig. 6 : Definition of Tmean and Tmax

The Tmean is on average above 45°C during 5 months in the year, demonstrating that PVT technology is really
suitable for domestic hot water preheating. So with a set temperature of 45°C (and we will see this temperature is a
reference for some configurations), PVT hot water systems can imagine be autonomous and permit to stop the
additional heater up to 5 months. On the other hand, the Tmean is on average under 55°C all the year, so if the set
temperature is 55°C, it is quasi sure the system will use the additional heater, even in summer time. Most of the time,
it is not a problem, as the additional heater is precisely here to complement the heating, but for wood booster, it could
be interested to stop the boiler for summer time, in that case, it has to be checked that a temperature set at 45°C is
possible or to integrated an additional electrical booster.
Anyway, it is certainly worth to pre-heat to lower the thermal energy demand and make savings as it has been studied
in Brottier et al., 2015.
To be noticed also, the Tmean average is 5.7°C higher for the BIPVT installations than for the on-roof installations
in summer time (Figure 6), as in BIPVT systems, the collectors are much more insulated thanks to the roof insulation
just behind the modules. It was verified that there is no major difference in irradiation between these two groups
(<2% in the month of July 2015).
The average difference between the monthly average of the maximum daily temperature of the bottom of the tank
and Tmean was 6°C in summer and 3°C in winter with a very low standard deviation (<3.7°C), which is really
coherent with the +5/+2°C hysteresis in the solar pump regulation. This low deviation means that this difference is a
good indicator of the good functioning of the installations.
4.

Conclusion

Thank to 28 PVT-SDHW installations in Western Europe, a database of PVT performance has been established. The
results shows that the PVT is really suitable for domestic hot water preheating, with a monthly average of the daily
maxima of the PVT collectors field output temperature (Tmean) above 45°C during 5 months in the year. It
demonstrates also the robustness of the non-overglazed PVT as the highest stagnation temperature was measured at
74.2°C, which is really safe in terms of risk of overheating and effect on PV performance.
5.
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Abstract
Photovoltaic thermal (PVT) solar collectors can be an effective solution for system output improvement.
Photovoltaic thermal collectors naturally have a more expensive receiver than simpler photovoltaic or thermal
only collectors, therefore making concentration a more appealing solution to achieve cost reduction. However,
concentrating systems need careful analysis on the design phase in order to optimize the annual output. In
addition, for stationary (non-tracking) collectors, it is critical to determine the incidence angle modifier (IAM).
For this reason, a reflector study was carried out to determine suitable reflector designs for a stationary
concentrating PVT collector. The reflectors were simulated using a Monte Carlo raytracing software called
Tonatiuh. The two selected reflectors designs were named “pure parabola” (PP) and “compound parabolic
concentrator” (CPC). The concentration ratio of 1.2 and 1.6 were selected for each reflector designs, which
means a total of 4 collector troughs. The next step involved the construction of the two selected C-PVT collector
designs, which were built and subsequently tested by the authors. The IAM was assessed and discussed by
simulation and outdoor testing in detail.
The IAM results show similar decreases in longitudinal IAM for both the PP and the CPC CPVT collector for
the 1.2 concentration factor. For the transversal IAM with 1.2 of concentration factor, the CPC over performs.
For the 1.6 concentration prototype collectors, the results are fairly similar. Lastly, the annual output was also
simulated and presented.
Keywords: CPVT, CPC, PP, Bifacial Receiver, IAM, Collector Testing, Ray Tracing
Technical Term

Symbol/Abbreviation

Unit

PVT
CPVT
PP
CPC
CAD
IAM
IAML
IAMT

Adimensional
Adimensional
Adimensional
Adimensional

Photovoltaic Thermal
Concentrating Photovoltaic Thermal
Pure Parabola
Compound Parabolic Concentrator
Computer-Aided Design
Incidence Angle Modifier
Incidence Angle Modifier - Longitudinal
Incidence Angle Modifier - Transversal

1. Introduction
Easy access to energy has played a major role in the economic growth of the world’s nations and the uplifting
of the life standards of the world. Several factors such as increasing urbanization, technological growth and
human population have led to a massive increase in the energy demand in the world. Today, in the so-called
developed countries, the energy consumption is increasing at a rate of 1% per year while for the developing
countries, the rate is 5% per year (IRENA, 2017). Solar energy is considered one of the most important renewable
energy sources since it is inexhaustible and carbon-free. Over the past 15 years, a steep drop in the levelized cost
of electricity for Solar photovoltaics (PV) has occurred, as the average levelized cost of PV in 2017 is 0.10
USD/kWh. These costs are lower than the upper-end price of fossil fuel power plant (Al-Najiden et al. 2017).
Two main options for making PV systems even a further affordable solution stand out: 1) increase the efficiency
of PV cells 2) decrease the total investment cost of the system. The use of concentrators to focus the light on PV
cells is a possible path, as it increases the total output from each solar cells while decreases the cost per m 2 of
collector.
The aim of this study is to compare the performance of two concentrating photovoltaic thermal (CPVT)
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collectors. These CPVT collectors are using the same receiver and two different reflector geometries: compound
parabolic collector concentrator (CPC) and pure parabola (PP). Two different concentration ratios were utilized.

1.1. Pure Parabola (PP)
In concentrating systems, a trade-off between system efficiency and cost reduction must be found (Jafrancesco
et al. 2012), which always involves truncation of the reflector before reaching the maximum theoretical
concentration.
Concentrators consist mainly of two groups when considering the concentrator surface: 2D and 3D collectors.
An example of the 2D collector is the parabolic trough collector that uses a PP reflector geometry design. A
know example of a 3D concentrator is the parabolic dish. 3D concentrators have a significantly higher
concentration potential (Nilson, 2005).

1.2. Compound Parabolic Concentrators (CPC)
Another example of a 2-D concentrator is the compound parabolic concentrator. All CPC collectors are nonimaging collectors. CPC collectors are usually a combination of two identical parabola and circle. Example of
CPC collector is shown in figure 1. Point C to A and point D to B shows two tilted parabolas. F1 is a focus point
of parabola CA, and F2 is a focus point of parabola DB. AB is circular arc tangent to both parabolas on each
side. When the incident rays on the aperture plane are parallel to the axis of parabola 1, they will be reflected
and focused at point F1. It is the same for incident rays parallel to the optical axis of parabola 2, which will end
up on point F2.

Fig. 1: Geometry of a compound parabolic reflector. h stands for collector height.

1.3. Concentrating Photovoltaic-Thermal Collectors
PVT collectors generate electricity and heat from the same area. PVT collectors generally have a higher m2 cost
but also a higher annual output. The receiver is always the expensive elements of any collector. Concentrating
PVT (CPVT) collectors concentrate to reduce cost. The increased receiver cost of PVT´s, when compared to
standard PV or thermal collectors further increases the benefit of concentration. However, increasing the amount
of radiation on the solar cells corresponds to an increase in the current generated, which leads to higher resistance
losses (Sharaf and Orhan, 2015). Additionally, the stagnation temperature of the collector also raises, which can
imply that the materials must be more expensive in order to cope with the increased temperatures.

Silicon solar cells are the most common in the market today and have reduced efficiency at higher
temperature. Generally, the performance temperature coefficient is around 0.4%/K. Increased radiation from
concentration raises the temperature of solar cells, if no cooling system is in place. In PVT collectors, water (or
mixture of water and glycol) is often used to carry the excess heat generated out of PV cells. In PVT collectors,
the heat that would otherwise be reducing the efficiency of the PV cells is turned into valuable energy (Kramer

and Helmers, 2013; Good, 2016).

2. Method
The method utilized for this paper can be summarized in the following three steps, such as a) Ray tracing
simulations in Tonatiuh; b) Construction of the selected collectors design; and c) outdoor testing of the
constructed collectors.

2.1. Incidence Angle Modifier (IAM)
The main test performed on the collector was the Incidence Angle Modifier. This is a key parameter on stationary
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C-PVT collectors.
Incidence angle is the angle between the incoming solar rays and optical axis of the collector. The IAM of any
solar collector shows the variance in output performance of a collector as the angle of incoming rays changes
with respect to the normal of the collector. The IAM comprises the incidence angle dependencies of the collector’s
optical efficiency (Duffie and Beckman, 2013). It is defined as the ratio of the optical efficiency at an angle of
normal incidence to the optical efficiency at an arbitrary angle of incidence (Stine and Harrigan, 1986). It is
fundamental to quantify a stationary concentrating collector´s IAM in order to be able to predict the difference
in output of the collector. Incidence angle further can be divided on to two planes: Transversal and Longitudinal.

Fig. 2: Transversal and Longitudinal IAMs.

Collectors are measured in order to obtain their transversal and longitudinal IAM. For flat plate collectors,
transversal and longitudinal IAM profiles follow the profile, which is generally similar cosine curve. For any
concentrating collector, transversal and longitudinal IAM profiles are not the same. Longitudinal IAMs are
measured keeping collector tilt equal to 90⁰ – solar altitude angle while changing surface azimuth angle with
respect to solar azimuth angle. For measuring the transversal IAMs, you keep constant the longitudinal plane
while varying the transversal. The IAMs can be described mathematically using the below equations.
Overall collector efficiency (𝐸𝑓𝑓(𝜃𝑖 )) =

𝑃𝑜𝑤𝑒𝑟(𝜃𝑖 )[𝑊]

(eq. 1)

𝐼[𝑊⁄ 2 ] 𝑥 𝐴𝑎𝑝 [𝑚2 ]
𝑚

The optical efficiency (𝜂(𝜃)) = max (𝐸𝑓𝑓(𝜃𝑖 ))

(eq. 2)

Therefore, the transversal and longitudinal IAM at different 𝜃 is evaluated using (eq. 3).
IAM (𝜃𝑖 ) =

𝜂(𝜃)
𝜂(00 )

(eq.3)

Where I is the Irradiance, 𝐴𝑎𝑝 is the aperture area and 𝜂(00 ) is the efficiency at 0̊ incidence angle (normal to the
collector).

2.2. Ray tracing simulation
Tonatiuh is a Monte Carlo ray tracing software using C++ language that was developed by CENER. Tonatiuh is
validated by outdoor test data from different concentrated solar applications. The simulation in a system is carried
on three levels: Interaction between the concentrating system and radiation elements, concentrating system
model, and incoming solar radiation (Blanco et al. 2009).
The software allows input of computer aided drawings (CAD) files, which is useful to design complex and precise
reflector geometries. For this paper, all reflector geometries are imported as CAD file Tonatiuh. The next step is
defining the material properties of all components of the collector: glass, receiver, reflector and side gables are
defined for their reflectivity, transmissivity, and absorptivity. Tonatiuh simulations deal only with direct
radiation. Solar pillbox option is selected to have the same solar intensity at any point on sun’s disc.
The software does not take weather conditions into consideration. Irradiation from the sun is set to at 1000 W/m2.
Ten thousand solar rays are randomly created, and directed to the collector area. For the simulation of the
transversal and longitudinal incidence angle modifier (IAM) values are taken at every 5°.
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2.3. Outdoor Testing
The solar testing rig is located on the roof of the University of Gävle in Sweden, situated at latitude: N
60°40'6.77"; longitude: E 17°6'58.95".
The test rig maintains a steady flow and inlet temperature to the C-PVT collectors. The test rig is also able to
measure the solar radiation (total and diffuse), the inlet and outlet temperature in the collectors, the ambient
temperature, the properties of the IV curve. The test rig is able to measure two PVT collectors simultaneously.
Two pyranometers are placed on the same plane as the collector, global and diffuse irradiance at the collector
plane. Kipp & Zonen pyranometers are utilized CMP6 and CMP3. The IV tracer applies a load and measures
current and voltage. The resolution of the IV tracer is of 0.008 V and 0.002 A. The test rig has 4 PT1000 for the
inlet and outlet temperature and an additional one for ambient temperature. Flow is also recorded is scientific
grade equipment. A CR1000 data logger from Campbell Scientific is used to record all the data.
A stand was built to hold the collector during testing. This stand was made to be able to rotate and thus facilitate
the IAM testing. The supporting structure is made of metal, and a revolving frame made of wood. A 2D
movement of the structure supported the authors in tracking the sun altitude and azimuth.

2.4. Design of the reflector geometry
Two reflector geometries were designed for the test prototypes: CPC and PP. For both CPC and PP geometries
two different were created with C=1.2 and C= 1.6, where C is the concentration factors which can be calculated
using equation 4.
Concentration ratio (C) =

Total aperture area

(eq. 4)

Total receiver area(2 x receiver length x receiver width)

Figure 3 and 4 show how the reflections take place in parabolic and circular geometries from three different
angles. The parabola is symmetrical along the receiver plane, the “axis of symmetry” (Adsten et al. 2005).
(a)

(b)

(c)

Fig. 3: Reflection of rays at different angle from parabolic reflector

According to (b) of figure 3 if incoming rays are parallel to the optical axis of parabola, all rays focus on focus
point of the parabola. This makes the line of focused points along the receiver length and has the highest intensity
of radiation. Rays coming inside the parabolic reflector at a different angle and their reflection behaviour from
the parabolic reflector is as shown in (a) and (c). The focus of the collector slides upwards or downwards and
scatters on an optical axis with respect to the incident rays on the collector aperture.
(a)

(b)

(c)

Fig. 4: Reflection of rays at different angle from circular arc reflector
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Compound Parabolic Concentrator design in this study is composed of circle and parabola. From (b) of figure 4
when the incoming rays are parallel to the axis of the circle, all rays focus on the focus point. (b) and (c) also
evidently shows the circular part tends to focus all incoming rays on the its focal point in such a way that no
matter from which angle rays are coming from, it will be reflected on the receiver of the collector

2.4.1. Parabolic concentrator design
The figure below shows one of the ribs that give the reflector shape. These ribs are used as an integral part of
the collector box. This rib features a PP geometry with two different concentration factors. Focus length of PP
1.2 is 44.96 mm and PP 1.6 is 79.93 mm. Depth of concentrators is 218 mm.

Fig. 5: Rib design PP 1.2 (right) and PP 1.6 (left)

Tab. 1: PP design Specifications

Properties
Aperture width
Aperture length
Total aperture area
Receiver width
Receiver length
Total receiver area

PP 1.2
396 mm
2321mm
919116 𝑚𝑚2
165 mm
2321 mm
765930 𝑚𝑚2

PP 1.6
528mm
2321mm
1225488 m𝑚2
165 mm
2321 mm
765930 𝑚𝑚2

2.4.2. CPC concentrator design
Figure displays the design of the ribs with two different concentration factors for CPC reflector design. The CPC
design is composed of circular and parabolic parts. The circular arc in the middle and two parabolas is tangent
to circular arc, tilted at specific angle towards each other. F1 and F2 are focus points of parabola CA and DB.
F3 and F4 are focus points of parabola GE and HF. Circular arc of CPC 1.6 is 40° and CPC 1.2 is 60°. Acceptance
half angle of CPC 1.6 is little more than 20°, and acceptance half angle of CPC 1.2 is little more than 30° because
of the position of the focus point on the receiver and lower truncation height of parabola.

Fig. 6: Rib design CPC 1.2 (right) and CPC 1.6 (left)
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Tab. 2: CPC design Specifications

Properties
Aperture width
Aperture length
Total aperture area
Receiver width
Receiver length
Total receiver area
Circular Arc
Radius of circle

CPC 1.2
396 mm
2321mm
919116 𝑚𝑚2
165 mm
2321 mm
765930 𝑚𝑚2
600
184.92 mm

CPC 1.6
528mm
2321mm
1225488 m𝑚2
165 mm
2321 mm
765930 𝑚𝑚2
400
177.56 mm

2.5. Collector prototype construction process
The construction process involved the implementation of the main elements of collectors, which are the ribs,
reflector, glass, gables and receiver. Great care has been taken to ensure that the reflector shape is built precisely
according to design. The following figures below shows the different step of construction process:
1) Ribs: Thickness and height of all ribs used in the construction of collector are 18 mm and 250 mm

Fig. 7: Rib design CPC (right) and CPC (left)

2) Reflector: Reflector sheet used is from Alanod with a total reflectance of 92%. Reflector thickness is
0.4 mm.
3) Glass: The solar glass sits on the top of the ribs. The glass has anti-reflective treatment on the both sides
of solar glass. Glass cover is made of low iron glass with a 95% solar transmittance.

Fig. 8: Anti-reflective treated glass attached to the ribs

4) Gables: The plastic side gable has 90% transparency. Gables on both ends of the collector holds the
receiver firmly. The gables also supports the weight of the piping system on both ends of a collector.
5) Receiver: The receiver is a standard bifacial PVT that has been donated by Solarus Sunpower. The
receiver rests on the gables at both ends of the collector and on a special support in the center. Firm
support for the receiver is ensured to prevent any bending while tilting the collector. The receiver is
made of aluminum due to its ability to provide a good structural support to the collector, low cost and
excellent heat conductive ability. The receiver features eight elliptical channels, which for the heat
transfer fluid to flow. A manifold on both ends allows connecting the bushings and pipes. Each receiver
side has four cell strings. These cells strings are connected in a series and each string has a bypass diode
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for minimizing the performance reduction from shading. The edge strings have eight cells each while the
center strings have 11 cells. In total, each receiver has eight cell strings (four on each side: top and
bottom). Bottom and top cell strings are connected separately, therefore concentration differences on
individual sides do not result in power loss.

Fig. 9: Side gables of the collector

3. Results
3.1. Simulations Results
The simulation results of the IAM are shown below. For both PP and CPC reflector geometries with a
concentration 1.2:
Analyzing the results, it is possible to note that the simulated longitudinal IAM do not differ much, although
after 40°, the CPC is slightly over-performing. For the transversal IAM, the results show a significant overperformance of the CPC when compared to the PP, which starts directly at 10° and increases as incidence angle
increases.

Fig. 10: Longitudinal (bottom) and Transversal (top) IAMs simulation result at C = 1.2.
For both PP and CPC reflector geometries with a concentration 1.2:
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Fig. 11: Longitudinal (bottom) and Transversal (top) IAMs simulation result with C = 1.6.

Analyzing the results, it is possible to note that the simulated IAM longitudinal of the PP and the CPC match
almost perfectly for the 1.6 concentration factor. However, the same is not true for the transversal IAM, which
maintains a higher performance at 20° and 25° but a lower performance at 30°. For the remaining points, the
curves are rather similar.
When comparing the two PP designs and the two CPC designs between themselves, it is obvious that the lower
concentration outperforms the higher concentrations, as expected. This effect is more visible on the transversal
IAM.

3.2. Outdoor Measurement Results and Simulated Results
The following figures compare the IAM measured and tested for both the CPC and the PP
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Fig. 12: Longitudinal (bottom) and Transversal (top) IAMs simulation result with C = 1.2.

The longitudinal simulated and measured IAM curves are fairly similar, as intended. This happens for both the
PP and the CPC. However, for the transversal IAM, the differences are more substantial, potentially due to
measurement errors on the outdoor testing.

Fig. 13: Longitudinal (bottom) and Transversal (top) IAMs simulation result with C = 1.6.

For the longitudinal IAM of both the PP and the CPC with C =1.6, there is a perfect match until 25°. The PP has
a perfect match until 30°. After this point, there is a minor divergence. For the transversal IAM, although the
measurement values are slightly inferior the simulated, the shape of the curves are similar. This happens for both
PP and CPC.

3.3. Current-Voltage Curve (IV)
An IV curve was performed detailing the collector electrical performance. This curve was performed at solar
noon with the collector at best tilt (normal to the collector).
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3.3.1. PP Collector Current-Voltage Curve at Peak Power
The result for PP collector geometry under the two concentration factors are shown in tables below. It can be
observed that both IV curves have a very similar shape with only the intensity increasing for the collector with
the higher concentration factor.
Tab. 3: IV characteristics for C= 1.2

Panel 1
Panel 2

𝐼𝑠𝑐 (A)
2.67
2.75

Panel 3
Panel 4

𝐼𝑠𝑐 (A)
3.60
3.80

𝑉𝑜𝑐 (V)
23.57
23.42

𝑃𝑚𝑎𝑥 (W)
45.60
46.80

Tab. 4: IV characteristics for C= 1.6

𝑉𝑜𝑐 (V)
24.10
23.57

𝑃𝑚𝑎𝑥 (W)
62.04
62.31

Fig. 14: Current-voltage curves of PP collector.

3.3.2. CPC collector Current-Voltage Curve at Peak Power
The IV characteristics are shown in tab. 5 and 6 and comparing with tab. 3 and 4 respectively. The PP collector
has a higher peak performance than the CPC for both concentrations.
Tab. 5: IV characteristics at C= 1.2.

Panel 1
Panel 2

𝐼𝑠𝑐 (A)
2.15
2.37

Panel 3
Panel 4

𝐼𝑠𝑐 (A)
3.30
3.40

𝑉𝑜𝑐 (V)
23.80
23.30

𝑃𝑚𝑎𝑥 (W)
37.25
38.28

Tab. 6: IV characteristics at C= 1.6.
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𝑉𝑜𝑐 (V)
24.39
24.39

𝑃𝑚𝑎𝑥 (W)
58.30
60.40

D. Cabral et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 15: Current-voltage curves of CPC collector.

3.4. Simulation of the Annual Energy Received
Lastly, using Tonatiuh were are able to obtain the total energy received from the sun, assuming that all days of
the year are fully sunny, which allows a comparison point. Considering cell efficiency 19.7%, the simulated
annual electrical performance is outlined below:

Fig. 16: Simulated annual energy and power yields.

4. Conclusions
Two CPVT collectors were simulated, designed, constructed and tested. The collectors were using a PP and CPC
reflector geometry with a concentration factor of 1.2 and 1.6.
Outdoor power values (measured at solar noon and best incidence angle) are higher for PP than for CPC. For a
concentration of 1.2, PP is 18% higher and for a concentration of 1.6, PP is 4% higher. IV curves are as expected
for both concentrations, with higher concentrations displaying a higher intensity.
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As for the simulated relative measure of performance, the IAM, longitudinal curves of the PP and CPC closely
match for both concentrations. On the transversal, namely for concentration 1.2, the curves are not matching
perfectly.
The comparison between simulated and measured values is not straightforward. In the longitudinal IAM of both
the PP and the CPC with C =1.6, there is a perfect match between measured and simulated until 25°. For the PP
the perfect match extends until 30°. After this point, there is a minor divergence. For the transversal IAM,
although the measurement values are slightly inferior the simulated, the shape of the curves are similar. This
happens for both PP and CPC.
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Abstract
Uncovered, liquid-based photovoltaic-thermal (PV-T) collectors can be combined with ground-coupled heat
pump systems for different purposes: to increase the evaporator temperature, to regenerate geothermal resources
or for pre-heating domestic hot water. This paper experimentally investigates the behavior of a novel PV-T
panel with enhanced ambient heat transfer properties and primarily conceived for the operation as the sole heat
source for brine-to-water compression heat pumps. After presenting the results of the thermal efficiency
measurement of the panel, which attest its unusual parameters (c1= 23 W/m²K, c3 = 7.6 J/m³K, c6 = 0.1 s/m), we
report on the long-term performance tests carried out on large roof-mounted PV-T fields at two different
locations in Germany. The investigation focuses on the impact of real environmental and installation conditions
on the performance of the field as ambient heat exchanger, operating at fluid temperatures below ambient air
temperature. The results confirm the high overall heat transfer coefficient U of the field, up to 40 W/m²K, which
is reduced by about 20% in comparison to the U-value determined for the single panel, however. The reduction
can be attributed to a large extent to the high sensitivity of the collector design to convective heat transfer
mechanisms and to the different wind exposure during the tests. For the same reasons we report a 30% decrease
in the U-value compared to the basic configuration by using joint plates to cover the gaps of the field with the
aim of improving the reliability and aesthetics of the installation.
Keywords: photovoltaic-thermal collector, heat pump, heat exchanger, heat transfer coefficient, field test

1. Introduction
Uncovered, liquid-based photovoltaic-thermal (PV-T) collectors can be combined with brine-to-water heat
pumps as additional heat source to increase the temperature of the heat pump evaporator, to regenerate the
ground as well as to directly pre-heat domestic hot water or assist low-temperature heat distribution systems
(Kern et al., 1978; Zondag, 2008; Bertram et al., 2012; Hadorn, 2015). In recent years, a novel PV-T concept
has been developed and implemented by the German company Consolar Solare Energiesysteme GmbH. This
device is able to serve as the sole heat source for the connected heat pump, and to provide for high system
efficiencies (Leibfried, 2018; Consolar, 2018). This integration route has been intensively investigated in
previous works (i.e. O’Dell et al., 1984; Ito et al., 1999; Bridgeman and Harrison, 2008), but in most cases the
optimization of the collector design hasn’t been addressed.
The novel PV-T concept offers a promising alternative to conventional HP sources, like geothermal heat and
ambient air. Thanks to a specifically shaped heat exchanger, which is mounted on the rear side of the PV
module, the heat production from both the sun and the ambient air is optimized. The suitability and the potential
of such collector design in heat pump systems have been previously indicated by means of experimental tests on
constructively comparable PV-T prototypes and simulation studies (Helbig et al., 2018).
Related heat supply concepts are currently under investigation in two R&D projects carried out at the Institute
for Building Energetics, Thermotechnology and Energy Storage (IGTE) as well as the Institute for Solar Energy
Research Hamelin (ISFH) in Germany using large-format test fields. These projects are aiming at a detailed
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analysis of the collector behavior on system level, under controlled and representative operating conditions. The
present paper reports and discusses first results, focusing on the heat transfer coefficient of the PV-T field.

2. Preliminary tests of PV-T modules
The investigated PV-T collector is provided with a new heat exchanger featuring additional metal fins soldered
to the meander pipe in order to increase the heat transfer surface, which then results 10 times larger than that of
the PV module. The special geometry enhances the heat transfer from the ambience and significantly improves
the heat production at low irradiation. This property makes the new device particularly suitable for the use as
heat source in heat pump systems. The heat exchanger is attached to the rear side of the PV module through an
adhesive layer ensuring an effective transfer of the absorbed solar energy into the fluid.

Figure 1: Sectional view of the investigated PV-T collector: the finned heat exchanger below the PV module exhibits a surface ten
times larger than the module surface (Consolar, 2018)

The thermal efficiency of the collector was determined by means of outdoor measurements at IGTE according
to the Standard ISO 9806 (2017) as part of a Solar Keymark certification, using the quasi-dynamic test method.
The correspondent parameters in MPP operation mode (Maximum Power Point) are given in Table 1 (Solar
Keymark, 2019). Therein, η0,b represents the zero-loss efficiency for beam radiation, c1 the heat loss coefficient
at Tf,m - Ta = 0 (with Tf,m = mean fluid temperature and Ta = ambient air temperature), c3 the wind dependence of
the heat loss coefficient, c4 the sky temperature dependence of the heat loss coefficient, c5 the effective thermal
capacity and c6 the wind dependence of the zero-loss efficiency. The collector exhibits a monocrystalline 72-cell
PV module with a nominal power PMPP = 340 W, an electrical efficiency ηel = 17.5% at Standard Test
Conditions (STC) and a power temperature coefficient γ = - 0.39%/K.
Table 1: Efficiency parameters of the PV-T panel referred to MPP operation mode and gross area (1.98 m²) according to Solar
Keymark (2019)

Parameter

Value

η0,b [-]

0.468

c1 [W/(m²K)]

22.99

c3 [J/(m³K)]

7.57

c4 [-]

0.434

c5 [kJ/m²K)]

26.05

c6 [s/m]

0.067

The results attest the high heat loss coefficients of the collector compared to uncovered PV-T on the market (cf.
Broetje et al., 2018), where c1 usually ranges from 6 to 13 W/m²K and c3 from 1 to 2 J/m³K.
Due to the parallel-plate arrangement of the heat exchanger fins placed on the rear side of the module (cf. Figure
1) a strong directional dependence of the convective heat transfer must be expected, which however cannot be
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assessed by the standard efficiency measurements for solar thermal collectors.
To investigate this effect, the PV-T collector was tested at the ISFH in two different mounting configurations:
(a) with horizontally oriented meander tubes and upward-directed fin channels (as specified by the
manufacturer) as well as (b) with vertically oriented meander tubes and horizontally oriented fin channels. The
thermal performance was determined by means of indoor measurements with a solar simulator according to the
steady-state test method. The airflow produced by the wind generator streams the module parallelly or
perpendicularly to the fin alignment, as schematically illustrated in Figure 2.

(a)

(b)

Figure 2: View of the PV-T collector during efficiency measurements in the solar simulator of ISFH with horizontally (a) and
vertically (b) oriented meander pipes. Blue arrows indicate the direction of air flow by the wind generator.

The heat loss coefficients determined in these measurements are given in Table 2. The results confirm that the
wind-dependent parameters c3 and c6 in the horizontal configuration (a) are considerably higher than those in the
vertical one (b) due to different airflow conditions. The results of the standard test at IGTE (cf. Table 1), which
was performed outdoors under natural meteorological conditions and thus variable wind direction, fall within
the range of the figures measured indoors.
As the characteristics of the artificial wind in the solar simulator are not fully comparable to those of natural
wind, the indoor measurements have to be validated by outdoor tests. These first results already give an idea of
the unusual behavior of the collector and its strong sensitivity to the wind direction.
Table 2: Heat loss coefficients from the indoor measurements at ISFH with horizontal and vertical installation of the PV-T panel1,
referred to MPP operation and gross area

Parameter

Horizontal

Vertical

c1 [W/(m²K)]

21.51

19.21

c3 [J/(m³K)]

14.21

5.58

c6 [s/m]

0.10

0.05

U = c1 + c3·u, for
u = 1.3 m/s [W/m²K]

39.97

26.46

3. Field test facilities and procedure
Due to the special design of the PV-T collector, which enhances the ambient heat transfer, a strong dependence
on the specific installation conditions must be expected. To analyze and evaluate the performance in real
operation, large collector arrays have been installed on test roofs and investigated at ISFH and IGTE. Each array
consists of nine PV-T modules (3 x 3 arrangement, total gross area 17.8 m²) featuring the same design and the
1

The heat loss coefficients have been calculated from the results of the steady-state measurements according to
the following conversion formula: c1 = b1, c3 = b2 and c6 = bu·0,hem
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same PV-panels of the single modules described in Section 2. The specific goals, measurement procedure and
equipment of the tests are presented in the following.
3.1

Test field at IGTE

The IGTE is located on the premises of the University of Stuttgart (latitude: 48.75°N; altitude: 473 m s. l.) in the
south-German uplands of the state Baden-Württemberg. The PV-T field is installed on a south-facing test roof
with a slope of 47° and is operated with a cooling thermostat at a fixed predefined collector inlet temperature as
shown in Figure 3 (b). In comparison to a real solar assisted heat pump system, the collector can be operated in a
wider thermal output range, depending on the occurring weather conditions (in particular the ambient
temperature). This enables the acquisition of more general information over the measurement period about the
behavior of heat pump systems with very different dimensioning. The collector test field was initially set up in
the basic configuration in accordance with the manufacturer's specifications at a distance of approximately 12
cm from the roof (cf. Figure 3a).

(a)

(b)

Figure 3: Basic configuration of the PV-T field investigated at IGTE (a) and schematic representation of the operation mode (b).

In a second step additional metal plates have been installed between adjacent modules as well as between the
PV-T field and the roof, in order to ease the removal of snow or foliage, to prevent animal nest-building and for
aesthetical reasons (cf. Figure 4). For the evaluation, wind speed, ambient air temperature and hemispherical
solar radiation at collector level, fluid temperatures at the field inlet and at the collector outlet for each collector
row, as well as mass flow of the collector fluid are recorded.

(a)

(b)

Figure 4: Perforated plates used to cover the gap between the single collectors of the PV-T field (a) and overall view
of the PV-T field configuration with perforated and side plates (b)

During the project the investigations at IGTE focus on the impact of the following aspects on the performance
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of the PV-T field:







Wind velocity
Dimensioning ratio heat pump / collector area
Free-standing collector mounting versus roof mounting
Mounting distance to the roof cladding (with parallel roof mounting) and collector slope
Use of metal plates to cover the gaps between the single PV-T modules
Condensation, icing and snow cover

The paper documents the first results of the tests and compares them to the measurements of the single modules.
It specifically addresses the influence of the metal plates on the thermal performance of the field and analyses
the different behavior of the single collector rows.
3.2

Test field at ISFH

The ISFH is located in the community of Emmerthal in the German state Lower Saxony (latitude: 52.07°N;
altitude: 89 m s. l.), at the fringe of the north-German lowlands. The PV-T field is installed on a south-facing
test roof at a slope of 38°, next to an identical field consisting of only PV modules (cf. Figure 5a). This
arrangement ensures a direct comparison between the electrical performance of the thermally activated (PV-T)
and non-activated (PV-only) panels.
The PV-T field is hydraulically connected to a fluid circuit provided with a heat pump as shown in Figure 5 (b).
The system is integrated into a hardware-in-the-loop test environment, which can reproduce the energy demand
scenario of a single family house during the course of a year according to the reference building SFH 45 defined
by the IEA Task 44. This enables dynamical testing of the PV-T field under realistic operating conditions. The
heat and domestic hot water demands are modelled with the software TRNSYS and the related energy fluxes are
emulated by using loop-controlled thermostat units and a tap cascade. The hydraulic design of the test facility
also allows the operation at constant inlet temperature and constant mass flow, so that the PV-T field can be
evaluated on the basis of the Standard ISO 9806 according to both steady-state and quasi-dynamic methods,
which ensures the comparability with the test results at IGTE.

(a)

(b)

Figure 5: PV-T field (right-hand side) and PV field (left-hand side) installed on the ISFH test roof (a) and scheme of the thermal
operation of the PV-T field (b).

In addition to the measurement equipment implemented at IGTE, the ISFH test setup also records wind
direction, relative ambient air humidity, diffuse radiation and long-wave irradiation at collector level, as well as
module and air temperatures, relative humidity and flow velocity at different positions in the air gap between the
PV-T field and the roof. The sensors arrangement of the ISFH test facility is shown schematically in Figure 6.
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Figure 6: Schematic representation of the sensors used for data acquisition at ISFH (left: PV-field; right: PV-T field)

The investigations at ISFH during the project focus on the following research topics:





Comparison of the electrical efficiency of PV and PV-T field in different operating modes
Impact of condensation and icing on performance and reliability
Impact of wind direction on performance
Impact of air velocity in the gap between collectors and roof on performance

The paper documents the first test results and compares the performance of PV-T field and single PV-T panel,
specifically addressing the influence of the wind exposure.

4. Field test results
The measurements were carried out in the winter season 2018 - 2019 to analyze the performance of the PV-T
fields as ambient heat exchangers in dark operation, i.e. during periods without solar irradiation.
We use the overall heat transfer coefficient U between the PV-T field and the outdoor environment as
assessment criterion, which is calculated by
U = q̇ / (Ta – Tfield,m)

(eq. 1)

Ta represents the ambient temperature and Tfield,m the average fluid temperature of the PV-T field (mean value of
inlet and outlet fluid temperature Tfield,in and Tfield,out). q̇ denotes the heat flow from the outdoor environment to
the PV-T field. The radiative heat exchange between PV-T and cold sky, which can significantly contribute to
the heat flow, hasn’t been considered separately. Under steady-state conditions, the heat flow q̇ corresponds to
the thermal output of the PV-T field q̇ field according to:
q̇  q̇ field = ṁ cp (Tfield,out – Tfield,in) / Afield

(eq. 2)

with ṁ, cp and Afield representing the specific mass flow of the PV-T field, the specific heat capacity of the fluid
and the PV-T field area, respectively. All measurements of the PV-T field addressed in this paper were carried
out in open circuit (OC) mode, as the electrical performance of the PV needs not to be taken into account during
the night-time tests.
4.1

Test results at IGTE

The presented results originate from nightly measurements carried out at IGTE from December 2018 to March
2019. Figure 7 and Figure 8 show the heat transfer coefficient U characterizing the heat flow from the outdoor
environment to the PV-T field as calculated from Equations 1 and 2. Figure 7 documents the results for the basic
field configuration, which exhibits gaps between the PV-T modules and also between the field and the roof.
Figure 8 documents the results for the modified field configuration, which features perforated metal plates to
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cover the gaps between the modules and joint plates placed along the perimeter of PV-T field. Both figures also
include an interpretation of the measured data in terms of a linear model which describes the heat transfer
coefficient as a function of the specific heat flow q̇ and the wind velocity u (measured at collector level).
The data analysis clearly attests the strong influence of these two parameters on the results. As the heat flow
increases, higher temperature differences between the collector and its surroundings can be expected, which
may induce free convection in the gravity field and enhance the overall heat transfer coefficient of the device;
when this effect gets super-imposed by higher wind speeds, the influence of the heat flow on the heat transfer
coefficient decreases accordingly. The relevance of free (temperature-driven) and forced (wind) convection is
also confirmed by comparing the measurements with and without gap covers (cf. Figure 7 and Figure 8). The
metal plates represent an additional flow resistance, which significantly reduces the heat transfer coefficient and
also affects its dependence on wind velocity.

Figure 7: PV-T collector field without gap covering plates - Heat transfer coefficient U as a function of wind velocity u and
transferred heat flow q̇ (hourly mean U-values in times without irradiation and at stationary collector temperatures)

Figure 8: PV-T collector field with gap covering plates - Heat transfer coefficient U as a function of wind velocity u and
transferred heat flow q̇ (hourly mean U-values in times without irradiation and at stationary collector temperatures)

Generally, the IGTE data exhibit pronounced scattering of the heat transfer coefficient even if the evaluation is
based on hourly mean values. We assume that the main reason for this is the missing information about the wind
direction variability, which is not resolved at this location, but can strongly affect the results, as discussed in the
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following section (cf. Figure 11)2.
Figure 7 also includes the linear correlation of the heat transfer coefficient for the PV-T collector in freestanding installation according to the parameters reported in Table 1 (grey dashed line). As expected, the heat
transfer coefficient and the wind dependence for the single collector are higher than those for the roof-mounted
field (for a standard field design, the area-specific heat flow amounts to about 200 W/m²). However, the quasidynamic test method does not take heat flow dependence into account, which makes a direct comparison of the
results difficult.
Figure 9 analyses the uniformity of the heat transfer within the field for both configurations with and without
cover plates. It shows that the ratio between the transferred heat flow in the upper and lower collector rows is
greater than one for the majority of the recorded data. This means that the upper row of the field usually
contributes more to the heat transfer. The non-uniformity of the flow distribution decreases with increasing wind
velocity and heat flow. The use of additional cover plates on the other hand enhances the airflow resistance
between modules and roof, and thus the non-uniform vertical distribution, as confirmed by the comparison of
the upper and lower graphs of Figure 9. These results can be explained by the convective processes prevailing in
the collector field: the air increasingly cooling down from the top to the bottom of the collector falls
downwards; these cooling airflows result in a decreasing driving temperature difference between the collector
surface and the adjacent air layers, which explains the lower heat flows determined for the bottom collector row
(heat flow ratio > 1 in Figure 9). Wind, on the other hand, increases the air exchange and thus leads to a
homogenization of the adjacent air layer temperatures.

Figure 9: Vertical distribution of heat flow in the field, without (upper graph) or with (lower graph) metal plates. The heat flow
ratio between the upper and lower collector rows is plotted as a function of the wind speed u and the total heat flow transmitted q̇
(2-hour mean value in times without irradiation and at stationary collector temperatures)

Table 3 provides the numerical figures for coefficients c1 and c3 of the linear approximate equation as
determined from the measurements for different heat flows as well as for the overall heat transfer coefficient U
at a reference wind velocity u = 1.3 m/s. For comparison the coefficients of the single PV-T collector
measurement according to Solar Keymark at IGTE are included. The results show that the U-value of the PV-T
field in the basic configuration with open gaps is 20% to 30% lower than the U-value of the single collector. The
reduction increases with decreasing specific heat flow. The use of cover plates additionally reduces the U-value
by about 30%.
2

The strong scattering of the results at wind velocities next to 0.3 m/s doesn’t depend on the environmental
conditions or the collector characteristics, but on the measuring range of the wind sensor used for the tests.
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Table 3: Overview of the coefficients c1 and c3 of the linear approximate equation determined for different heat flows and of the
resulting overall heat transfer coefficient U for PV-T field and PV-T collector measurements

Specific
heat flow

Heat loss / transfer coefficients

Test configuration
c1

c3

U = c1 + c3 u
for u = 1.3 m/s

[W/m²]

[W/(m²K)]

[J/(m³K)]

[W/m²K]

Roof mounted field (Slope 47°)
Outdoor test at IGTE
without metal plates

75

12.5

8.0

22.9

125

16.8

6.2

24.9

175

21.1

4.5

27.0

Roof mounted field (Slope 47°)
Outdoor test at IGTE
with metal plates

75

9.0

4.9

15.4

125

11.5

4.5

17.4

175

14.0

4.0

19.2

-

23.0

7.6

32.9

Free-standing collector (Slope 45°)
Outdoor test at IGTE
(Solar Keymark, 2019)

4.2

q̇

Test results at ISFH

The ISFH data were recorded during 17 winter nights in December 2018 and January 2019. To analyze the heat
transfer from the environment, the PV-T field was operated at a constant inlet temperature of -10 °C and at a
constant mass flow of 900 kg/h (50 kg/m²h). Under the prevailing ambient conditions, the heat exchanger was
most of the time at temperatures below 0 °C so that the PV-T modules exhibited surface icing. The recorded
heat flow at a defined inlet temperature thus results not only from the ambient temperature, the sky temperature
and the wind velocity, but also from the influence of condensation and icing. The ice formation mainly affects
the upper surface of the PV-modules and the collector manifold. The fins of the heat exchanger exhibit a thin ice
layer, but during the tests the fin interspaces do not freeze up entirely, not even after prolonged exposition to
extreme temperatures. On the basis of these observations we expect the ice layer to have a stronger impact on
conductive rather than on convective heat transfer mechanisms. It should be noticed, that the manufacturer has
implemented a de-icing function in the system, which can be automatically or manually activated to deice the
modules or to remove snow from the field. This function was not in use during the measurements, however.
Deicing strategies and their impact on the system performance are subject of our ongoing investigations.
Field measurement
1 m/s
1.5 m/s
2 m/s

0.5 m/s

500

2.5 m/s

> 2.5 m/s

Single collector measurement
0 m/s
1.5 m/s
3 m/s

450

heat flow q̇ in W/m²

400
350
300
250

200
150
100
50
0
4

5

6

7

8

9

10

11
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13

14

temperature difference (Ta - Tfield,m ) in K
Figure 10: Specific heat flow as a function of the temperature difference between ambient air and collector fluid temperature as
well as of the wind velocity (5-minute mean values)
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The results of the measurements are provided in Figure 10. The data are presented in terms of the derived heat
flow (5-minute mean values) as a function of the difference between ambient temperature Ta and mean fluid
temperature of the PV-T field Tfield,m, color-coded by the wind velocity u. For comparison the characteristic lines
resulting from the heat loss coefficients c1 and c3 of the Solar Keymark test performed at IGTE on the single
module reported in Table 1 are included in the graph.
The data analysis shows that for a given wind velocity, the heat production of the PV-T field is significantly
lower than the one of the single PV-T modules. The difference depends on both environmental conditions and
type of installation. On the one hand, wind speed has a stronger influence on the heat transfer of single modules
than of larger collector arrays due to self-shielding effects. On the other hand, the ice layer represents for the
field an additional thermal resistance between the environment and the fluid (λice, 273K = 2.2 W/mK).
Figure 11 shows the relation between the heat transfer coefficient U and the wind direction, which is resolved by
the color code. The west direction is predominant, particularly at higher wind velocities (> 1.5 m/s). A more
detailed analysis shows that for only 13% of the recorded data the wind comes from directions between SSE and
SSW. This means that the collector field is most of the time streamed sideward, i.e. transversely to the
alignment of the heat exchanger fins. On the basis of the indoor measurement results reported with single
modules discussed in Section 3, the heat loss / transfer coefficients are expected to be significantly lower under
these flow conditions than for other wind directions.
50

heat transfer coefficient U in W/m²K

45
40

35

Wind direction

30
25
20
15
10
5
0
0

1
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4

5

6

wind velocity u in m/s
Figure 11: Heat transfer coefficient U of the PV-T collector field as a function of wind velocity u and wind direction
(5-minute mean values)

The comparison between the field measurement and the heat transfer coefficient function U = c1 + c3·u
calculated with the collector parameters of the Solar Keymark test (s. Table 1) and the indoor test at ISFH for
the vertical mounting configuration (s. Table 2) allows a first approximate quantification of the crucial role of
the wind direction: at a wind velocity of 1.3 m/s the linear regression of the field data lies 30% lower than the
Solar Keymark value but only 20% lower than the value for the vertical configuration. The restrictions on the
comparability of indoor and outdoor measurements as well as the simplified character of the formula used to
describe the heat transfer coefficient functions have to be taken into consideration for the evaluation. The
residual deviation is assumed to be attributed to the different influencing factors mentioned above. A more
precise differentiation and evaluation of all these factors cannot be carried out on the basis of the available data
but require additional information from the ongoing field measurements under irradiation.

5. Conclusion and outlook
The investigated PV-T collector features a novel design provided with finned pipes, which significantly increase
the area of the heat exchanger and enhance the convective heat transfer to (loss) or from (gain) the outdoor
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environment compared to state-of-the-art products. To analyze its thermal behavior as ambient heat exchanger
for the use as low temperature heat pump source under real operation, we carried out measurements on large
collector arrays at two different locations in Germany. For this purpose the measurement were performed during
the night in the winter season.
The results have so far confirmed the unusually high heat transfer coefficient of the collector as well as its high
sensitivity to the specific environmental and installation conditions. Both PV-T fields exhibit a U-value which is
approximately 20 to 30 % lower than the U-value determined for the single PV-T module according to the
standard performance test. This deviation can to a great extent be attributed to the different wind exposure
during the measurements: on the one hand the small module is stronger affected by ventilation than the large
field. On the other hand, due to the geometry of the heat exchanger fins, the PV-T collectors are particularly
sensitive not only to the wind velocity but also to the wind direction. The tests at ISFH show that this field is
predominantly flowed perpendicularly to the alignment of the heat exchanger fins, i.e under exposure conditions
which impair the convective heat transfer. The presence of ice and the correspondent additional thermal
resistance represents another influencing factor, which hasn’t been analyzed during this measuring campaign.
The optional use of metal plates to close the gaps between the single PV-T modules and between the PV-T field
and the roof significantly affects the rear ventilation of the field and the convective heat transfer mechanisms:
for the investigated configuration we report a reduction of the U-value by about 30%.
The results generally confirmed the crucial role of the real installation and operation conditions on the
performance of wind and infrared sensitive collectors (WISC), which can be neither described by the existing
collector models nor detected by the test methods prescribed in the applicable Standards. For these collectors
field investigations represent an essential complement to analyze and understand their behavior as well as to
identify and exploit their optimization potential.
The ongoing tests address the PV-T field performance under solar irradiation and aim at a more comprehensive
analysis of its behavior as well as at the definition of improved field configurations. Furthermore the impact of
real operation, ice formation and deicing strategies on the thermal and electrical yield of the PV-T field will be
assessed in the hardware-in-the-loop environment.
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Summary
Over the past few years, PVT systems that combine solar thermal technology and solar PV have gained more
attention. IEA SHC started in 2018 the Task 60 called “PVT systems” to better understand the applications of the
technology. PVT solutions can be used in several ways Task 60 is currently investigating. Heating or cooling for
residential, commercial, administrative or industrial buildings is the main application. In this paper we compare a
PVT solution for a single house to other classical solutions chosen by swiss villa owners.
We show in this analysis that the PVT solution for a one family house remains expensive while bringing a high
solar fraction and the least CO2 emissions. A better cost competitiveness could be reached if the electricity price
was higher and if the investment cost could be lower or if the CO2 emission penalty costs were much higher. The
PVT solution can lead to higher heat pump performances and a high renewable energy fraction that could be even
100% with some electrical storage not considered in this study.
1. Recent Literature review
Recent studies on PVT solutions in real cases have been conducted noticeably by IEA SHC Task 60 participants.
Zenhäusern et al. [12] have monitored 3 similar apartment buildings in Switzerland equipped each with a different
system (PV 132 m2 21.1 kW, PVT 130 m2 21.8 kW, PV 90 m2 15.1 kW+ ST 40 m2) on a 30 kW brine/water heat
pump with 5 boreholes 170 m deep. The heat demand have been somewhat different but similar (44’603, 43’410,
50’521 kWh for heating, 17’865, 10’269, 9’389 kWh for DHW). The PV production was from August 2017 to
July 2018: 17’002, 16’827, 11’521 kWh, and the heat production from the roof: 0, 16’335, 16’454 kWh). The
annual system efficiency (SHP+ defined by IEA SHC Task 44) was found to be 3.3, 3.42 and 3.85 for each of the
buildings. In terms of specific production, we find that PV in A produced 806 kWh/kW, PVT in B 772 kWh/kW
electricity and 126 kWh/ m2 of heat (total 898 kWh), PV in C 763 kWh/kW electricity and T 411 kWh/ m2 of heat
(total 1174 kWh). PVT is more productive per m2 than PV but still less than a PV&T system (glazed solar
collectors). The 3 buildings had a 80%, 81%, 82% of local renewable fraction so in the end very similar. The costs
were not reported.
Matuska et al. [13] found in simulations that a glazed PVT system provides 33% higher heat and 35% higher
electricity than a PV & ST with 50% of the surface of the roof of a multifamily building in the climate of
Stockholm, Prag, Marseille or Milan. The glazing of the collector is certainly a key success factor for increasing
total energy yield of a PVT area.
Peng Xu et al. [14] showed that a PVT field could increase the electrical return from 3.5% because of a reduced
operating temperature thanks to a heat pump coupled to the PVT field, but also points out that PVT systems without
subsidy do not compete with conventional systems in China.
Gagliano et al. [15] analyses in detail different configurations from 100% PV to 100% ST for a house in 3 climates:
Catania, Split, Freiburg. They find that a 100% PV area produces in Catania 3’219 kWh/y and a 100% ST 2’416
kWh. The best separate combination is 80% PV + 20% ST for a total of 4’385 kWh, but the 100% PVT provided
4’795 kWh. Total cost analysis shows that the minimum investment is for PV (3800 €), it is 6000 € for the 100%
ST area and 8’300 € for a PVT field. When the revenues are considered PV is largely the winner and the initial
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cost of PVT makes it difficult to compete. PVT is the best solution for maximizing the primary energy reduction
and the yield per m2.
Herrando et al. [17] analyses the economy of a PVT system without heat pump for a house (space heating and
DHW) in 3 climates Zaragoza, London and Athens. The main cost of an installation is the PVT collectors (38% at
380€ per collector). They find that the payback time can be around 12 years in Zaragoza and 23 years in London.

2. Sizing a system
Let us consider a typical new low energy house of Geneva with an annual heat demand of 4’200 kWh/a and a
domestic hot water demand of 3’400 kWh/a. This low demand and the balance between heating and DHW is very
representative of a “Minergie” house demand, a popular energy label in Switzerland.
We will compare the following solutions for our typical house:
1.

a gas boiler system, 6 kW

2.

same with some 6 m2 of solar thermal glazed collectors for DHW (mandatory in some regions of
Switzerland) with a 500 l tank

3.

a good air heat pump system connected to the grid, 6 kW ACOP 4,0 (optimistic in 2019)

4.

a ground coupled heat pump with no limitation on borehole depth or spacing, 6 kW ACOP 4,5

5.

a ground coupled heat pump with some solar thermal for DHW (very usual solution for CH), 6 kW ACOP
4,5 and 6 m2 of solar glazed collectors charging a 500 l cylinder

6.

same solution but with 12 m2 of collectors but unglazed on a 1000 l cylinder with an injection of solar
heat in the heating system

7.

A 20 m2 uncovered PVT roof (say air collectors but it could be water glycol collectors, unglazed)
providing 3 kW PV, linked to a 6 kW air heat pump and no solar direct to load or to DHW, solar only
injected at the evaporator side of the heat pump. Boosting the HP with a PVT heat exchanger could bring
a higher COP that we consider with optimism at 5.0. We do not consider a positive effect on the PV
production in a PVT collector since this is marginal as shown in literature review.

8.

A PV only air heat pump with a 3 kW peak power, identical to the PVT previous case.

9.

Same case as 8 but with a better feed in tariff (hypothetical), that could correspond to the selling of
electricity to a neighbor or a community and not to the grid operator.

Table 1 defines all parameters of each case and gathers the dimensions of each configuration. Energy yields are
then derived with typical ratios from literature and experience, not from detailed simulations: 1000 kWh/kW for
PV and PVT, 300 kWh/ m2 for WISC collectors in DHW mode, 450 for a solar DHW system with glazed FP
collectors, and 700 for a PVT collector coupled to a heat pump. This value will have to be challenged within IEA
SHC Task 60 in 2020 based on numerous examples being reported.
The heat demand of our low energy house in Geneva climate is 4’200 kWh/y and the DHW demand 3’400 kWh/y.
In cases with a heat pump, its nominal power is always 6 kW.
For example, the case Nr 7 which is our PVT system, reads: 20 m2 of PVT collectors, for a 3 kW peak PV and
with a 500 l tank.
SPF (seasonal performance factor including auxiliary energy) and renewable energy fraction are calculated for
each case in the bottom part of table 1, leading to the following statements:
the maximum renewable fraction is achieved with system 6 at 88% and 7 and 8 at 97% ! A solar DHW system
with a gas boiler as auxiliary achieves only 35% but a good air heat pump 80% ! With a PV installation or PVT,
self-consumption is assumed to be limited to 50% of the electricity demand which is rather favorable to PV, thanks
to a heat pump diurnal demand in summer for DHW and winter for both DHW and space heating.
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Table 1: heat demand, system definition and sizing
2

Minergie house 200 m in Geneva
Space heating demand
DHW demand
Total
System

kWh/a
kWh/a
kWh/a

4 200
3 400
7 600

Gas only Solar DHW
& gas boiler

Solar
Collector area
PV installed
Store volume
Productivity T
Productivity PV
Heat to HP contrib max
Heating contrib direct from solar
DHW contrib direct from solar
Total T direct from solar

m2
kW
l
kWh/m2 a
kWh/kW a
kWh/a
kWh/a
kWh/a
kWh/a

Heat pump
Air

Heat pump
Ground

Solar DHW
Solar SP+DHW PVT air
HP ground
HP ground
air HP
no integration integration
with T direct

6

6

12

500
450

500
450

1 000
300

0
2 700
2 700

0
2 700
2 700

1 200
2 400
3 600

-

air/water ground/water ground/water
6
6
6
4.0
4.5
4.5
4 200
4 200
4 200
3 400
3 400
700
7 600
7 600
4 900
3 150
3 267
3 267
2 550
2 644
544
5 700
5 911
3 811

ground/water
6
4.5
3 000
1 000
4 000
2 333
778
3 111

20
3
500
500
000
200
0
400
400

PV only
air HP

PV only
air HP
feed in tarif

3
500

3
500

1 000

1 000

0

0

air/water
6
5.0
4 200
1 000
5 200
3 360
800
4 160
OK

air/water
6
4.0
4 200
3 400
7 600

air/water
6
4.0
4 200
3 400
7 600

0

0

144
889
1 033

240
1 040
1 280

0
1 900
1 900

0
1 900
1 900

3000
1280
1720
0

3000
1280
1720
620

3000
1280
1720
620

80%
94%
86%
86%
100%
100%

0%
0%
0%
0%
67%
93%

0%
0%
0%
0%
67%
93%

1
5
2
2

Heat pump
Type
Power
COP

kW

Heating contrib
DHW contrib
Total from heat pump
Heating from source at evap
DHW from source at evap
Total from source

kWh/a
kWh/a
kWh/a
kWh/a
kWh/a
kWh/a

Auxiliary
Power
Annual efficiency
Heating contrib
DHW contrib
Total auxiliary

kW
%
kWh/a
kWh/a
kWh/a

Electricity demand
Electricity for solar T
Electricity for heat pump
Total electricity

kWh/a
kWh/a kWh/a

PV electricity produced
PV electricity self consumed
PV electricity to grid
Electricity from grid

kWh/a
kWh/a
kWh/a
kWh/a

Renewable energy performance
SPF heating
SPF DHW
SPF heat overall
Solar heat overall
PV contribution to elec demand
Renewable fraction

%
%
%
%
%
%

0
0
0
0
0
0

6
80%
4 200
3 400
7 600

6
80%
4 200
700
4 900

0

72
-

0

72

0
1 900
1 900

0
1 689
1 689

72
1 089
1 161

0

72

1 900

1 689

1 161

1 033

0%
0%
0%
0%

0%
79%
36%
36%

75%
75%
75%
0%

78%
78%
78%
0%

78%
95%
86%
36%

84%
93%
88%
47%

0%

35%

80%

82%

87%

88%

Economic analysis
Assumptions for each investment cost have been made based on experience.
The following costs (material and installation ready to go) have been considered:
•

Solar DHW circuit and tank, 6 m2 of glazed flat plate collectors: 1’200 €/m2 of collector

•

Solar DHW solution 6 m2 when with a HP: 800 €/ m2 (installation at marginal cost and shared tank)

•

Solar PVT circuit: 800 €/m2. This value has a strong influence on the cost of energy from the PVT field.
We considered an average value from several PVT systems we have seen. WISC (unglazed) PVT
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collectors costs are around 350 €/m2 but the material (pipes, pump, inverter, cables) and the installation
make the remaining.
•

PV modules completely installed are considered at 2 €/W a usual 2019 cost in Switzerland.

•

A gas boiler ready to go is considered at 1 €/W, an air heat pump at 3 €/W, a ground coupled heat pump
at 4 €/W. Those are observed (lower) costs of such systems in Switzerland.

Over 20 years a constant annuity is taken at 6.4% thus with an average interest rate of 2 %.
Gas cost is taken at: 6 € cts/kWh which is low for over the future 20 years. An average cost of electricity of 20 €
cts/kWh (night/day, typical swiss tariff in 2019) is taken and the feed in tariff is assumed to be 7 € cts /kWh for
case 7 and 8 (this is the 2019 tariff in Switzerland, here taken over the 20 years to come, which might be optimistic
if we refer to the past changes observed over time in several countries) and as a parametric study in an optimistic
case as 15 € cts/kWh for case 9 (which is case 8 but with this more favourable tariff).
Maintenance and insurance costs are considered around 300 €/year depending on the case.

3. Results
Table 2: cost of heat calculated for all cases

System

Gas only Solar DHW
& gas boiler

Heat pump
Air

Heat pump
Ground

Solar DHW
Solar SP+DHW PVT
PV only
HP ground
HP ground
air HP
air HP
no integration integration
no solar T direct

PV only
air HP
feed in tarif

Cost
Solar collectors
Auxiliary
Heat pump
Total initial cost
Annuity
Financial cost
Fuel
Fuel cost
Cost of fuel
Average price of elect. to grid
Average cost of elect. From grid
Electricity cost

€
€
€
€
%/a
€/a
kWh/a
€ cts/kWh
€/a
€ cts/kWh
€ cts/kWh
€/a

6 000

7 200
6 000

4 800

9 600

16 000

6 000

6 000

18 000
18 000
6.4%
1 148

24 000
24 000
6.4%
1 531

24 000
28 800
6.4%
1 837

24 000
33 600
6.4%
2 143

18 000
34 000
6.4%
2 169

18 000
24 000
6.4%
1 531

18 000
24 000
6.4%
1 531

20.0
380

20.0
338

20.0
232

20.0
207

7.0
20.0
0

7.0
20.0
124

15.0
20.0
124

60

120

230

30

30

6 000
6.4%
383

13 200
6.4%
842

9 500
6.0
570

6 125
6.0
368

20.0
0

20.0
14

200

60
200

200

260

200
200

200
200

200
260

200
320

200
430

200
230

200
230

1 153

1 484

1 728

2 069

2 329

1 885

1 885

Solar
Auxiliary
Heat pump
Total maintenance + insur.

€/a
€/a
€/a
€/a

Total annual cost wo sales

€/a

2 670

2 599

Total electricity sold

€/a

-120

-120

-258

€/a
€ cts/a

35.1

2 478
32.6

1 764
23.2

1 627
21.4

Total net expenses
Cost of kWh heat

15.2

19.5

22.7

27.2

30.6

The cost of kWh of heat is calculated for each case in €. Results for a gas only system (case 1) shows a 15.7 €
cts/kWh cost in line with the swiss usual cost. Then case 2 solar and gas at 20.8, then the air heat pump (case 3)
with 24.4 cts/kWh which is also a classical in Switzerland. Then we find case 4 the ground coupled heat pump
which is a choice of swiss villa owners for 20 years with 29.5 cts/kWh. The solar for DHW and space heating with
a heat pump as auxiliary is the most expensive solution, the PV + air HP is attractive at 25.1 cts/kWh, and
our PVT solution with an air heat pump (case 7) is quite expensive, the better COP of the heat pump being not
enough to compensate on operational for the high fixed costs. This is typical for a low energy house where
operational costs are low.
Case 9 shows that a better feed in tariff of 15 cts/kWh could bring the cost of a PV + air HP solution close to that
of an air heat pump only. Selling to a neighbour who pays 20 is a good option if allowed!
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4. CO2 emission reduction
When it comes to CO2 emissions, the reduction provided by the PVT solution is the greatest, from 1957 kg CO2/y
for the gas only solution to 0 kg for the PVT solution in our assumptions where no electricity from the grid is
necessary according to our calculations (there might be years when the grid is necessary for peak).
At even a 100 €/t for penalty, the CO2 avoided cost is much too small to compensate the higher initial costs.

Table 3: CO2 emissions for all cases
System

Gas only Solar DHW
& gas boiler

CO2 emissions
from solar operations
from gas
for grid elec UCPTE
Total CO2
in %
Value of CO2 at 100 €/t

kg/a
kg/a
kg/a
kg/a
€/a

1 957
0
1 957
100%
196

1 262
58
1 319
67%
132

Heat pump
Air

1 520
1 520
78%
152

Heat pump
Ground

Solar DHW
Solar SP+DHW PVT
PV only
HP ground
HP ground
air HP
air HP
no integration integration
no solar T direct

1 351
1 351
69%
135

929
929
47%
93

826
826
42%
83

0
0
0%
0

PV only
air HP
feed in tarif

496
496
25%
50

496
496
25%
50

Specitic emission values
gas
UCPTE electricity

0.206 kg CO2/kWh
0.800 kg CO2/kWh

5. Conclusions

Figure 1: Comparison of all 9 configurations along 4 main criteria

For low energy houses, PVT needs to have a low initial cost when economics is the criteria. System optimisation
might also bring the system cost down. The size of the load might also influence this conclusion.
For environmental and renewable fraction criteria it is probably the best choice, but a LCA global analysis should
be performed to better assess the comparison with a PV only air heat pump solution.
CO2 emission reduction and virtue of local renewable fraction should be better encouraged in order to enhance the
interest in PVT solutions at current cost in low energy houses.
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More simulations and field experience are needed to confirm these preliminary conclusions. Task 60 of IEA SHC
which we operate (2018-2020) will bring more important results and optimised solutions to PVT applications.
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Abstract

Solar PV/T systems generate both electricity and thermal energy from the same collector area. While flat plate
PV/T collectors have been traditionally utilized in residential applications, minichannel geometries allows for
larger contact area between the heat transfer fluid and the absorber, reducing thermal resistance and producing
higher outlet temperatures. In this article, a novel low-cost high efficiency solar PV/T collector is experimentally
characterized which generates both electricity and thermal energy for space and water heating up to 60 °C. The
collector utilizes nonimaging optics for solar concentration, aluminum minichannels for efficient thermal
collection, and commercially-available solar cells for electricity production. A reflector around the bottom-half of
the glass tube enclosure provides optical access to both sides of the minichannel absorber for efficient utilization
of the entire surface area. A 20-tube array of collectors has been extensively tested outdoors. For a 5.5 kWh/m2/day
solar resource, we expect the solar PVT collector to generate 226 kWh of electricity and 603 kWh (20 therms) of
heat each year for domestic hot water and space heating. By doing so each square meter of collector will reduce
natural gas consumption (locally and at natural-gas fired power plants) by 1280 kWh (44 therms) and eliminate
184 kg of CO2 emissions each year. At an estimated mass-production cost of $81 per square meter, a module will
cost $0.54 per Watt (note: 2018 residential PV modules cost $0.47). The extra $0.07 per Watt can be attributed to
the 400 Watts of thermal generation, which is essentially free. At a comparable cost as residential PV, it is likely
the PVT collector could enjoy similar adoption and market penetration. In doing so it would make use of
significant heat generating capacity of distributed rooftop PV systems, resulting in energy savings and emissions
reductions. Over a 20 year lifetime, the estimated investment cost for GHG savings is approximately $22/metric
ton of avoided CO2.
Keywords: Minichannels, heat pipe, PV/T collector.

1. Introduction
California currently has more than 8,000 MW1 of distributed photovoltaic generating capacity deployed on
rooftops across the state. These technologies convert sunlight into electricity with efficiencies approaching 20%,
with the remainder either reflected (~5%) or lost as waste heat (~75%). At a ratio of more than 3:1 (heat to
electricity), there is a significant opportunity for recovery and reuse. For example, more than 150 TWh (5 billion
therms) are consumed by the residential 2 and commercial3 sectors in California each year for space and water
heating below 60 °C. This is a large market space and source of emissions, about 80% of which is provided by
high quality fossil fuels (natural gas, propane, and fuel oils) with combustion temperatures above 1000 °C. The
temperatures needed for space and water heating, however, are readily achieved by existing solar collectors; in
fact, it is not uncommon for PV modules to reach these temperatures just sitting outdoors. Therefore, it should be
technically possible for a large portion of this market to be supplied by distributed and renewable solar systems.

1

https://www.californiadgstats.ca.gov/

2

KEMA, Inc. 2010. 2009 California Residential Appliance Saturation Study. California Energy Commission.
Publication number: CEC‐ 200‐2010‐004‐ES
3

Itron, Inc. 2006. 2006 California Commercial End-Use Survey. California Energy Commission. Publication number:
CEC‐400‐2006‐005
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Solar hybrid photovoltaic / thermal (PVT) solar collectors generate electricity while simultaneously providing
thermal energy for hot water or space heating needs. These are enabling technologies of distributed zero-netenergy buildings, which reduce fossil fuel consumption on-site and at power plants and reduce loads on both the
electric and natural gas grids. In addition, they offer several benefits over side-by-side PV + thermal systems. By
recovering waste heat, there is increased production from the same collector area and an improvement in space
efficiency. Where once two systems needed to be installed, now only a single system needs to be installed,
reducing total installation time and cost. Furthermore, since installation costs are amortized over the electric and
thermal generation of the collector, PVT technologies promise faster returns on investment.
While technically feasible, solar PVT systems have had trouble penetrating the market because their capital costs
are too expensive to justify the additional heat generation compared to standalone PV panels ($0.47/W DC, (Ran,
et al., 2018)). A price survey conducted in 2018 revealed an average flat plate PV/T module price of approximately
$350/m2 or $2/WDC (De Keizer, et al., 2018). Without innovations combining the two technologies (PV and
thermal), the capital costs are high and payback times can reach 14 years (Tse, et al., 2016). What is really needed
is an efficient and low-cost solar PVT collector with a similar price point as PV to access the market and capitalize
on this distributed heat generating potential.
To achieve such a target, a new solar PVT collector which utilizes nonimaging optics for solar concentration,
aluminum minichannels for thermal collection (Sharma, et al., 2011), and commercially-available solar cells for
electricity production has been proposed. The PVT collector incorporates a nonimaging optical design to provide
optical access to both sides of the heat transfer element. Since both sides are utilized, no insulation or back sheet
material is needed and the collector requires only half as much material as a flat plate collector. Expensive copper
tubing is replaced with an aluminum minichannel (Hota, et al., 2018) (made low-cost by the automotive and LED
industries) for efficient collection of thermal energy (Hota, et al., 2019). The ability to utilize solar cells in a less
expensive package, and at the same time provide additional heat is key to lowering the levelized cost of energy
from the system and reducing the payback time. At an expected module cost near the same price point as
residential PV, it is likely this collector could see greater market penetration, allowing end users to capitalize
significant heat generating capacity of distributed rooftop PV systems.

2. Collector geometry
The hybrid PV/T collector (Figure.1) uses strips of narrow PV cells attached to a heat transfer element. Both
minichannel and heat pipe absorbers were used in two different configurations of the collector. The outer glass
tube is 2 m long with an outer diameter of 70 mm. The PV cells were attached to the absorber using a thermallyconducting and electrically-isolating silicone tape. The collector is filled with Argon gas for reducing convection
losses between the absorber and the glass. A silver reflector coating applied on the bottom-half of the glass tube
reflects sunlight to the backside of the absorber, thereby improving spatial utilization of the absorber. The
minichannel tube has four ports of width 7.2 mm and aspect ratio 4.5 (height 1.6 mm). The fluid flows into and
out of the minichannel from the top. The heat pipes use acetone as the internal phase change working fluid. The
width of the minichannel was 33 mm while that of heat pipe was 31mm. The active absorber length inside the
tube for both configurations was 1.83 m long. In accordance to this mode of fluid flow in the minichannel tube,
minichannel will be interchangeably labelled as flow through tube to avoid confusion. The optical simulation
indicated a horizontal configuration to have optimal performance. Further details can be found in (Brinkley, et al.,
2018).

Figure 1: (left) Cross-section of PVT collector, (right) components of the hybrid PV/T collector
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Sunpower Maxeon Gen II cells were used as the electric component of the PV/T collector, selected for their high
efficiency, robustness of their inter-digited back contacts, and durability. The commercial cells come in sizes of
125 mm X 125 mm. In order to apply them on the 33 mm wide absorber tubes, each cell was cut into three strips
of width 30 mm each. A total of 13 cells were applied to each side of the absorber, interconnected by sets of
tabbing wire. Both sides (top and bottom) were then wired in parallel to each other.
The cells were then characterized sequentially during the cutting process under outdoor conditions. Solar
measurements were made by a reference cell and the IV curves taken using a Keithley 2460 SourceMeter. A
20.1% efficiency measured in the uncut cell was reduced to about 18.7% in the cut cells. We believe some areas
of the cells were deactivated due to the cutting process, which isolated some of the back contact regions as their
contacts were cut.

3. Single tube PV/T test performance
IV curve testing was performed on the tubes during and after assembly. The IV curves of bare top and bottom
strips (taken outside, on-sun, and without a glass tube) are shown in Figure 3 (left). Both strips have nearly
identical on-sun IV curves with maximum power point efficiencies of about 18.3%. The IV curves from a finished
collector are shown in Figure 3 (right). The top strip inside the PVT collector (blue) is reduced compared to a bare
strip due to the transmission loss through the glass tube. The bottom strip inside the PVT collector (green),
however, is reduced 2/3 of the top strip which is more than expected from just an additional reflection loss. This
may be due to uneven illumination of the solar cells (for example via shading from one of the absorbers supports)
which may be current limiting the entire strip. When the two strips are wired in parallel in the PVT collector (red)
the resulting IV curve is the sum of the top and bottom strips as expected.

Figure 2 – (left) bare strips exposed to sunlight, (right) strips inside a solar PVT collector.

4. Collector Array
Twenty fully working PVT collector tubes were then assembled into an array and mounted on an outdoor test
platform at the UC Merced Castle Research Facility in Atwater, CA (37.37°, -120.58°). Two collector arrays were
made of 10 flow through minichannel tubes and 10 heat pipe tubes. The arrays were individually tested for thermal
and electrical performance.
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Figure 3: PV/T array. (L): Flow through minichannel based absorber; (R): Heat pipe based absorber

Figure.3 shows the collector assembly. Flow through tubes were connected in parallel to reduce the pressure drop
in the system. The condenser sections of the heat pipes were sandwiched between two manifolds to extract heat
from both sides of the heat pipe. Electrical data is measured by MPPT tracker while the fluid temperature is
monitored at the inlet and the outlet by thermocouples connected to a data logger device. A reference cell is used
to read the solar irradiance.
Outdoor test results were gathered between February-June of 2019. Both open loop and closed loop tests were
performed to obtain data for working temperatures between 20°C - 60°C. The output variables were continuously
monitored for the working test conditions mentioned below in Table. 1.
Table 1: Test conditions for the performance analysis

Test Parameter

Standard test condition

Duration of test

30 minutes

Tin

Must not vary by more than ±1 °C during course of test

𝑚̇

Must not vary by more than ±8 g/s during course of test

GTI

Must be ≥ 800 W/m2 during course of test

GTI

Must not vary by more than ±50 W/m2 during course of test

The measured variables were used for computing electrical and thermal efficiency given as:
𝜂𝑡ℎ =

𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙

𝜂𝑒𝑙𝑒𝑐 =

𝑄𝑠𝑜𝑙𝑎𝑟

=

𝑄𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
𝑄𝑠𝑜𝑙𝑎𝑟

𝑚̇ 𝐶𝑝 (𝑇𝑜𝑢𝑡 −𝑇𝑖𝑛 )

=

𝐴𝐺
IV
𝐴𝐺

eq (1)
eq (2)

The flow rate (𝑚̇) and temperatures were measured using an Omega gear-type flow meter and J-type
thermocouples connected to a DAQ system. The specific heat capacity of water (𝐶𝑝 ) was considered constant
(4.183 kJ/kg-K). The current (I) and the voltage (V) were measured by the MPPT tracker. The denominator in
equations 1 and 2 represent the absorber area (𝐴) and the GTI (𝐺) observed by the reference cell.
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5. Results
An example test day is shown in Figure 5, during which the minichannel array was undergoing testing. As the
elevation and the azimuth changed, the incident solar radiation increased with time and then decreased during the
sunset. The ambient temperature increased with time. Flow was maintained at almost a constant 90 g/s which
allows for enough residence time to generate a measurable temperature difference while maintaining laminar flow
in the minichannels.

Figure 5: Thermal and electric data monitoring on a clear sunny day. (L): Thermal data; (R): Electrical data

Figure. 5 (L) shows the data monitored through the day on a clear sunny day on March 11th of 2019. The image
on the left shows the global tilt irradiance (GTI) on the plane of the collector aperture, fluid (water) flow rate,
fluid inlet and outlet temperatures and the ambient temperature. The start and end portion indicate the frame where
steady state can be expected in terms of performance. Figure. 5 (R) shows the corresponding electrical
measurements of the voltage and current recorded by the data logger. For all the 10 tubes, the electrical efficiency
was around 12% average within the portion of interest.

Figure 6: (L)Thermal and Electrical efficiency of the collector array; (R) Instantaneous thermal efficiency measured

Figure. 6 (L) shows the corresponding thermal and electrical efficiency obtained on the same day using equations
1 and 2. The thermal and electrical efficiencies were found to steady around 53% and around 12% respectively.
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Figure 7: Performance of the PVT collector array. (L): minichannel; (R) heat pipe

After testing, the collector efficiency data which met the test criteria from Table 1 was consolidated as a function
of temperature gradient 𝑇 ∗ (Duffie, et al., 2013), where 𝑇 ∗ =

𝑇𝑖𝑛−𝑇𝑎𝑚𝑏
𝐺

. The Fig 6 (R) shows the instantaneous

steady state thermal efficiency measured according to eq (1) from 11 AM to 3 PM, whose bounds are represented
by pink vertical lines in Fig. 6(L). The average efficiency of the points in that period is noted in the efficiency vs
T* plot. The solar-to-thermal, solar-to-electric, and combined (solar-to-thermal+electric) efficiencies are plotted
as a function of T* in Figure. 7. Linear trend lines for each system are shown in blue (cogeneration), red (thermal),
and green (electrical) underneath their respective legends.
The prototype PVT collector has demonstrated 57% solar-to-thermal efficiency and 12% solar-to-electric
efficiency by module area (15% solar-to-electric efficiency by cell area) when the PVT collector is operating near
ambient conditions. At a reduced temperature of 0.04 (equivalent to 60 °C operation when the ambient temperature
is 20 °C and the solar irradiance is 1000 W/m2), the PVT collector operates with 19% solar-to-thermal efficiency
and 10.6% solar-to-electric efficiency by module area (13% by cell area). The results of experimental testing are
quite well-grouped and well explained by the linear best-fits.

6. Discussion, Environmental, and Technoeconomic Analysis
While the thermal performance of the PVT prototypes matches our model quite well, the electric performance is
about 75% of what we expected. We believe this is largely due to a low packing factor, with the cell area only
covering about 80% of the module aperture area. Additionally, by cutting the cell into strips we are isolating and
effectively deactivating portions of the inter-digited back contact. A quick area estimation shows this is on the
order of ~93%. As a result we believe the solar-to-electric efficiency of future PVT collector models could be
improved by (1) using cells designed to be cut into strips with no deactivated portions, (2) increasing the packing
factor of the cells on the absorber to 95%. Additionally, an AR-coated glass tube would increase transmission
from 92% to 96%, and with these changes we can reasonably expect a 16.8% solar-to-electric efficiency at ambient
conditions and a 15% efficiency at a reduced temperature of 0.04.
A bottom up cost estimation was performed for the system, which yields a module cost of $81/m 2 under massproduction scenario. For the TEA and environmental analysis, we assume a 40% daily solar-to-thermal efficiency
and a 15% daily solar-to-electric efficiency of the collector. Additionally, a performance ratio of 75% assumes
only 75% of the generating capability of the PV and thermal streams are used as a conservative estimation and to
account for cable, inverter, and PV losses as well as heat losses from the thermal system.
The total natural gas consumption avoided by the PVT collector (locally and at natural-gas fired power plants) is
calculated as follows. The electrical generation component of the PVT collector is multiplied by 3 to estimate the
amount of natural gas used at the power plant to generate an equivalent amount of electricity. It is then added to
the kWh of thermal generation by the PVT collector for a total NG reduction in kWh/m2/year. The total avoided
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CO2 emissions are determined using 0.18 kg CO2 per kWh of natural gas and 0.331 kg CO2 per kWh electric for
California’s electric grid. Multiplying these values by the kWh of heat generation and kWh of electric generation
from the PVT collector yields a total kg of CO2 avoided per m2 per year.
For a solar resource of 5.5 kWh/m2/day we would expect the PVT collector to generate 226 kWhe/m2/year and
603 kWhth/m2/year (20 therms). The resulting avoided natural gas reductions are on the order of 1280 kWh
/m2/year (44 therms) which saves 183.8 kg of CO2 emissions. Over 20 years this accumulates to about 3.7 metric
tons of CO2 saved per square meter of collector. In this scenario the investment cost by module is $22/metric ton
of avoided CO2.

7. Conclusions
In this work, we demonstrate a proof of concept novel, low-cost, and high efficiency solar PVT collector which
generates both electricity and heat for space and water heating up to 60 °C. The solar PVT collector utilizes
nonimaging optics for solar concentration, aluminum minichannels for thermal collection, and commerciallyavailable solar cells for electricity production, packaged in an inexpensive glass tube. A 20-tube array of collectors
has been extensively tested outdoors and we are pleased to report the collector generates about 150 WDC electricity
and 400 Wthermal per square meter. For a 5.5 kWh/m2/day solar resource, we expect the solar PVT collector to
generate 226 kWh of electricity and 603 kWh (20 therms) of heat each year for domestic hot water and space
heating. By doing so each square meter of collector will reduce natural gas consumption (locally and at naturalgas fired power plants) by 1280 kWh (44 therms) and eliminate 184 kg of CO 2 emissions each year. At an
estimated mass-production cost of $81 per square meter, a module will cost $0.54 per Watt (note: 2018 residential
PV modules cost $0.47). The extra $0.07 per Watt can be attributed to the 400 Watts of thermal generation, which
is essentially free. At a comparable cost as residential PV, it is likely the PVT collector could enjoy similar
adoption and market penetration. In doing so it would make use of significant heat generating capacity of
distributed rooftop PV systems, resulting in energy savings and emissions reductions. Over a 20 year lifetime, the
estimated investment cost for GHG savings is approximately $22/metric ton of avoided CO2.
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Abstract

A hybrid concentrating photovoltaic / concentrating solar power spectrum splitting collector has been designed,
developed, and experimentally tested in a joint effort by the Gas Technology Institute (GTI) and the University
of California, Merced (UCM), sponsored by the U.S. Department of Energy (DOE) Advanced Research Project
Agency - Energy (ARPA-E). The two-stage optical system pairs a parabolic trough with a compound parabolic
concentrating (CPC) secondary concentrator, generating 50X geometric concentration on the thermal absorber.
Dual-junction indium gallium phosphide/gallium arsenide (InGaP/GaAs) solar cells integrated into the secondary
reflector generate electricity from photons with energy greater than ~1.4 eV and reflect the remaining lower energy
infrared photons to the thermal absorber for optimal spectral utilization. The collector has been developed into a
working prototype and tested on-sun up to 600 °C (hybrid collector) and 685 °C (thermal-only collector). The
prototype collector demonstrated 63% optical efficiency and 40% thermal efficiency at 650 °C. This work
demonstrates a two-stage linear parabolic trough collector, back-reflecting solar cells which operate as spectrum
splitting devices, and a solid particulate heat transfer fluid which enables high temperature operation beyond
existing heat transfer fluids. As a result, the team is now developing a more robust optical design which is
collapsed to allow drop-in retrofit with commercial parabolic trough collectors.
Keywords: Solar, Hybrid, Spectral Beam Splitting, CSP, CPV, InGaP, GaAs

1. Introduction
Hybrid solar photovoltaic/thermal (PV/T) collectors produce both heat and electricity in a single system. Most
current PV-T systems operate by using a heat transfer fluid (HTF) to capture and use the excess heat generated by
the solar cell. While most of the incident solar energy can be harvested, these systems are limited by the
temperature and conversion efficiency of the solar cells which limits them to low temperature operation (<100 °C)
where the thermal component in less useful for power generating applications. Selectively controlling the solar
spectrum through spectral beam splitting (SBS) enables hybrid PV/T collectors where the PV and thermal
components are thermally decoupled. This allows the thermal component to operate at high temperatures where
it becomes valuable for power generation without hindering the performance of the solar cell component. By
reaching higher conversion efficiencies, these collectors can reduce electricity costs from hybrid CSP/CPV power
generating plants compared to traditional CSP and by doing so provide an intermediate solution to incentivize
deployment of dispatchable thermal energy storage (TES) (Branz et al. 2015).
The team at Gas Technology Institute (GTI) and the University of California, Merced (UCM) have developed a
novel hybrid PV/T solar collector. The proposed collector incorporates dual-junction InGaP/GaAs back-reflecting
solar cells in a secondary reflector. In this way they function as a CPV subsystem, generating electric current from
high energy photons, but also as beam splitting devices by reflecting low energy photons to the CSP subsystem
(absorber) at the focus of the secondary concentrator. The design and development of this technology is discussed
in this manuscript.

2. Collector Design

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.05.06 Available at http://proceedings.ises.org
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The geometric concentration ratio of typical parabolic trough systems concentrating onto cylindrical absorbers is
given by Equation (1), where φ is the half-rim-angle of the parabola and θ is the half-acceptance-angle.
(Eq. 1)
Parabolic systems are typically designed with φ close to 90° to maximize their concentration and when this is the
case the concentration ratio reduces to (π.sin θ)-1 or roughly 30X for a half-acceptance angle
0.6°. The
thermodynamic limit for concentration in a 2D system with a faraway source is given by Equation (2) (Winston
1970).
(Eq. 2)
Therefore, it should be possible to increase the geometric concentration ratio of typical trough systems by a factor
of π. One approach is to use a secondary concentrator for which the total concentration ratio of the two-stage
system using an ideal secondary concentrator can be calculated from Equation (3) (Collares-Pereira et al. 1991).
(Eq. 3)
The concentration maximizes for small half rim angles, but long focal lengths make anything smaller than 45°
impractical. The secondary aperture area (A2) is defined by Equation (4).
(Eq. 4)
Where, A1 is the primary concentrator aperture width. For this design, the primary concentrator is a 5 m wide 45°
half-rim angle parabolic reflector which reflects and focuses light into a 45° half-angle beam on the secondary
concentrator at a focal distance (f) of 3.02 m. The secondary concentrator is a compound parabolic concentrator
(CPC) which accepts light within a 45° half-angle spread reflected by the primary mirror and further concentrates
it onto the thermal absorber area (A3). A half-acceptance angle
0.6° yields a secondary aperture width of 105
mm. This allows the entire PV/T receiver (secondary reflector and thermal absorber) to fit inside a standard 120
mm glass cover tube and accommodates the 0.25° sun disk half angle and other optical inaccuracies in the system
such as mirror imperfections, structural bending, and optical misalignment. The maximum theoretical geometric
concentration ratio approaches 68X (Schmitz et al. 2015).

Fig. 1: Two stage parabolic trough collector (PTC) design (red) overlaying typical single-stage PTC design (blue).

Sections of the CPC are replaced with high efficiency back-reflecting solar cells which directly generate electricity
using above-bandgap photons while reflecting sub-bandgap photons to the thermal absorber. To optimize
placement of the solar cells, ray trace simulations were performed and the resulting intensity profile along the
CPC reflector was used to determine the ideal location for the solar cells (10 mm from the center of the CPC
profile and extending approximately 50 mm). Since the solar cells cannot be bent, the CPC profile was
approximated by flat segments. Ray trace simulations for a CPC using 4 strips of 16 mm wide flat segments
showed geometric efficiencies at 90% of the ideal. To recover this loss, a new design (Widyolar et al. 2017b) that
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guarantees edge ray incidence on the absorber was developed (Figure 2) and by doing so the geometric efficiency
was fully recovered at the expense of a 13% reduction in aperture area (concentration ratio). To maintain the
required aperture, the entire secondary design was scaled up to a final secondary aperture width of 110 mm and
an absorber outer diameter (OD) of 32 mm. After these changes, the system has a final geometric concentration
ratio of

∗

50. The final parameters of the two-stage optical system are listed in Table 1.

Fig. 2: Optimized secondary CPC shape where portions of profile are approximated by flat segments. Optimized profile has 100%
geometric efficiency despite non-ideal shape [27].
Table 1: Two-Stages Concentrator Parameters

Design Parameter

Value
45°
0.6°
5m
110 mm
100 mm
45X
1.1X
50X

Dual-junction Gallium Arsenide (GaAs) / InGaP were selected for use as beam splitting solar cells. To
demonstrate the beam splitting capability of these cells, the external quantum efficiency (
), open circuit
voltage ( ), and fill factor ( ) were taken from the solar cell efficiency tables and used to calculate spectral
efficiency
using Equation (5), where q is the elementary charge in coulombs, h is the Planck constant, c
is the speed of light, and λ is the wavelength of light.
(Eq. 5)
The spectral efficiency of InGaP (dashed blue) and GaAs (dashed red) are plotted against the direct-beam solar
spectrum in Figure 3. The in-band efficiency (
calculated according to Equation (6) is the solar cell’s
effective efficiency within the spectral window bound by and . These are also shown in for each cell above
the x-axis in Figure 3.
(Eq. 6)
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Fig. 3: Spectral beam splitting with dual-junction PV and third thermal junction. InGaP and GaAs spectral efficiency curves
(dashed blue and green) are adapted from the solar cell efficiency tables.

The Carnot efficiency (
is calculated using Equation (7), where TH is the hot reservoir temperature and Tc
is the cold reservoir temperature.
1

(Eq. 7)

Engines typically only reach 2/3 of this limit and this efficiency is plotted (dashed red) for a target operating
temperature ( ) of 600 °C and cold reservoir temperature ( ) of 37 °C and is listed as
for the thermal
junction in Figure 3. Also listed below the x-axis are the fractions of the direct beam solar spectrum within each
spectral region from 0-670 nm, 670-875 nm, and 875-2500 nm.
The in-band efficiency of each junction multiplied by the fraction of the solar spectrum in each band yields a total
solar-to-electric conversion efficiency of 49.1%. This is higher than what is achieved by any of the subsystems
under full spectrum alone. While optical, thermal, and conversion losses will reduce this number in practice, this
demonstrates the potential of beam splitting systems to achieve higher conversion efficiencies through optimal
utilization of the solar spectrum.

3. Prototype Development & Testing
Receiver Prototype
Two receiver configurations were developed into prototypes: a hybrid version with dual-junction InGaP/GaAs
cells incorporated into the secondary reflector, and a thermal-only version with just the secondary reflector. A
collapsed and exploded view of the hybrid receiver is shown in Figure 4.
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Fig. 4: Hybrid receiver design (left) and exploded view of components (right)

The actual finished prototypes are pictured in Figure 5. On the far right you can see the full aperture of the
secondary appears to be dark green, indicating proper operation of the secondary optics which are directing rays
from the absorber to the camera.

Fig. 5: Assembled hybrid receiver (left), beam splitting hybrid secondary (middle left), thermal-only end cap (middle right),
assembled thermal-only receiver (right).

Experimental tests were carried out at the University of California, Merced Castle Research Facility (37.3 °N,
120.6 °W) jointly with GTI. Optical efficiency tests were performed first using city water as the HTF, after which
high temperatures tests were carried out using a solid particulate HTF transport and storage rig developed by GTI.
A combination of high-temperature ceramic heaters located on the rig and on the supply pipeline on the tracker
(labeled as auxiliary heaters) were used to add heat into the HTF to allow extensive testing during non-ideal onsun conditions. The entire piping system was insulated with 1” of aerogel insulation and external layers of
FiberFrax insulation. In-flow thermocouple clusters installed at the inlet and outlet of the receiver thermal stream
measured the temperature rise across the collector. The mass flow rate of particles was calculated by the change
in the feed hopper load cell output over time. The heat capacity of the particulate HTF was assumed to be a
constant 0.8 kJ/kg-K. The thermal efficiency of the thermal stream was calculated from equation 10.
∆

(10)

The cooling circuit was fed by a city-water line. The flow rate of water through the minichannels was measured
manually by recording the time it took to fill a 5-gallon bucket (which actually contains 5.6 gallons). Flow rates
were typically around 25 g/s to facilitate ~ 10 ΔT in the cooling circuit for thermocouple error reduction. Inlet and
outlet temperatures of the cooling circuit were measured manually using a hand-held thermocouple reader by
inserting a thermocouple probe directly into the flow. The heat capacity of water was assumed to be a constant
4.184 kJ/kg-K and the cooling circuit efficiency (the fraction of incoming solar exhausted as waste heat) was
calculated according to equation 10.
The performance of each strip of solar cells was quantified using a Keithley 2460 I-V curve tracer. The maximum
power output (ImVm) of each strip of cells was determined and added to estimate net solar-to-electric efficiency of
the CPV subsystem according to equation 11.
∑

(11)

The vacuum in the receiver was actively maintained by a benchtop combination (turbopump + roughing pump)
vacuum station. It was connected to the bottom of the receiver by 3 meters of flexible hose and a vacuum gauge
at the opposite end of the receiver was used to measure vacuum pressure inside the receiver.
The hybrid collector was tested during May, November, and December of 2017 (Figure 6). Initial optical
efficiency tests were performed using water as the HTF since its properties are well known. There was no vacuum
during this test, but this should have little effect since the collector was operating near ambient conditions. I-V
curve tracing was performed on all four strips of cells, resulting in a maximum solar-to-electric efficiency of the
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cell subsystem of 4%.

Fig. 6: Experimental setup with hybrid receiver (left), hybrid receiver on-sun (right)
Table 2: Hybrid collector test results
Date

Duration

5/17/2017
11/18/2017
12/4/2017
12/5/2017

3 hrs
11 hrs
1 hr
3 hrs

Thermal
Stream
HTF
Water
Particles
Particles
Particles

Thermal
Stream Temp
40 °C
600 °C
50 °C
100 °C

Average
Thermal
Efficiency
64%
15%
63%
62%

Cooling
Temp
20-35 °C
20-29 °C
16-26 °C
23-28 °C

Cell
Thermal
Generation*
17%
19%
16%
12%

Cell
Electric
Efficiency
4%
3.6%
-

Receiver
Internal
Pressure
Atmospheric
1.9 e-3 mbar
1.2 e-2 mbar
1.4 e-2 mbar

After optical testing, the collector was connected to the particle transport rig for high temperature testing. Starting
at midnight on November 18th, 2017 the system was warmed up until the receiver outlet reached a stable 600 °C
by 10 am. The temperature profiles during the test are shown in Figure 7. The receiver was evacuated, reaching a
lowest internal pressure of 1.9×10-3 mbar. I-V curve tracing was performed on all four strips of cells (Figure 7),
however, only three strips were active as one strip became disconnected during a vacuum-seal repair). The
maximum power for all three strips was about 42 Watts (60 V and 0.7 A) and this was assumed for the fourth strip
in the estimation of cell electric efficiency.

Fig. 7: Hybrid receiver temperatures during 600 °C test (left), hybrid receiver IV-curves during 600 °C test (right).

On December 4th, 2017 a second optical efficiency test was performed, this time using particles). The thermal
efficiency with particles was nearly identical to the earlier optical efficiency tests with water, indicating little to
no degradation of the hybrid receiver operated under slowly increasing temperatures up to 250 °C peak. Cell
performance was not quantified in these last two tests.
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The thermal-only collector was tested between August – November 2017 (Figure 8) in the same way as the hybrid
collector, but without the solar cell cooling or IV curve tracing.

Fig. 8: Experimental setup with thermal-only receiver (left), thermal-only receiver on-sun (right).

The results from experimental testing are summarized in Fig. 9 with a second order polynomial curve fit. The first
point on the top left is the result of multiple tests using water. The remaining points are taken using a particulate
HTF.

Fig. 9: Experimental results of thermal-only collector testing.
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Fig. 10: Experimental results of thermal-only during 650 °C test showing the solar resource, thermal temperatures, and flow rate
(left) and the calculated solar power, thermal power, and efficiency (right).

By the end of testing the thermal receiver had undergone over 50 hours of operation and was dismounted with no
visual indication of any degradation (Figure 11). Based on these experimental results the collector achieved a
thermal efficiency of 40% at a particle temperature of 650 °C.

Fig. 11: Thermal receiver after 50 hours of continuous operation.

4. Conclusions and Future Work
A hybrid solar collector using a two-stage parabolic trough with a compound parabolic optical system and dualjunction InGaP/GaAs solar cells was developed and demonstrated by the GTI / UCM team. The hybrid and
thermal-only receivers were operated up to 600 °C and 685 °C, respectively, without failure. The two-stage linear
trough system, which pairs a secondary compound parabolic reflector with a primary parabolic trough, enables
much higher concentration ratios than existing technologies (50X compared to 23X) and higher temperature
operation, even under partial illumination (spectrum splitting). Back-reflecting solar cells provide spectrum
splitting and can be a tool for high exergy solar-to-electric generation as they eliminate the need for additional
optical or light-filtering materials. Furthermore, the use of an internally flowing solid particulate heat transfer
fluid was demonstrated for the first time in an actual prototype collector system with several meters of pipe and
flex hose. Solid particles allow an increase in operating temperature beyond the 400 °C limit of thermal oils and
the 580 °C limit of current molten salts. High temperatures are particularly beneficial for thermal storage and
improving the thermal-to-electric conversion efficiencies of turbines. In particular, the pairing of the two-stage
trough and solid particulate heat transfer fluid enables high temperature operation from a linear solar system within
the realm of tower technologies which presents an exciting new opportunity for industrial process heating and
concentrating solar power applications. As a result, the team is now developing a full scale collapsed collector
design which will allow drop-in retrofit with existing parabolic trough collectors. Initial techno-economic analysis
has revealed a levelized cost of heat (LCOH) of approximately $0.03/kWh delivered at 650 °C over 25 years,
which is comparable the price of natural gas in California.
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Summary
This work summarizes the results of an experimental campaign carried out to access the performance of a
solar-assisted heat pump combining a water-to-water heat pump and hybrid photovoltaic thermal panels. This
concept improves the performance of the heat pump, due to water temperature higher than the ambient one,
and the electrical efficiencies of the PV/T modules, thanks to cooling effect. The experimental campaign was
conducted in an outdoor laboratory in real ambient conditions to evaluate the performance of the whole system
demonstrating also the system robustness and reliability. Results show a high coefficient of performance,
higher than the one of a standard air-source heat pump in the majority of the experimentations, with values up
to 5 with a condenser inlet temperature equal to 30 °C. From the solar panels point of view, very high
efficiencies are achieved when the coolant fluid temperature is near the ambient temperature.
Keywords: Photovoltaic Thermal modules, Solar Assisted Heat Pumps.

1. Introduction
Photovoltaic thermal (PV/T) modules combine thermal and electricity production. The main drawback of this
technology is the low thermal efficiency because of the high thermal losses (Aste et al., 2014; Zondag et al.,
2003). An option to exploit the PV/T potentiality without increasing the module complexity consists of their
integration with a heat pump (HP) leading to the so-called solar-assisted heat pump (SAHP) concept: the heat
recovered by thermal or PV/T modules supplies the heat for the HP evaporator (Ji et al., 2008). A detailed
study of this system was conducted by Nuntaphan et al. (2009) that experimentally analyzed the performance
of an indirect SAHP (I-SAHP) coupled with flat solar collectors. Results demonstrated higher system
efficiency with respect to traditional configurations (air/water HP or thermal panels) with a gain that reaches
40 %. Liu et al. (2014) investigated a system with a SAHP and vacuum solar collectors for residential use. An
experimental set-up was used to validate a model built in TRNSYS. The study showed that, considering a
system designed for a solar fraction of 20 %, about 66 % of the thermal load can be covered in the worst month
and it is possible to reduce the energy consumption by 55 % with respect to a traditional layout with a boiler.
Calise et al. (2016) studied the performance of a three-generation system composed by I-SAHP integrating
PV/T solar modules for heating/cooling loads in a residential application. The model, developed in TRNSYS,
showed that the system can cover the entire thermal load and the average performance is higher than a standard
HP by 30 %. Moreover, the I-SAHP configuration fixes the PV/T low stagnation temperature issue as the PV/T
operating temperature can be close to the ambient one (Simonetti et al., 2018). Finally, the PV power output
increases with respect to conventional PV module because of the PV cell cooling effect (Migliorini et al.,
2017). All these results confirmed the good performance of the I-SAHP system, but pointed out its strong
dependency from the environmental conditions, especially from solar radiation. In fact, a previous study of an
I-SAHP was performed with a numerical model, confirming the potentialities of this technology but also
pointing out the performance problems during cloudy days as well as during the night (Simonetti et al., 2017).
In this work, an experimental campaign was conducted to evaluate the behavior and the performance of an ISAHP system under real ambient conditions, demonstrating the feasibility of the concept. An analysis of the
PV/T panels performance was also carried out to point out the benefits of the coupling of the two technologies.
The paper is structured as follow. Section 2 describes the experimental set-up. Section 3 presents the SAHP
components, the experimental apparatus and the key performance parameters used in the analysis. Section 4
outline the filtering process and the uncertainty analysis. In Section 5, results are presented and discussed.
Finally, Section 6 draws the conclusions of the work pointing out future research activities.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
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2. Experimental Facility
The experimental setup is located in the North of Italy, at SolarTech laboratory on the roof of the Department
of Energy of Politecnico di Milano, whose geographical coordinates are latitude 45°30’10.588” N and
longitude 9°9’23.677” E. The experimental measurements are performed under real operating conditions using
a meteorological station to monitor environmental conditions. PV/T panels are tilted 27 ° and oriented -3 °
respect with the South direction (positive clockwise). Tests were carried out in the period from the 25 th of
January to the 29th of March 2019 (38 days of collected measurements) with ambient temperature between 5.3
°C and 24.5 °C and solar irradiance on horizontal plane between 127.4 W/m 2 and 1’097.5 W/m2.
The experimental set-up used in the present work is an outdoor laboratory whose layout is shown in Figure 1.

P
W

Pyranometer
Temperature Sensor
Flowmeter
Pressure Gauge
Wattmeter

Meteorological
Station
G

Heat Pump

T
W

Pump

P

F

Roll-Bond PV/T

Roll-Bond PV/T

Roll-Bond PV/T

Roll-Bond PV/T

Roll-Bond PV/T

Roll-Bond PV/T

Roll-Bond PV/T

W

Roll-Bond PV/T

T

Compressor

T

T

F

3-way Valve

T

Evaporator

National Electrical Grid
T

T

W

T

Expansion Valve

Dry Cooler

F

Storage Tank

T

Condenser

G

T

Inverter Driven Pump

Figure 1 - Schematic of the experimental facility

In a cold water loop (blue line), a water-ethylene glycol mixture (30%) flows through eight roll-bond PV/T
collectors and is then transferred to the HP evaporator. The heat provided by the PV/T field acts as the low
temperature heat source of the HP and the temperature achieved in the cold water loop may be even lower than
the ambient one, increasing both the electric and the thermal efficiency of the PV/T modules. In the hot water
loop (red line), the water is heated inside the condenser of the HP and sent to a hot storage tank. After that,
thanks to a three-ways valve, the fluid could directly return to the inlet of the condenser or pass through a dry
cooler for temperature control purpose. Indeed, the fans of this component are automatically controlled to keep
the water temperature at HP condenser inlet constant to evaluate the performance of the SAHP system only as
a function of the environmental conditions (solar irradiance and ambient temperature) since these influences
most the behavior of PV/T panels.
As it is possible to see from the layout, temperatures were measured at the inlet and at the outlet of the PV/T
solar field and of the condenser, even if those measurements were provided by the internal measurement system
of the HP. In the same way, the evaporating pressure at the outlet of the evaporator and the superheated vapor
temperature at the compressor outlet were obtained. The volumetric flow rates in the cold and hot loops were
measured using vortex-based instruments. A wattmeter was used to measure the consumptions of the SAHP
(compressor and circulating pump in the cold loop). About PV/T modules, the power generated is directly
measured by the inverter which connects the modules to the grid. A meteorological station measured the solar
irradiance on the tilted surface of the PV/T panels and the ambient temperature.
Finally, the first law energy balance was used to evaluate the accuracy of the measurements and to identify
eventual thermal losses inside the HP cycle. Eq. 1 shows the considered terms, pointing out the parameter ∆𝐸̇ ,
which represents the error of the non-closure of the energy balance.
∆𝐸̇ = 𝑄̇𝑐𝑜𝑛𝑑 − 𝑄̇𝑝𝑣𝑡 − 𝛼𝑐𝑜𝑚𝑝 ∙ 𝑊̇𝑐𝑜𝑚𝑝 − 𝑊̇𝑝𝑢𝑚𝑝

(eq. 1)

where αcomp represents the part of the power consumed by the system components that enters into the HP cycle
(the remaining part is lost) and 𝜂𝑝𝑢𝑚𝑝 is the hydraulic efficiency of the pump. The heat produced in the cold
loop (𝑄̇𝑝𝑣𝑡 ) was evaluated at the PV/T field side instead of the evaporator side because the instrument present
inside the HP installed by the manufacturer had lower accuracy and reliability. Their measurements were
anyway used to identify issues or errors. The consumption and efficiency of the circulating pump was
calculated from a correlation obtained from the manufacturer data, as a function of the volumetric flow rate
and the temperature of the fluid.
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In order to investigate more completely the behavior of this system, three different water temperatures at the
condenser inlet were assumed, using the previously described temperature controlling system. The temperature
selected are 30 °C, 40 °C and 50 °C respectively.
Detailed data of the instruments are reported in Table 1. The abbreviation RV stands for Reading Value and
FS stands for Full Scale.
Table 1 - Technical informations of the measurement instruments

Instrument

Model

Range

Uncertainty

RTD

Pt 100

-50°C – 250°C

1/10 DIN

Flowmeter

Huba-Control – 210

0.9l/min – 15l/min

±1% FS

Wattmeter

CEWE – DPT221-401

< 1100W

±1% RV

SolarEdge

< 3kW

±1% RV

Pyranometer

LSI – DPA 252

< 2000W/m2

< 2% RV

Thermohygrometer

LSI – DMA 875

-30°C – 70°C

1/3 DIN

Power meter (Inverter)

3. SAHP Components and KPIs
The system is composed by eight commercial PV/T panels and a commercial water-to-water HP. Each PV/T
collector provided by Eclipse company (Eclipse, 2015) consists of a commercial PV modules (250 W peak
power) with multi-silicon solar cells and a roll-bond heat exchanger attached to the back,. Each module is
connected to a MPPT (Maximum Power Point Tracker) device and all of them are connected to a single
inverter. This configuration allowed to maximize the performance of each module and easily collect the
electrical data of the entire solar field. The HP is a water-to-water machine provided by Hidros company, with
a nominal heating capacity equal to 3.4 kW at 45 °C of condenser leaving water temperature with a
corresponding COP equal to 4.1. Figure 2 shows the details of the HP components, the front and back of PV/T
modules.

Figure 2 - From left to right: inside of the heat pump, front and back of PV/T modules

Table 2 summarizes the technical characteristics of the PV/T modules taken from the manufacturer datasheet.
Performance is referred to the STC (Standard Test Conditions).
Table 2 - Technical characteristic of PV/T Eclipse modules

Electrical Power Output

250W

Electrical Efficiency

15.1%

Thermal Power Output
Zero-Loss Efficiency
Thermal Losses Coefficient
Total Area

1’040W
45.2%
1.65W/(m2K)
1.66m2
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The objective of the experimentation is to evaluate the performance of the I-SAHP system in different
environmental and working conditions. Therefore, some Key Performance Indicators (KPIs) are introduced to
assess the system performance. Firstly the Coefficient of Performance (COP) was evaluated as follow:
𝐶𝑂𝑃 =

𝑄̇𝑜𝑢𝑡
𝑊̇𝑖𝑛

=

𝑉̇𝑐𝑜𝑛𝑑 ∙𝜌∙𝑐∙(𝑇𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 −𝑇𝑐𝑜𝑛𝑑,𝑖𝑛)
𝑊̇𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑠

=

𝑉̇𝑐𝑜𝑛𝑑 ∙𝜌∙𝑐∙(𝑇𝑐𝑜𝑛𝑑,𝑜𝑢𝑡 −𝑇𝑐𝑜𝑛𝑑,𝑖𝑛)
𝑊̇𝑐𝑜𝑚𝑝 +𝑊̇𝑝𝑢𝑚𝑝

(eq 2)

where 𝑊̇𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛𝑠 is the sum of the electrical consumptions of the system. In addition to the compressor
consumption 𝑊̇𝑐𝑜𝑚𝑝 , the circulating pump consumption 𝑊̇𝑝𝑢𝑚𝑝 in the evaporator loop, which is directly
controlled by the HP, is added.
Moreover, considering the performance of PV/T panels, electrical and thermal efficiencies have to be
evaluated. The following equations show how these performance parameters are calculated:
𝜂𝑒𝑙 =

𝑊̇𝑜𝑢𝑡
𝑄̇𝑖𝑛

=

𝜂𝑡ℎ =

𝑄̇𝑜𝑢𝑡
𝑄̇𝑖𝑛

=

𝑊̇𝑝𝑎𝑛𝑒𝑙

(eq. 3)

𝐺𝑇 ∙𝐴𝑝𝑎𝑛𝑒𝑙
𝑉̇𝑝𝑎𝑛𝑒𝑙 ∙𝜌∙𝑐∙(𝑇𝑝𝑎𝑛𝑒𝑙,𝑜𝑢𝑡 −𝑇𝑝𝑎𝑛𝑒𝑙,𝑖𝑛 )

(eq. 4)

𝐺𝑇 ∙𝐴𝑝𝑎𝑛𝑒𝑙

where GT is the solar irradiance on the panels aperture area. PV/T modules efficiency can be described through
the following equation typically adopted for covered flat plate collectors:
𝜂𝑡ℎ = 𝜂𝑜𝑝𝑡 + 𝑎1 ∙ 𝑇𝑅

where

𝑇𝑅 =

(𝑇𝑝𝑎𝑛𝑒𝑙,𝑜𝑢𝑡 +𝑇𝑝𝑎𝑛𝑒𝑙,𝑖𝑛 )⁄2−𝑇𝑎𝑚𝑏

(eq. 5)

𝐺𝑇

where ηopt is the zero-loss efficiency, a1 the thermal losses coefficient and TR is the reduced temperature. This
simplified modelization can be adopted considering the very low wind speed presents during the
experimentation period and also because the methodology was already verified in a previous work (Simonetti
et al., 2018).

4. Filtering Process and Uncertainty Analysis
To improve the accuracy of the measurements for the considered system, data filtering is required to prevent
the inclusion of outliers and transient phenomena as consequence of the variation of the environmental
conditions the outdoor experimental facility experiences. The first step consists of selecting days with suitable
weather conditions meaning high and constant solar radiation and negligible wind. All the measured data are
imported with a 1 second timestep in MATLAB® where one-minute average value is calculated to smooth the
variability. Then, steady state conditions of the system are ensured by applying some filtering criterion: each
criteria must be verified, meaning that if only one of the filter fails for a certain minute, the whole dataset for
that minute is discarded.
The set of variables and filters adopted in the process is summarized in Table 3.

Table 3 - Variable used for filtering and thresholds

Flow Rate – Standard Deviation
Tin/Tout – Variation between two minutes
Tin/Tout Condenser – Standard Deviation
Tin/Tout Evaporator – Standard Deviation
Power Consumption – Standard Deviation
Solar Irradiance – Standard Deviation
Tin Condenser – Difference respect to a target
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𝜎(𝑉̇ ) < 0.04𝑙/𝑚𝑖𝑛
∆𝑇 < 0.2°𝐶
𝜎(𝑇) < 0.1°𝐶
𝜎(𝑇) < 0.05°𝐶
𝜎(𝑊̇ ) < 5𝑊
𝜎(𝐺)% < 1%
𝑇𝑖𝑛 − 𝑇𝑡𝑎𝑟𝑔𝑒𝑡 < 0.5°𝐶
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The values measured every second are averaged in a window of one minute, hence an uncertainty of type A is
present. The sample is not large enough (N = 60), thus it is necessary to adopt the t-student distribution to
predict the confidence interval of the measured data. To evaluate the t-value, the degree of freedom (number
of sample - 1) and the confidence level are required. For 59 degree of freedom and a 95% of confidence level,
the t-value corresponds to 2.00 and uncertainty of type A can be calculated as follow:
𝑈𝐴 (𝑥𝑖 ) = 𝑡0.025 ∙

𝜎(𝑥𝑖 )

(eq. 6)

√𝑁

The uncertainties of quantities measured (uncertainty of type B) directly are evaluated referring to technical
datasheets, whose main features are summarized in Table 1. The uncertainty of the temperature measurements
with the thermoresistance follows the regulation of EN 60751 and the formula is showed in the following
equation:
𝑈𝐵 (𝑇) = 𝐷𝐼𝑁 ∙ (0.3 + 0.005 ∙ 𝑇)

with T in °C

(eq. 7)

In order to estimate the uncertainty of indirect quantities, the propagation theory is applied: considering y as
a generic quantity depending on the M samples of the direct quantities, calculated as y = y(x1, x2, …, xj, xM),
its absolute uncertainty is computed with the equation:
𝜕𝑓 2

2

𝑈(𝑦) = √∑𝑀
𝑗=1 ( ) ∙ 𝑈(𝑥𝑗 )

(eq. 8)

𝜕𝑥

Following equations show the relative uncertainty U%, evaluated as the ratio between the uncertainty and the
mean value of the variable that the uncertainty is referred to, of a general thermal power produced and of the
efficiencies of a PV/T module.
2

𝑈% (𝑄̇𝑖 ) = √𝑈% (𝑉𝑖̇ ) + 𝑈% (∆𝑇𝑖 )2

(eq. 9)

2
2
𝑈% (𝜂𝑡ℎ,𝑖 ) = √𝑈% (𝑄̇𝑖 ) + 𝑈% (𝐺𝑇,𝑖 )

(eq. 10)

2

2

𝑈% (𝜂𝑒𝑙,𝑖 ) = √𝑈% (𝑊̇𝑖 ) + 𝑈% (𝐺𝑇,𝑖 )

(eq. 11)

where the relative uncertainty of the temperature difference is evaluable with the following expression:
2

𝑈% (Δ𝑇𝑖 ) =

2

√𝑈(Δ𝑇𝑜𝑢𝑡,𝑖 ) +𝑈(Δ𝑇𝑖𝑛,𝑖 )

(eq. 12)

𝑇𝑜𝑢𝑡,𝑖 −𝑇𝑖𝑛,𝑖

Finally, the relative uncertainty of the COP is calculated, and also the uncertainty of the first law energy
balance, as expressed by:
2
2
𝑈% (𝐶𝑂𝑃𝑖 ) = √𝑈% (𝑄̇𝑐𝑜𝑛𝑑,𝑖 ) + 𝑈% (𝑊̇𝑐𝑜𝑚𝑝,𝑖 )

(eq. 13)

2
2
2
2
2
𝑈(Δ𝐸̇𝑖 ) = √𝑈(𝑄̇𝑐𝑜𝑛𝑑,𝑖 ) + 𝑈(𝑄̇𝑝𝑣𝑡,𝑖 ) + 𝛼𝑐𝑜𝑚𝑝
∙ 𝑈(𝑊̇𝑐𝑜𝑚𝑝,𝑖 ) + 𝑈(𝑊̇𝑝𝑢𝑚𝑝,𝑖 )

(eq. 14)

5. Results
The first important result of the experimental campaign is that the I-SAHP operated without any problems
within the considered period. The start-up was done as soon as the solar source was available in the morning
and the shutdown took place at the sunset or when the glycol temperature at evaporator inlet went under 0 °C,
due to a setting of the HP controller that didn’t permit to go down. During operation, the system exhibited high
robustness to the environmental changes (i.e. cloud passage), due to the high inertia of the PV/T system that
reduced the amplitude of the solar irradiance variation.
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Figure 3 shows a typical sunny day during the experimental campaign. Temperatures around the HP, as well
as the ambient temperature and the solar irradiance are reported. The condenser inlet temperature was set at 50
°C. It is possible to see that the mean temperature of the fluid in the cold loop follows the solar irradiance trend
and is always higher than the ambient temperature with temperature difference higher than 10 °C.

Figure 3 - Temperatures around the I-SAHP during a sunny day. Black line represents the solar irradiance

Figure 4 shows the COP as a function of the solar irradiance for three different temperatures at the inlet of the
condenser. Values of COP around 5 are reached for high solar irradiance and condenser temperature of 30 °C.
In general, the higher the irradiance, the higher is the COP, while the condenser inlet temperature as expected
penalizes the COP. It can be noted that the system has an acceptable COP also with very low solar irradiance,
which is around at least 2.5 in the worst condition.

Figure 4 - Representation of COP as a function of solar irradiance for different condenser inlet temperatures

The impact of the ambient temperature on the COP is reported in Figure 5 pointing out that the COP increases
with the ambient temperature, as expected. Moreover, the I-SAHP system has higher performance assuming
the same ambient temperatures and condenser inlet temperatures with respect to an ASHP (solid lines) in the
majority of the experimental conditions, confirming the potentialities of the concept.
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Figure 5 - Representation of COP as a function of ambient temperature for different condenser inlet temperatures. Solid lines
represent the COP of a standard ASHP

Similarly, the comparison between the evaporator inlet temperature and the ambient one is reported in Figure
6. Most of the points are over the solid line indicating that the I-SAHP has a cold source temperature higher
than the ASHP. For the considered system design condition, the threshold value for the parity of the
performance for an ASHP and an I-SAHP is around 300 W/m2. Moreover, the difference between the
evaporator inlet temperature and the ambient one can reach 15 °C, which is a considerable result.

Figure 6 - Representation of the cold source temperature as a function of ambient temperature and solar irradiance

During the analysis of electrical performance of PV/T panels in this experimental campaign a problem was
found, related to the inverter monitoring. Data were collected only from the 15th of March to the end of
experimentation. Furthermore, the available timestep for data collection was 15 minutes, too high to accurately
characterize the electrical behavior of the PV/T panels. Taking into consideration these limitations, Figure 7
shows the electrical ratio between the electricity production of the PV/T panels and the consumptions of the
HP system as a function of solar irradiance and the condenser inlet temperature. It is possible to see that most
of the points have a ratio higher than 1. The self-consumption condition where reached with a solar irradiance
from 500 W/m2 to 650 W/m2 for the three considered temperatures at the inlet of the condenser, from the
lowest to the highest respectively.
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Figure 7 - Representation of the electrical ratio between PV/T production and SAHP system consumptions as a function of
ambient temperature and solar irradiance

Moving to the PV/T panels, Figure 8 presents the thermal efficiency as a function of the reduced temperature.
As it is possible to see, a very low reduced temperature can be reached, when the PV/T modules temperature
is below the ambient one. In these conditions the thermal efficiency can be as high as 2. Moreover, all the
filtered points present a linear trend confirming the feasibility of the method to determine the characteristic
curve of PV/T under real environmental conditions as also discussed in a previous work (Simonetti et al.,
2018). The linear regression was applied, and the R2 parameter displays the good application of the method,
with a value higher than 0.85. The two parameters obtained from the regression, ηopt and a1, are 0.442 and
16.57 W/m2K respectively. Comparing these results to the parameters provided by the manufacturer present
in Table 2, the zero-loss efficiency is quite similar to the one declared, but the thermal losses coefficient is one
order of magnitude higher. This difference is probably related to a mistake in the datasheet, also because the
coefficient a1 of another PV/T panel based on roll-bond technology previously tested in the laboratory (SoLink,
2018) is around 13.8 W/m2K.

Figure 8 - Representation of the thermal efficiency of PV/T panels as a function of reduced temperature

The first law energy balance of the considered system is reported in Figure 9 through the parity plot between
the power entering in the system (thermal power coming from the PV/T panels and electrical consumptions of
the compressor and the cold loop circulating pump) and the useful effect (the thermal power produced by the
condenser). The compressor is assumed to be isolated, therefore the value of the parameter αcomp was set as 1
(see Eq. 1). Three solid lines are also displayed: the one in the center represents the ideal closure of the balance,
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the two others consider the mean uncertainty of the measurements, creating a band where balance can be
considered as closed.

Figure 9 - Representation of the first law energy balance as a function of ambient temperature and solar irradiance

It is possible to see that only a little part of the experimental points is positioned inside the uncertainty band
and the maximum error, considering the uncertainty band, of about 400 W. Moreover, it is clearly visible a
dependence on the ambient temperature or, more directly, on the thermal losses of the system, with higher
balance error at lower ambient temperature.
However, the ambient temperature was not sufficiently low to justify high thermal losses, especially after the
insulation procedure. Furthermore, negligible thermal losses can be identified in the cold loop, as shown in
Figure 10 where the parity plot exhibits that all the experimental points stay inside the uncertainty band, also
with very low ambient temperature. The evaluation of this physical incoherence will be an objective of futures
works.

Figure 10 - Representation of the energy balance in the cold loop as a function of ambient temperature and solar irradiance

In Figure 11 the relative uncertainty of the COP as function of solar irradiance and volumetric flow rate in the
hot loop is represented. The relative uncertainty is strongly affected by the flow rate and it slightly decreases
with the solar irradiance as consequence of the higher HP cycle temperatures which reduces the relative
uncertainty, according to Eq. 12.
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Figure 11 - Representation of the relative uncertainty of COP as a function of solar irradiance and hot loop flow rate

Finally, Table 4 summarizes the relative uncertainties, the minimum, maximum and average values of the
thermal powers at the inlet and at the outlet of the HP, as well as of the COP, the electrical and thermal
efficiency of PV/T panels and the first law energy balance. It is possible to see that the values are quite low,
with mean values around 2.7 % with limited variations between the minimum and the maximum. Electrical
efficiency presents the lowest relative uncertainty, due to the fact that, considering Eq. 11, the electrical power
measurement as well as the solar irradiance mensuration are very accurate. The highest uncertainty are referred
to the energy balance, which is relative to the condenser thermal power.
Table 4 - Relative uncertainties of the main parameters of the experimental analysis

Mean Value

Min Value

Max Value

𝑄̇𝑝𝑣𝑡

2.50 %

2.33 %

2.70 %

𝑄̇𝑐𝑜𝑛𝑑

3.42 %

3.16 %

3.97 %

COP

3.56 %

3.32 %

4.09 %

ηth

2.69 %

2.53 %

2.92 %

ηel

1.42 %

1.42 %

1.45 %

ΔĖ

3.92 %

3.73 %

4.38 %

6. Conclusions
In this paper, an experimental campaign was conducted at the SolarTechLAB, Politecnico di Milano, for 38 days
between January and March of 2019, to evaluate the behavior and the performance of an I-SAHP system
composed by a HP from the Hidros company and eight PV/T panels from Eclipse company. Experimentation
was done in real ambient conditions with a controlled condenser inlet temperature so to identify the influence
of the environmental conditions to the system performance. Moreover, condenser inlet temperature was varied,
with value of 30 °C, 40 °C and 50 °C respectively, to increase the completeness of the analysis. The first
important result is that the I-SAHP operated without any problems within the considered period with start-up
and shut-down procedure depending on the evaporator inlet temperature (i.e. environmental conditions).
Results have demonstrated the feasibility of the system, with high values of COP up to 5 with high solar
irradiance. The comparison with an ASHP showed that in the most of the operating conditions, the I-SAHP
system had better performance. In fact, the temperature of the cold source of the I-SAHP overcomes the
ambient temperature for solar irradiance higher than 300 W/m2. Also from the electrical part, the electricity
produced by the PV/T modules covered the HP electric demand for solar irradiance values above 500 W/m2.
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PV/T performance were evaluated, showing that the parameters of the linear regression from the thermal
efficiency, ηopt and a1, were 0.442 and 16.57 W/m2K respectively. Thanks to the operating conditions below
ambient temperature, the measured thermal efficiency of the PV/T module was even higher than 1. Finally, the
uncertainty analysis has outlined an accurate measurement apparatus, with a mean value of the relative
uncertainty of the COP of 3.56%.
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Abstract
The current version of ISO 9806 has merged the two test methods steady-state (SS) and quasi-dynamic (QD) in
such a way, that now only one uniform formula is used to determine the collector performance. However, the
individual methods remained almost unchanged. The various test methods often result in parameter sets being
determined for the same collector that differ significantly from one another. With the help of a one-day validation
measurement, the results can be made more precise and standardized. There is also the option of determining the
complete parameter set with this single validation sequence under suitable conditions. On vice-versa, it is possible
with validated parameters to predict or simulate daily yields in the complete temperature application range of a
collector more precisely. Thus, solar thermal industry can make professional and reliable statements about yields,
e.g. of large solar systems, beyond the mere determination of peak performance on the basis of a one-day yield
check of performance.
Keywords: ISO 9806, steady-state, quasi-dynamic, one-day validation, yield check

1. Introduction
Since the early 1970s, solar thermal energy has been regarded as a basic technology for a 100% renewable energy
supply. Since photovoltaics has developed rapidly, in particular due to feed-in tariffs, and prices per kWp have
fallen steadily, heat generation with collectors has increasingly receded into the background. Although electricity
plays a central role in our digital world, the actual share of energy consumption is low compared to the heat
demand. For this reason, the efficient supply of CO2-free heat from solar collectors is once again becoming more
important in climate protection. In order for solar thermal energy to be able to fulfil this role, precise statements
must be made about the energy yields that can be supplied. Due to the partially inaccurate determination of the
collector parameters, manufacturers are reluctant to give reliable yield guarantees and often refer only to
instantaneous performance data. This weakens the position of solar thermal compared to PV. The validation and
improvement of collector parameters can close this gap. A major part of the work has been executed in the project
ValiColl funded by the Solar Keymark Certification fund (SCF1), where a flat plate collector was examined by
three experienced test labs. Together with results from industrial research and testing on evacuated tube collectors,
the findings could be deepened and specified.

2. Advantages and disadvantages of the current test methods SS and QD in ISO
9806
The ISO 9806 standard for collector testing has been modified in recent years to express the thermal power
delivered by different test methods by a common equation. Since the SS method works only with hemispheric
irradiance and without an incidence angle modifier for diffuse solar radiation, the corresponding parameters are
converted using predefined formulas, so that the heat output is represented at the end using the same formula as for
the QD method. For typical flat plate and evacuated tube collectors, the general and quasi-dynamic equation is:
3<
𝑄̇ = 𝐴% &𝜂(,* 𝐾* (𝜃. , 𝜃/ )𝐺* + 𝜂(,* 𝐾3 𝐺3 − 𝑎6 (𝜗8 − 𝜗9 ) − 𝑎: (𝜗8 − 𝜗9 ): − 𝑎; 3>= ?

(eq.1)

The steady-state test can only be performed under a blue sky and high irradiance. The power is determined for 4
temperature levels at normal incidence. With the given collector model from the standard, the optical efficiency
and the loss factors can be determined, which are then used to approximate the power and efficiency curve. Using a
tracker the incidence angle modifier can be determined in the longitudinal and transversal axis. The collector
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parameters are calculated by evaluating the energy balance of equation 2:

𝑄̇ = 𝐴% @𝜂(,AB8 𝐾AB8 (𝜃. , 𝜃/ )𝐺AB8 − 𝑎6 (𝜗8 − 𝜗9 ) − 𝑎: (𝜗8 − 𝜗9 ): C

(eq.2)

The effective heat capacity C/AG is calculated from the materials built in in the collector by using weighting factors
and the incidence angle modifier for diffuse irradiance Kd is calculated using the table of the IAM for
hemispherical irradiance.
Quasi-dynamic testing needs 4 or 5 days of different irradiation conditions. The collector is mounted on a fixed
rack with fixed inclination. The inlet temperatures are kept on a constant level during a testing sequence. By
variation of irradiance conditions and by using different inlet temperatures all performance parameters including
the incidence angle modifier for beam and diffuse irradiance can be determined. The effective heat capacity is
fitted as parameter a5 and is used to adapt the thermal behavior of the collector to the measured power curve. All
parameters are adjusted using the least squares method to achieve the best possible correlation.
The SS testing gives quite exact results for the 4 measured discrete points and the heat capacity. Whereas the
transient behavior in between the points may contain inaccuracies. The assessment of diffuse irradiation is only
theoretical as larger fractions of diffuse light are excluded. QD testing can adapt the measured power quite well and
includes the assessment of diffuse irradiation more realistic. Due to the constant inlet temperature during the
measurement, parameter a5 is used more to represent the thermal response of the collector to variation of irradiance
than the heat capacity. In fact, it is more of an adjustment parameter because it mostly overestimates the physical
heat capacity of the collectors, especially if there is a larger temperature difference between the absorber and the
fluid. Since the performance parameters are not independent of each other, these inaccuracies can lead to
significantly different assessment of the same collector by the different testing methods, different test labs or
different test personnel. The very fact that different parameter sets deliver almost identical results under the test
conditions required by the standard, requires validation under more realistic operating conditions. In the past, the
lack of validation in this respect has already led to unreasonable parameter values, huge deviations of yield
simulations and irritations among the solar thermal industry.

3. Validation of test results
To check if the parameter set is realistic the collector can be tested in a validation sequence, which includes most of
the typical operational condition. It consists of an increasing inlet/mean temperature curve up to a defined
maximum at solar noon, which is kept until sunset. The maximum temperature must be selected in such a way that
a useful power is still extracted at high incidence angles in order to evaluate the performance of the collector even
at the limits of the operating range. Fig. 1 shows the principle characteristic of the mean collector temperature of a
validation sequence for collectors with different heat loss factors a1. Similar to the QD procedure the collector is
mounted on a fixed rack with fixed inclination. It is advantageous, but not necessary, if the angle of incidence at
noon is approximately perpendicular. The collector shall be oriented towards the equator.

Fig. 1: Recommended temperature curves of a validation sequence for collectors with different heat losses
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To check the precision of the performance parameters the energy balance from 08:00 to 17:00 has been evaluated
and additionally four subintervals by simulation according to equation 1. For this purpose, it is important to use the
physical parameter C/AG instead of the fit parameter a5 in order to represent the effective heat capacity in the
calculation correctly. The example of a flat plate collector (FPC) in Fig. 2 using the parameter set (Vali – T2)
derived from a SS test and applied to a validation measurement shows that within the energetic relevant intervals 2,
3 and 4 the consistency between measurement and simulation can be improved. The simulated power (continuous
light green line) overestimates the measurement (dashed dark green line). Improving the parameter set like in the
second diagram (Vali – optimized Fit 2-a) the difference in the energy balance can be close to zero for all 3
subintervals and the total balance for the day. In addition, the coefficient of determination R2 is improved and the
sum of the absolute deviation between the two curves is reduced significantly. Although the set Vali – T2 is
already quite good the enhancement at higher temperatures is obvious and is highlighted by the good
correspondence of the violet curves of the cumulated collector yield.

Fig. 2: Comparison of measurement (dashed lines) and simulation (continuous lines) for two different parameter sets of a FPC

The homogenous distribution of measurement points over the complete operational range of the collector during a
high irradiation day (Fig. 3) enables to refine the parameter set to achieve reliable and reproducible results. The
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figure also shows the typical behavior of an FPC with strongly decreasing efficiency at higher temperatures and
large angles of incidence later in the afternoon. The application limit is at a reduced temperature of 0.12 at low
irradiance conditions.

Fig. 3: Net efficiency vs. reduced temperature and vs. time on a sunny day of a FPC

A further investigation was carried out on an evacuated tube collector with CPC reflector (ETC+CPC). The
collector was tested and certified with the QD procedure and additionally subjected to a validation measurement.
Since the collector is also used in the temperature range 80 to 120 °C, an increase of the mean collector
temperature up to 100 °C was tested. From component assessment like ray tracing of the CPC, testing of the
evacuated tubes etc. there has been determined a theoretical set of parameters before executing the testing to find
out the differences between theory and practice. The reddish lines in Fig. 4 represent the longitudinal IAM while
the green ones show the transversal IAM. According to the permitted limits of the ISO 9806, the measurement of
IAM (dashed lines) can be done only up to 70° in a reasonable way. The value for 80° is then interpolated. The
validation values (continuous lines) are first derived from theoretic values (dotted lines) and then adapted with the
validation sequence. It is obvious that the validation values had not to be changed very much from the theoretical
ones to find a very good adaption. According to the standard, these values are given for each 10° and interpolated
for the simulation. The longitudinal values of QD measurement show a quite low characteristic and at 60°
incidence an atypical behavior.

Fig. 4: Incidence Angle Modifier (IAM) of 3 different parameter sets

Comparing parameter sets of the “certified test (QD)” and the Validation called “adapted theory (V)” by
simulating the validation sequence (Fig. 5) it can be seen, that until 10:00 and a mean collector temperature of
70°C (≈ mean collector temperature difference 50 K) the cumulated collector yield of the measurement and the
simulation are very similar. With higher temperature, the QD set underestimates the measured values and results
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in more than 5% less daily yield than actually measured. On the other hand, the simulation of the Validation set
follows the measured values quite exact and results in a total balance of 0 %. Due to the design of the collector
with a significant temperature difference between the absorber and the fluid, the heat transfer in the shown 1-knot
model simulation is delayed. Therefore, R2 is not particularly good. If a second knot is added to the model (not
presented here), the dynamics of the simulation curve and R2 of the Validation set are much better too. The
deviation in the energy balance for each subinterval then is below 1 %.

Fig. 5: Comparison of measurement (dashed lines) and simulation (continuous lines) for two different parameter sets of an ETC

In Fig. 6 the huge operational range of this ETC is displayed on a scale of the reduced temperature until 0.6. The
net efficiency measured at the flow and return line of the collector remains almost constantly above 50 % during
the typical operation time between 8:00 and 17:00. This is due to the low losses of this collector type and its special
IAM caused by the CPC reflector and the tubular absorber. The fact of the high efficiencies would allow testing of
the collector even at even higher temperature levels.
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Fig. 6: Net efficiency of an ETC vs. reduced temperature and vs. time on a sunny day

4. Application and summary
The one-day measurement was validated for flat plate and evacuated tube collectors. It is currently applicable for
non-tracking collectors and collectors with low concentration < 2 only. Further investigations are needed to
determine whether it can also be used for tracking- and/or higher-concentration collectors. The validation sequence
can be added to both test methods SS and QD. It is the link to achieve similar and reproducible parameter sets no
matter which method you choose. It provides security for manufacturers concerning the yield of their products over
the entire temperature application range and enhances the trust in solar thermal energy. The validation sequence
provides the option to determine the whole parameter set by a cheap one-day measurements if the values are
roughly known by theory or former testing. The method can be applied also to in-situ2 measurements e.g. of largescale application where it is difficult or impossible to provide constant and low temperature inlet temperatures. In
practice days with high irradiation sum > 6.5 kWh/m2 should be used to validate or determine the complete
parameter set, while it is not necessary to have blue-sky conditions. Days with high diffuse irradiation are perfect
to determine Kd more precisely. The detailed investigation shows that a good validation mostly needs significantly
higher Kd values than calculated according ISO 9806 or a higher Kb characteristic more close to theoretical values,
which then also result in a higher value for the calculated Kd. For the examined FPC the best fitting value is about 6
percent points higher than calculated. The reason for this is that the 1-knot model is only a rough physical model so
that hb, Kd, a1 and a2 are not independent from each other but linked. For the ETC collector the significant higher
Kb characteristic resulted in a Kd =1.00. The possibility to reduce the deficits of the 1-knot model by adjusting Kd,
as it is already practiced in the QD method, and as it should also be possible for the SS test, makes a more precise,
but also more complicated 2-knot model obsolete. Furthermore, a parameter set, which has been refined that way,
reduces unreasonable deviations and values for a1 and a2 and thus show typically a better physical relation to the
stagnation temperature. The validation sequence is the key to this improvement. The results of the study can be
used for further development of ISO 9806 and reducing costs for testing.
Furthermore, several one-day tests with different temperature profiles, lower irradiation, different azimuth and
inclination were performed. General result is that a parameter set validated with a high irradiation sum can be used
to simulate the results of days at different conditions within the range of the validation sequence quite well. This
opens the possibility to check and evaluate the energy yields of large-scale applications by one-day measurements.
This can be done for typical days with different irradiation sums in addition to the pure peak efficiency evaluation.
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Appendix: Units and Symbols
Quantity

Symbol

Unit

Gross area of collector = Reference area

AG

m2

Heat loss coefficient

a1

Wm-2K-1

a2

Wm-2K-2

Fitted effective thermal capacity per m

a5

kJm-2K-1

Calculated effective thermal capacity per m2

C/AG

kJm-2K-1

Hemispherical solar irradiance

Ghem

Wm-2

Direct solar irradiance

Gb

Wm-2

Diffuse solar irradiance

Gd

Wm-2

Hemispherical irradiation

Hhem

kWhm-2

Diffuse irradiation

Hdiff

kWhm-2

Incidence angle modifier for hemispherical solar radiation

Khem(qL, qT)

-

Incidence angle modifier for direct solar radiation

Kb(qL, qT)

-

Incidence angle modifier for diffuse solar radiation

Kd

-

𝑄̇

W

Measured energy extracted from the collector per m

𝑄8

kWhm-2

Simulated energy extracted from the collector per m2

𝑄D

kWhm-2

Absolute difference between measured and simulated energy per time step

|𝑞8 − 𝑞D |

Whm-2

Coefficient of determination

R2

-

Ambient air temperature

Ja

°C

Mean temperature of heat transfer fluid

Jm

°C

Peak collector efficiency collector based on hemispherical irradiance

h0,hem

-

Peak collector efficiency collector based on direct irradiance

h0,b

-

Calculated collector efficiency at (estimated) stagnation temperature

hstag

-

Temperature dependence of the heat loss coefficient
2

Useful power extracted from the collector
2
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Abstract
The market for large solar thermal systems is growing and with it the need to plan, design and simulate these
systems precisely. This requires the ability to accurately and meaningfully measure their performance and
yields. Hence activities for the development of methods to characterize such plants are on-going. The paper
presents three of these methods and compares them with regard to their technical requirements and boundary
conditions. The comparison includes the collector models on which they are based, the nature of their results
and the use cases for which they are most suitable. It should serve as a decision-making aid for stakeholders in
selecting the measurement method best suited to their needs and boundaries. The paper shows that these
methods do not contradict, but rather complement each other.
Keywords: Field measurement, collector certification, performance check, surveillance

1. Introduction
Large-scale solar thermal plants (>500 m² collector area, >350 kW th nominal thermal power) are a cost-effective
way to provide renewable heat (ESTIF, 2015). The market has experienced considerable growth recently, with
close to 150,000 m² of solar collectors (105 MWth) installed in large-scale systems in Europe in 2018 (Weiss
and Spörk-Dür, 2019). The driving force has been solar district heating applications in Denmark, where the
world’s largest plant in Silkeborg (156,694 m² flat plate collectors; 110 MW th) started operating in December
2016 (Weiss et al., 2017).
This market development has also drawn attention to the necessity of reliable and meaningful testing as the basis
for energy yield simulation of such large-scale plants associated with large investments. At present, there are
various activities for the development of such test procedures, which pursue different approaches and objectives.
Three are selected here for discussion:






An annex has been added to the Solar Keymark Scheme Rules to enable the measurement of collectors
for product certification in the field based on results from the German funded project ZeKon in-situ (In
situ Collector Certification, ICC)
The Austrian funded research project MeQuSo developed methods for quality assessment of large-scale
solar thermal plants under real operating conditions, based on similar physical foundations as the quasidynamic test method of ISO 9806 (ISO 9806, 2017) (Dynamic Collector Array Test, D-CAT)
In ISO/TC 180 there is a new work item with a proposal for a simple method for checking collector
field performance (ISO/AWI 24194, 2019) (Performance Check for Collector Arrays, PC)

Thus, there are different possible approaches in place potentially creating confusion as to which is the most
preferable method for a specific application. This paper intends to provide clarity and transparency to
manufacturers, plant designers and operators to be able to choose the suitable method providing them with the
information needed within the acceptable cost and time frame.
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2. Description of methodologies
2.1 In situ collector certification (ICC)
Introduction
Within the scope of the project ZeKon in-situ funded by the German Ministry of Economic Affairs and Energy,
research was carried out into how a single collector in a field installation can be characterized for certification
purposes on the basis of an adapted quasi-dynamic test method (QDT) known from ISO 9806 (ISO 9806, 2017).
The necessary adaptations of the test method and a new Appendix P5.5 to the Solar Keymark Scheme Rules
were developed, which describes the procedure and peculiarities of field measurements on the level of product
certification. The flowchart in Fig. 1 shows the process of the method.
Scope and use case
“In-situ certification is targeting but not limited to collectors which because
of their size, power output, weight, operating conditions or on-site
production can hardly be tested in a laboratory” (SKN Working Group,
2019). The method can therefore be applied to any collector type. The
information and results that can be generated with such a measurement are
the same as for a certification test in the laboratory. The aim of such a
measurement is always a parametrization of the collector, usually for the
purpose of obtaining a Solar Keymark certificate. On the basis of the
specific parameters, systems can be designed and expected collector yields
calculated and compared.
In addition to the above-mentioned reasons for field measurements, the
method was also developed against the background that the collector
parameters based on laboratory measurements were partly criticized as being
not representative in the past. Each manufacturer is now free to have his
product tested either in the laboratory or in a field installation, which is,
however, associated with increased effort.
Methodology
The collector is measured according to the collector model standardized in
ISO 9806 and as far as possible also using the QDT method described there.
In comparison to laboratory measurement, differences in the procedure arise
mainly in the following points:


Boundary conditions of the measurement:

In order to enable the collector to be measured in regular system operation
without interfering with the control system, the boundary conditions
specified in the standard, in particular the permissible fluctuation of input
temperature and mass flow rate as well as the averaging time span used,
must usually be adapted. Their influence was investigated in a sensitivity
analysis within the framework of the project. Averaging times of 5 minutes
worked out for the best results. Very short averaging times or instantaneous
data are hardly suitable for this method. With sufficiently long averaging
Fig. 1: Process diagram of a field
certification measurement

times, fluctuation limits of up to 5K in the input temperature and up to 15%
in the mass flow could be allowed and led to good results (Fahr et al., 2018).

All sequences with potential shadowing are excluded from the measurement based on geometrical
calculations.


Measurement technology:

Deviating from the standard, a SPN1 sensor can be used to measure the diffuse radiation. This comes with the
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advantage that neither manual adjustment nor a tracking device is needed, hence significantly reducing the
maintenance effort and costs. The use of this sensor for global radiation measurement also showed good results
in the project with minor deviations compared to standard measurement technology, but is not yet permissible.
The use of non-invasive flow rate measurement technology is generally not prohibited by the standard if the
corresponding measurement uncertainty is adhered to. However, the project showed that this is only possible
under very specific flow conditions and that the application is difficult in most cases. As expected, the use of
surface temperature sensors led to large deviations and is therefore not recommended.
Results
In the project ZeKon in-situ it was shown that it is possible to generate parameters for collectors in the field.
Slight deviations from the laboratory measurement are within confidence interval of the reference measurement.
This was achieved by using the measurement equipment described above and extended limits for the permissible
boundary conditions. In Fig. 2 a comparative measurement is shown for an exemplary collector.

Fig. 2: Measurement results from laboratory and field for an exemplary collector of identical design

A sufficient variance of the measured values with regard to all parameters to be determined is indispensable and
not always easy to achieve in the field. This applies in particular to the collector input temperature and, in the
case of biaxial collectors, the angle of incidence of both axes. The acquisition and combination of measurement
data from more than one collector of a row (at least the very first and last, more if necessary) can be helpful in
order to obtain data at different temperature levels. An extrapolation of the efficiency curve is only permissible
in the range described by the standard, as applied in Fig. 2. It is advisable to precisely analyze the feasible
boundary conditions in advance of such a measurement campaign.
Of great importance in such a measurement is the assessment of the parameter quality, which depends to a large
extent on the quality of the underlying measurement data. A detailed evaluation of the parameter quality is
possible, for example, with the so-called bootstrapping procedure. This involves imposing artificial noise on the
data set on the basis of the residuals between the power measured and the power calculated during
parameterization. The residuals of randomly selected measurement sequences from the original data are used to
generate a large number of new data sets, which can then be parameterized again. This process is repeated many
times and thus a large number of different parameter sets for the collector are generated, whose distribution and
co-variances can then be analyzed and used to assess the quality of the parameters (Zirkel-Hofer et al., 2018).
Significant dependencies between different parameters as well as distributions of individual parameters, which
deviate strongly from a normal distribution, can indicate an insufficient database. The confidence intervals of
the individual parameters also serve as indication for the quality of the evaluation. Tools for the automated
application of bootstrapping on the evaluated data have been developed at Fraunhofer ISE and applied within
ZeKon in-situ.
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Fig. 3: Exemplary graphs for parameter distribution (left) and covariance (right) from bootstrapping

Fig. 3 shows two exemplary graphs resulting from bootstrapping to demonstrate how it helps to assess the
parameter quality. On the left side the distribution of η0,hem (normalized to the originally determined parameter
value) for an exemplary field measurement is presented. The dotted orange line marks the median value and the
blue dotted lines represent the 95% confidence interval. In this case the confidence interval of the conversion
factor (η0,hem) is close to what is typical for a laboratory measurement. In combination with the nearly normal
distribution it indicates that the underlying data basis allows a meaningful non-biased determination of the
parameter.
On the right side of Fig. 3 an example for the covariance between η0,hem and Kd is shown (normalized to the
originally determined parameter values). It indicates a clear correlation of high values for η0,hem with high values
for Kd, meaning that on basis of the underlying data set both parameters could not be identified completely
independent. The strength of a correlation can be measured by the correlation coefficient, which can range from
0 (fully independent) to 1 (fully dependent) and is 0.7 in this example. A result like this implies the requirement
for further assessment of sufficient variability in the measurement data. This mathematical data point evaluation
is most helpful to have un-biased collector parameters for different products from field measurement, without
the need of a new model.

2.2 Dynamic Collector Array Test (D-CAT)
Introduction
The Dynamic Collector Array Test (D-CAT) is an in situ test method for quality assessment of large collector
arrays under fully dynamic operating conditions. The method has a similar physical modeling approach for
single collectors as the quasi-dynamic test procedure of ISO 9806, but extends the ISO model to collector rows
and collector arrays. The method has been developed in the Austrian funded research project MeQuSo. It is
currently in a proof of concept state. The description below gives the present status, minor changes are possible.
Scope and use case
The D-CAT method uses a parameterized collector array model which is applicable to typical array
configurations of large-scale solar thermal plants. In the current state of development, the D-CAT method is
limited to arrays with flat plate collectors, although extensions to other collector types are possible within the
existing framework.
The main goal of the method is to obtain a set of parameters of this model to characterize the behavior of the
collectors based on measured operating data. The model accepts fully dynamic inputs and can thus be applied to
fully dynamic conditions of the normal plant operation. That is, the method does not require running special test
sequences or pre-filtering data to obtain “quasi-dynamic” states. A central feature of the D-CAT method is the
fact that it can be run in automated mode and therefore repeated in time with little additional effort.
Performance reductions that concern the collectors on a component level (such as soiling, broken insulation,
faulty foil tension etc.) are reflected in the estimated parameters to obtain a characterization of the collectors
under ‘real-world’ conditions (Tschopp et al., 2017). Heavily soiled collectors will have worse values for the
optical parameters than clean collectors. On the contrary, performance relevant factors which do not accrue from
the collector on a component level (such as local weather conditions, operating conditions, collector array
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geometry, hydraulic setup, etc.) are not mirrored in the estimated parameters. A collector array operated at
higher temperatures will have a lower efficiency, but the same collector parameters as an array operated at lower
temperatures.
The in situ parameterization of a collector array can be used as follows:





commissioning: target/actual comparison with guaranteed thermal power output/yield
surveillance: detecting trends with repeated testing
control: parametrization of collector array models
testing at different locations: transparent comparison of collector arrays

Methodology
The flowchart in Fig. 4 below shows the process of the method.
Performance boundaries
The performance boundary is the collector array including the collectors and connection pipes between the
collectors (Fig. 8). Not included are the distribution pipes from the array to the heat exchanger.
Modeling
A one-node model (fluid temperature node) and two-node model
(fluid and solid temperature nodes) can be used. Both models take
into account that collector rows are relatively long in large arrays,
so the temperature is assumed to change depending on the position
along the fluid direction. The partial differential equations (PDE)
for a specific position are given below:
One-node model:
𝑚̇𝑝𝑟𝑖 𝑐𝑓,𝑥

𝜕𝜗𝑓,𝑥
= 𝜂0,𝑏 𝐾𝑏 (𝜃) ∙ 𝑠 ∙ 𝐺𝑏 + 𝜂0,𝑏 𝐾𝑑 𝐺𝑑,𝑎𝑣𝑔
𝜕𝑥
2

−𝑎1 (𝜗𝑓,𝑥 − 𝜗𝑎 ) − 𝑎2 (𝜗𝑓,𝑥 − 𝜗𝑎 ) − 𝑎5 (

𝜕𝜗𝑓,𝑥
𝜕𝑡

)

(eq. 1)

Two-node model:
𝑚̇𝑝𝑟𝑖 𝑐𝑓,𝑥

𝜕𝜗𝑓,𝑥
𝜕𝑥

= 𝑏0 (𝜗𝑠,𝑥 − 𝜗𝑓,𝑥 ) − 𝑐𝑓_𝐴,𝑥 (

𝜕𝜗𝑓,𝑥
𝜕𝑡

)

(eq. 2a)

𝑏0 (𝜗𝑠,𝑥 − 𝜗𝑓,𝑥 ) = (𝜏𝛼) 𝐾𝑏 (𝜃) ∙ 𝑠 ∙ 𝐺𝑏 + (𝜏𝛼) 𝐾𝑑 𝐺𝑑,𝑎𝑣𝑔
2

− 𝑏1 (𝜗𝑠,𝑥 − 𝜗𝑎 ) − 𝑏2 (𝜗𝑠,𝑥 − 𝜗𝑎 ) − 𝑏5 (

𝜕𝜗𝑠,𝑥
𝜕𝑡

)

(eq. 2b)

The modeling has the following distinct features:

Fig. 4: Flowchart for processing the Dynamic
Collector Array Test (D-CAT) method

 The explained variable of the model equations is not the
thermal power output like in ISO 9806, but the measured outlet
temperature and additional temperatures within the collector array
which are not measured (grey-box model).

 Fluid propagation (transport) is modelled in the spatial
derivative terms. While this increases the model complexity, it is a crucial feature especially for
estimating the collectors’ heat capacity because travel times of the fluid through the array is oftentimes
comparable to the collectors’ time constant (Lemos et al., 2014).
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For collectors within an array, sky and ground view are obstructed due to collectors placed in front
(Appelbaum, 2018). This reduces the diffuse irradiance along the collector height from top to bottom.
The D-CAT method calculates an average diffuse irradiance which corrects for this effect. For
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laboratory tests, there is no view obstruction, and a correction of the measured irradiance at the top of
the collector is not necessary.


Contrary to ISO 9806, wind heat losses are not included in the model, as the wind speed above the
collector cannot be representatively measured for collector arrays. For collectors with high wind heat
losses, data with high wind speed should be discarded.



Operating conditions with internal shading can be included if the share of the collector array which is
shaded can be determined with reasonable accuracy and the shading share is low.



The two-node model is typically substantially superior in explaining dynamic behavior, but it lacks
direct comparability with the quasi-dynamic ISO 9806 parameters. It is recommended to use the twonode model when the residuals of the transient collector array operating conditions are large.

The model equations have no analytical solution. They are solved numerically based on the method of lines: The
temperatures are discretized in flow direction based on a one-dimensional finite volume method (LeVeque,
2002). This results in a system of ODEs which can be efficiently solved by appropriate stiff ODE solvers. This
approach calculates all heat transfers based on the local temperature of each finite volume segment. For (eq. 1)
this leads to the same collector parameters as in the ISO 9806 equation.
Measurement setup and data acquisition
Since D-CAT is a method taking into account fully dynamic behavior, it requires relatively high sampling rates
of not more than 1 minute and ideally 10 seconds or less. The required inputs that are used for the parameter
estimation are the mass flow rate of the collector array, the return and flow temperature at the entry and exit
points to the collector array, the total irradiance in the collector plane (or any other surface) and the heat
capacity of the fluid. The method contains an advanced radiation processing algorithm which splits the total
radiation in its direct and diffuse part (if only the hemispherical radiation is measured). Other measurement
setups are possible. In these cases, a simulation procedure is used to calculate the model inputs at the
performance boundaries.
Data processing and performance assessment
A key part of the D-CAT method is the data selection, which is done in three steps:
1.

Only include data where the model is applicable. All operating conditions above a minimal thermal
power output level, below an internal shading share threshold and conditions where no external
shading occurs can be used. Variable volume flows and rapid return temperature changes (typical
when using speed-controlled pumps) are acceptable.

2.

Intervals with 90 minutes of continuous operation are retrieved/selected.

3.

Typically, some type of intervals (e.g. intervals with high irradiance and constant operation
temperatures during the summer months) are overrepresented, which can lead to overfitting and
high correlation of the parameters. To address this problem, a subset of (typically around 25)
optimal intervals is selected automatically, where each interval makes a substantial contribution to
determine the model parameters. This can be interpreted as an optimal design problem, where the
total interval information is maximized by maximizing the determinant of the Fisher information
matrix (D-optimality criterion) (Federov, 2013).

Based on the retrieved intervals, the parameter estimation is done by minimizing a cost function, the RMSE of
the deviation between measured and simulated array outlet temperatures. The simulation of an interval requires
knowing the initial conditions (the temperatures of the finite volume segments) which are not measured. To
overcome this problem, the first 30 minutes of an interval are used for a pre-simulation to get a good assumption
of the initial conditions for the simulation of the main 60-minutes-intervals. The aim is to include measurement
and modeling uncertainty in the parameter estimation in the next development step of the method.
Results
The D-CAT method allows an in situ parameterization of the collectors in the collector array (such as zero loss
efficiency, heat loss coefficients, thermal capacity, etc.). Fig. 5 shows typical results for the efficiency and

237

K. Kramer et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

incidence angle modifier curves when a collector array is tested at inauguration and after multiple years of
operation. For each test run, different parameter values (“in situ parameters”) are obtained which mirror the
current state of the collectors. For this collector array, the performance of the collectors at inauguration is a bit
below the datasheet. The performance is further reduced after multiple years of operation (possibly due to
soiling). A thermal power output guarantee can be checked by comparing the thermal power output/efficiency
based on datasheet parameters versus in-situ parameters for defined operating conditions. A yield guarantee can
be checked by comparing the simulated solar yield with the data sheet parameters versus in-situ parameters.

Fig. 5: Efficiency and incidence angle modifier curves with datasheet versus in situ parameters

2.3. Performance Check for Collector Arrays (PC) - ISO/TC 180 work item
Introduction
This Performance Check (PC) method - or similar - has been used in Denmark for approx. 10 years to check
performance of large-scale solar collector fields for district heating. It was described in fact sheets in IEA SHC
Task 45 (Nielsen 2014a, 2014b). It has now been proposed as an input to a new ISO standard, and a working
group under ISO/TC180 is elaborating this standard right now. The description below gives present status, the
final standard may derive.
Scope and use case
This method can be used for a simple check of the collector field power performance. It can be used in
connection with the commissioning of the collection field and/or for continuous on-line surveillance. It can be
used for flat plate collectors and for concentrating collectors.
Methodology
The overall principle is to check the measured power against the estimated power when the collector field is
running close to full power.
Calculating estimated power
The estimated power is calculated based on collector parameters from ISO 9806 testing plus some safety factors.
The equation used for estimating the collector field power is chosen depending on collector type and the wanted
uncertainty level. Three equations are available:
Equation A: A simple power performance estimate for non-concentrating collectors:
Q̇sec,est = ncol·AG ·[η0,hem Ghem – a1 (ϑm,cf – ϑa) – a2 (ϑm,cf – ϑa)2 – a5 (dϑm,cf /dt)] · fsafe

(eq. 3)

Equation B: A more advanced equation for non- or low-concentrating collectors (concentration ratio CR < 20)
can be used if the direct and diffuse radiation on the collector plane is available. Using eq. B will normally give
results with smaller uncertainty than using eq. A as incidence angle modifiers for the collector are considered in
eq. B.:
Q̇ sec,est = ncol ·AG ·[η0,b Kb(θL, θT) Gb + η0,b Kd Gd – a1 (ϑm,cf – ϑa) – a2 (ϑcf,m – ϑa)2 - a5 (dϑm,cf/dt)] · fsafe
(eq. 4)
Equation C: Is used for concentrating collectors with high concentration ratio C R ≥ 20 – tracking in one or two
axis and utilizing mainly or only the direct radiation.
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Q̇sec,est = ncol ·AG·[η0,b Kb(θL, θT) Gb – a1 (ϑm,cf – ϑa) – a5 (dϑm,cf /dt) – a8 (ϑm,cf – ϑa)4] · fsafe

(eq. 5)

fsafe is taking into account pipe and other heat losses, measurement uncertainty and other uncertainties.
To limit uncertainties, some restrictions on the operations conditions are given: No shadows; moderate change
in collector mean temperature; no risk of snow/icing; no high wind – and if eq. A is used: incidence angle < 30°.
Only measurement points which satisfy these restrictions are valid.
Power measurement
Although the performance is checked for the primary loop, it’s recommended to measure the power output on
the secondary side to avoid uncertainties due to the physical values of the collector loop fluid. So, collector field
power 𝑄̇ sec shall be measured on the secondary side of the heat exchanger, based on flow and temperature
measurements:
̇
𝑄̇ sec = 𝑉𝑖,𝑠𝑒𝑐
· ρi,sec · cf,sec · (ϑe,sec – ϑi,sec)

(eq. 6)

The flowchart in Fig. 6 below shows the process of the method.

Fig. 6: Flowchart for processing the Performance Check (PC) method

Measurement equipment
The necessary measurement equipment for measuring the collector field power output is indicated in Fig. 8
below.
The equipment for solar irradiance measurement follows from the equation used:





Eq. A: Global irradiance measurement in the collector plane is needed.
Eq. B: Direct and diffuse irradiance measurement is needed, options are:
o Pyranometer for global irradiance in the collector plane + pyranometer with shadow ring for
diffuse irradiance in the collector plane
o Pyranometer for global irradiance in collector plane + pyrheliometer for beam irradiance
Eq. C: Only pyrheliometer for beam irradiance is needed.

Other equipment:





Energy meter (flow meter + temperature sensors in secondary (water) loop)
Temperature sensors for in- and outlet of heat exchanger primary loop
Temperature sensor for ambient air temperature
Anemometer for wind velocity
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Logging / recording:
Measurement data are logged (and calculated) at least each minute. Averaged data are recorded (at least) each
hour.
Uncertainty levels:
Present version of the method has two levels of uncertainty – first level one corresponds more less to the ISO
9806 uncertainty level – second level is more relaxed.
Results
The main final result is the deviation between summarized estimated and summarized measured performance
given as a percentage:
Deviation in 𝑄:̇
d𝑄̇ % = (𝑄̇ sec – 𝑄̇ sec,est)/ 𝑄̇ sec

(eq. 7)

Supplementary results are presented in Fig. 7, showing the measured data points for power output against the
corresponding estimated power on the left side and the average measured and estimated power on the right.

Estimated power [kW]

Fig. 7: Measured points of power versus estimated points of power (left) and average measured power versus average estimated
power (right)

3. Comparison of the methodological approaches
3.1 Measurement setups
The system layout with sensor locations and performance measurement boundaries for all three methodological
approaches is shown in Fig. 8.
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Fig. 8: System layout, sensor locations and performance boundaries

While the ICC method generates collector parameters from measurement data taken directly at (one or more)
single collectors, the D-CAT method takes measurement data from the complete collector field (excluding
distribution pipes) and uses a collector field model with correction terms for different factors influencing the
field to derive collector parameters. The PC method refers to the complete field including the distribution pipes
and recommends measuring the power output in the secondary loop.

3.2 Distinguishing features
To give an overview of the differences between the described methods, their distinctive properties are
summarized in Tab. 1.
Tab. 1: Distinctive properties of the test methods

Test procedure

ISO 9806

ICC

D-CAT

PC

Laboratory
testing

In situ collector
certification

Dynamic Collector
Array Test

Performance Check
for Collector Arrays

collector
certification

collector
certification,
evaluating single
collectors in field
installation

performance check
and surveillance
based on in situ
collector array
parametrization
under fully
dynamic conditions

performance check
under stable
conditions close to
full power operation,
surveillance

laboratory

In situ

In situ

In situ

single collector

single collector(s)

collector array
without pipes

collector array
including pipes and
heat exchanger

all

all

flat plate;
extensions to other
collector types
possible

all

standard

permissible;
Annex P5.5 of Solar

proof of concept
completed

input to
standardization work

Basics
Use case (main)

Test site
Test object
(performance
measurement
boundaries)
Collector types

Status
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Keymark Scheme
Rules

item in ISO TC 180

Test outcome
Key performance
indicators

normative collector
parameters

normative collector
parameters

collector
parameters
describing the
measured
behaviour of the
collectors in the
array

target/actual
comparison based on
ISO 9806 data sheet
parameters

✓

✓

✓

✕

Explained
variable

thermal power
output

thermal power
output

outlet temperature

thermal power
output

Collector model

steady state,
quasi-dynamic

quasi-dynamic
(ISO 9806)

dynamic model
calculated into
ISO 9806
parameters;
additional 2-node
model

three equations
based on collector
types (used for target
performance
comparison, but not
parameter
estimation)

Additional
collector array
modelling

-

-

effective direct and
diffuse radiation,
distribution pipes,
heat exchanger
(depending on
sensors)

reduction factors for
distribution pipes
and heat exchanger
losses

standard high
precision sensors

standard high
precision sensors,
alternative sensors
for diffuse irradiance
measurement
allowed

irradiance, air
temperature, fluid
temperatures,
volume flow; low
precision sensors
possible

irradiance, air
temperature, wind
velocity, fluid
temperatures,
volume flow

4-5 days

minimum 5-10 days,
up to 6 months
(depending on
collector type and
operation conditions)

minimum 4-5 days,
up to 6 months
(depending on
operation
conditions)

minimum 4-5 days,
up to 6 months
(depending on
operation conditions)

defined test
sequence

normal plant
operation

normal plant
operation

normal plant
operation

strict limits
especially regarding
inlet temperature
and mass flow rate
stability

extended limits for
inlet temperature and
mass flow rate
stability; no shading,
no high wind

no external
shading; internal
shading allowed in
some circumstances; minimum
90 minutes of
continuous
operation

no shadows;
moderate change in
collector mean
temperature; no risk
of snow/icing; no
high wind – and if
eq. 1 is used:
incidence angle <
30⁰

Solar yield
estimation
Model

Measurement setup, data procession
Required sensors

Duration of
measurement

Test data
Main boundary
conditions
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Sampling rate /
Averaging time

< 10s / no
specifications

< 10s / multiple
times the passthrough time of fluid
through collector
recommended

≤ 1 min /
10s for data with
sampling rate
< 10s, otherwise
not necessary

≤ 1 min /
15 – 60 min

Requirements for
data handling

spread sheet

spread sheet,
additional software
tools for automated
plausibility checks
and analysis of
parameter quality
recommended

programming skills
required (e.g.
Python, R,
MATLAB®), but
test can be
completely
automated

spread sheet

4. Conclusion
While all three methods are generally based on the same collector model of ISO 9806, they differ with regard to
the measurement boundaries, the permissible and required data basis, the calculation methods and the associated
computational effort, as well as the required sensor technology (see Tab. 1). There are differences in the
parameters used within the methods, interpreting and processing the ISO 9806 in different ways.
Note: Care should be taken if comparing efficiency of high-concentrating collectors with efficiency of non/lowconcentrating collectors. The efficiency of high-concentrating collectors could in some cases relate to direct
solar irradiance (beam irradiance) only – and non/low-concentrating collector will always relate to
hemispherical irradiance (direct + diffuse irradiance).
The different methods were developed for different application purposes and therefore deliver dissimilar results
with varying or selectable uncertainty levels, which are not analyzed in detail yet. Thus, they neither compete
with nor contradict each other, but may even complement each other. It is therefore important for manufacturers,
planners and operators of plants to first define the objectives of a measurement campaign, the expected
information and accuracies as well as acceptable time and cost effort precisely before deciding on a procedure.
Fig. 9 shows, in a simplified schematic way, the information provided by the methods and the requirements for
which they are designed.

Fig. 9: Measurement purposes versus applicable methods
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Appendix
Symbol
AG
a1
a2
a3
a4
a5
a6
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Description
Gross area of collector as defined in ISO 9488
Collector heat loss coefficient at (ϑm,col - ϑa) = 0
Temperature dependence of collector heat loss coefficient
Wind speed dependence of the collector heat loss coefficient
Sky temperature dependence of the collector heat loss coefficient
Effective thermal capacity of the collector
Wind speed dependence of the zero loss efficiency of the collector

Unit
m2
W/(m2.K)
W/(m2.K2)
J/(m3.K)
J/(m2.K)
s/m
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a7
a8
b0
b1
b2
b5
cf_A, x
cf,,sec
cf,,x
EL
fsafe
Gb
Gd
Gd,avg
Ghem
Kb(θ)
Kb(θL, θT)
Kd
𝑚̇𝑝𝑟𝑖
ncol
𝑄̇𝑠𝑒𝑐
𝑄̇𝑠𝑒𝑐,𝑒𝑠𝑡
𝑄̇𝑐𝑜𝑙
s
t
u
u‘
𝑉̇𝑖,𝑐𝑜𝑙
𝑉̇𝑖,𝑝𝑟𝑖
𝑉̇𝑖,𝑠𝑒𝑐
x
η0,b
η0,hem
(𝜏𝛼)
θ
θL
θT
ϑa
ϑs,x
ϑf, x
ϑi,cf
ϑi,col
ϑi,pri
ϑi,sec
ϑe,cf
ϑe,col
ϑe,pri
ϑe,sec
ϑm,cf
ϑm,col
ρi,pri
ρi,sec
s

Wind speed dependence of IR radiation exchange of the collector
Radiation losses of the collector
Heat transfer coefficient from solid part to fluid at (ϑs,x - ϑf,x) = 0, based on gross collector area
Heat loss coefficient from solid part to ambient at (ϑs,x - ϑa) = 0, based on gross collector area
Temperature dependence of heat loss coefficient from solid part to ambient, based on gross
collector area
Effective thermal capacity of solid part of the collector (not including the fluid), based on gross
collector area
Heat capacity of heat transfer fluid per square meter gross collector field area at position x in
the collector field
Specific heat capacity of heat transfer fluid (water) at heat exchanger mean temperature
Specific heat capacity of heat transfer fluid at position x in the collector field
Longwave irradiance (λ > 3 μm)
Safety factor for Performance Check (PC) method, taking into account pipe and other heat
losses, measurement uncertainties and other uncertainties
Direct solar irradiance on collectors
Diffuse solar irradiance, measured at the top of the collector
Modelled average diffuse solar irradiance on the collectors, accounting for the obstructed sky
and ground view for collectors within the array
Hemispherical solar irradiance, measured at the top of the collector
Incidence angle modifier for direct solar irradiance with one incidence angle (for flat plate
collectors)
Incidence angle modifier for direct solar irradiance with longitudinal and transversal angle
Incidence angle modifier for diffuse radiation
Mass flow on primary side
Number of collectors in the collector array
Thermal power supplied from heat exchanger
Estimated thermal power of collector field, supplied at heat exchanger on secondary side
Useful power extracted from collector
Share of collector area with no shading of direct solar irradiance
Time
Surrounding air speed
Reduced surroundings air speed (u‘ = u - 3 m/s)
Volume flow for a single collector
Volume flow at heat exchanger inlet on primary side
Volume flow at heat exchanger inlet on secondary side
Axial coordinate for collector field model along the flow direction of the fluid
Peak collector efficiency (η0,b at ϑm,col - ϑa = 0 K) based on beam irradiance Gb
Peak collector efficiency (η0,hem at ϑm,col - ϑa = 0 K) based on hemispherical irradiance Ghem
Effective transmittance-absorptance product
Angle of incidence
Longitudinal angle of incidence: angle between the normal to the plane of the collector and
incident sunbeam projected into the longitudinal plane
Transversal angle of incidence: angle between the normal to the plane of the collector and
incident sunbeam projected into the transversal plane
Ambient air temperature
Solid part temperature at position x in the collector field
Fluid temperature at position x in the collector field
Return (inlet) temperature of collector field, measured after the distribution pipes
Return (inlet) temperature of a single collector
Heat exchanger inlet temperature, measured in primary loop at heat exchanger inlet
Heat exchanger inlet temperature, measured in secondary loop at heat exchanger inlet
Flow (outlet) temperature of collector field, measured before the distribution pipes
Flow (outlet) temperature of a single collector
Heat exchanger outlet temperature, measured in primary loop at heat exchanger inlet
Heat exchanger outlet temperature, measured in secondary loop at heat exchanger outlet
Mean temperature of heat transfer fluid for collector field
Mean temperature of heat transfer fluid for collector
Density of heat transfer fluid at heat exchanger inlet temperature on primary side
Density of heat transfer fluid (water) at heat exchanger inlet temperature on secondary side
Stefan-Boltzmann constant

W/(m2.K4)
W/(m2.K4)
W/(m2.K)
W/(m2.K)
W/(m2.K)
J/(m2.K)
J/(kg.K)
J/(kg. m2)
J/(kg.K)
W/m2
W/m2
W/m2
W/m2
W/m2
kg/s
W
W
W
s
m/s
m/s
m3/s
m3/s
m3/s
m
degrees
degrees
degrees
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
°C
kg/ m3
kg/ m3
W/(m2.K4)
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COMFORT ASSESSMENT OF TANKLESS WATER HEATERS:
REVIEW AND SUGGESTIONS
Peter Pärisch, Niels van der Veer, Maik Kirchner, Federico Giovannetti and Carsten Lampe
Institute for Solar Energy Research (ISFH), Hamelin (Germany)
Abstract
Today, a European standard procedure for the assessment of the comfort properties of domestic hot water modules
is not available. Preliminary work on this subject is existing, though: Several years ago, the Swiss research institute
SPF has suggested a procedure regarding the withdrawal capacity, energy efficiency and comfort, which is
sometimes regarded as preliminary state-of-the-art version of an upcoming standardization procedure to be
defined in the future. On this background, this paper discusses strategies for the assessment of the comfort
properties of domestic hot water modules in terms of the control performance of adopting tapping events. The
assessment is based on recorded temperature data, numerically damped by a simulation model for a generic pipe
section. This model yields tapping temperatures, which are assessed by means of comfort criteria regarding both
the temperature value as well as its rate of change. As tapping comfort measure, we propose the heat fraction
during the first 60 seconds of a tapping event that is described as “comfortable” as a comfort figure.
Keywords: comfort assessment, domestic hot water modules, tankless water heaters, pipe model, perception

1. Introduction
Tankless water heaters (or instantaneous water heaters) are widespread domestic hot water (DHW) supply
systems, which are known as electric instantaneous water heaters, gas-fired combi boilers, DHW modules or
dwelling stations (Fig. 1). Typical energy resources such as electricity, natural gas or hot water, are used to deliver
the domestic hot water (or according to European Standard (DIN EN 806-1, 2001) potable hot water (PWH)).
a) Electric Instantaneous
Water Heater
Electricity

Potable
Hot Water

c) DHW module (central) or
dwelling station (decentral)

b) Combi Boiler

Gas

Potable
Hot Water

Hot Water

Potable
Hot Water

Fig. 1: Schematic of different tankless water heaters according to their energy carrier: (a) electrically supplied, (b) gas-supplied
and (c) hot water supplied.

Tankless water heaters in general comprise small stagnant potable hot water volumes in the system such that
accumulations of chemical and biological substances (i.e. heavy metals, bacteria ...) are less critical. German
standards reflect this by allowing the operator to reduce the PWH temperature from ≥60 °C to ≥50 °C, if the water
is exchanged completely within 3 days (see (DIN 1988-200, 2012)). If the volume from the water heater to each
tap is less than 3 liters, the operator may even reduce the temperature below 50 °C (see (DVGW W551, 2004)) in
favor of the reduction of thermal losses along the supply line (boiler/heat pump, storage, distribution network). In
any case, the installer and operator must avoid stagnation of potable water (see (DIN EN 1717, 2011)), as well as
critical heat transfer into the potable cold water supply (PWC) (see (VDI/DVGW 6023, 2013)) along the pipe
network.
This paper focusses on DHW modules (DHWM) using hot water as energy resource at the primary (heat supply)
side of the heat exchanger. Most findings are also valid for other designs of tankless water heater systems. Fig. 2
shows the system integration of a generic electronic DHWM within shaded area besides exterior system
components.
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PWC

PW C

Tap
PWH‐C

P
PWH
DHWM

DHWM

Tap

T

PW C = temperature of PWC
DHWM = temperature of PWH
behind DHWM

T

P

= temperature of PWH
at the tap

Tap

= tap water temperature

T

Fig. 2: Schematic of a generic electronic DHW module (DHWM) with buffer storage

The pipe lines in this figure are labeled according to standard (DIN EN 806-1, 2001). The DHWM provides
potable hot water (PWH) almost instantaneously with heat taken from the buffer storage. During tapping, the user
adds potable cold water (PWC) at the tap to his needs. When circulation is used, the circulation pump returns the
potable hot water (PWH-C) to the DHW module, which covers the thermal losses of the distribution net. A
controller modifies the pump speed according to the required heat flow rate on the secondary side.
The main challenge of DHW modules is to provide the same level of tapping comfort as conventional storage
water heaters. DHW modules make use of electronic, hydro-mechanic or thermal controllers, partly in
combinations for this purpose. Regarding the control strategy, DHW modules may be divided into feedforward
and feedback control systems.
Feedforward controllers (see Fig. 3) typically employ hydro-mechanical or electronic systems. If electronic, the
control algorithm relies on a sophisticated model considering some of the disturbances of the DHW module for
setting the primary flow rate. Feedforward controllers hence do not regard differences between set-point and
secondary outlet temperature. In order to obtain a minimal deviation, these models must be very accurate and any
off-model effects need to be minimized by design.
Sensors

T

Disturbances
- Inlet temperatures
- Secondary flow rate
- Primary hydraulic
resistance
...
Outlet
temperature

Set-point
temperature

Feedforward
Controller

Actuator
(pump and/or valve)

DHWM

Fig. 3: Block diagram of a feedforward control system for a DHWM

Feedback controllers (see Fig. 4), in contrast, can adjust the secondary outlet temperature with respect to set-point
deviations. In order to achieve a shorter settling time, the controller may measure multiple disturbances like
secondary flow rate or temperatures and react according to their progressions. A known drawback of feedback
controllers is the handling of system-immanent dead times, which results mainly from heat exchanger capacitive
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effects and the fluid content. Typical dead time may be quite high, especially for small flow rates at the secondary
side of the heat exchanger, which in turn may lead to undesired temperature fluctuations at the water tap.
Disturbances
- Inlet temperatures
- Secondary flow rate
- Primary hydraulic
resistance
...

Sensors (optional)

T

Outlet
temperature

Set-point
temperature
Feedback
Controller

DHW module

Actuator
(pump and/or valve)
T

Temperature
sensor

Fig. 4: Block diagram of a feedback control system for a DHWM

2. State of the Art
Providing a stable secondary outlet temperature certainly is the most important challenge in developing DHW
modules and, thus, making hot water supply comfort a very important quality aspect. Proper assessment measures
should also consider capacity and energy efficiency, which may establish competing design targets. For example,
a manufacturer may choose a powerful primary pump to achieve a desired capacity, which in turn may lead to a
lower pump efficiency (especially at smaller loads) and to a lower resolution of primary flow rate. Or else, an
enlargement of the heat exchanger size increases its capacity, but this also increases the dead time, inducing
consequences for the loop control strategy used.
Today, there is no official standardized test procedure for the assessment of DHW modules at European level,
although there exists a test method for small DHW modules, proposed by the Swiss research institute SPF in
Rapperswil. The test method considers comfort as well as efficiency and capacity (see (Ruesch and Frank, 2011a),
(Ruesch and Frank, 2010)), based on measurements in a test facility with calibrated sensors. Improvements of the
SPF method have been recently addressed by ISFH (see (Lampe, 2017), (Lampe and Bölter, 2017)) extending the
SPF method by means of a usability measure, see Fig. 5.
Capacity

Comfort

Energy efficiency

Usability

Maximum

Steady‐state

Return temperature

Safety

Minimum

Transient

Electric efficiency

Documentation

Thermal losses

Maintenance

Fig. 5: Four assessment measures for small DHW modules according to ISFH work

The following paragraphs briefly review the most relevant research on the topic concerning the assessment
measures employed.
2.1. Capacity
The maximum withdrawal capacity of DHW modules depends on the operating temperatures and the hydraulics.
It is measured for an outlet temperature at the secondary side of 45 °C or 60 °C, while the inlet temperature at the
primary side is 10 K higher. The first operating point (55/45/10 °C) applies for single family houses only, but for
apartment buildings and non-residential buildings 70/60/10 °C is more relevant.
In a test situation, the maximum withdrawal capacity is detected once the measured and accuracy-corrected
secondary outlet temperature drops below the set temperature. A limit for the pressure losses of the secondary
side today are absent. Possible definitions must reflect the design of taps and pipe network.
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Likewise the maximum capacity measure, a minimum capacity may be defined in order to regard two important
aspects, the minimum flow rate of the flow sensor and the minimum thermal power of the primary side, causing
lower stability of the outlet temperature if the demand falls below, e.g. operating at circulation (PWH-C). The
respective value appears to be highly dependent on the inlet temperature of the primary side, which for example
becomes more critical for solar thermal supply systems.
2.2. Energy Efficiency
The energy efficiency of a DHW module system in comparison to storage water heaters exhibits three additional
energy consumptions:
1.

Auxiliary heater: The efficiency of the auxiliary heater decreases if its return temperature rises, e.g. a
heat pump by 2 %/K or a condensing boiler by 0.3 %/K. The return temperature to the buffer storage
may be higher compared to the temperature of the potable cold water in the lower part of a storage water
heater. Additionally, flow velocity at the storage inlet may be higher, causing temperature mixing and
more start-stop operation of auxiliary heater.

2.

Actuators, sensors and controllers: Electric power consumption of actuators, sensors and controllers. As
high-efficient pumps are dominating the market, the standby-electricity consumption will be the most
important figure.

3.

Thermal losses of the DHW modules: These become relevant if the DHW module is operating with
circulation (on primary or secondary side) or with a tapping demand around the clock, keeping it on high
temperature. Note that some designs show limited insulation (e.g. only heat exchanger, only pipes),
especially DHW modules intended for installations in flats. On the other hand, the thermal losses are
even lower than the reference system, if the temperatures are significantly lower.

2.3. Comfort
The comfort assessment is related to the quality of the control system. SPF suggests criteria for both steady state
and transient conditions (taking into account disturbances caused by tapping events). Fig. 6 shows a schematic of
the related test procedure under transient flow conditions. Common flow disturbances are applied to the DHWM,
causing the outlet temperature to fluctuate. These temperature fluctuations are both damped in the pipe between
the module and the tap and at the tap itself. Eventually it is up to the sensations of the subject at the tap to decide
whether these fluctuations are sensed as comfortable or not.

Fig. 6: Procedure for the comfort assessment regarding transient flow conditions (photo: Lars Zahner – stock.adobe.com)

According to the guideline (VDI 6003, 2012) and the European standard (DIN EN 13203-1, 2015, p. 13203) the
temperature fluctuation is “uncomfortable” if the water temperature varies more than 2 K in magnitude.
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The cited works (Ruesch and Frank, 2011a), (Lampe and Bölter, 2017) employ comfort visualizations by use of
colored bar charts, like the one
5 s break at 7 l/min
shown in Fig. 7. It visualizes the
system response during the first 60 s
60 s break at 7 l/min
for variable tapping events (flow
Tooth brushing at 7 l/min
disturbance). Below 2 K and 1 K the
5 s break at 14 l/min
results are assessed as comfortable
60 s break at 14 l/min
(green or dark green color), above
5 K as very uncomfortable (red) and
Tooth brushing at 14 l/min
in between as uncomfortable
Jump 7 -> 14 l/min
(yellow).
Jump 14 -> 7 l/min

s
Fig. 7: Visualization of the comfort of the first 60 s after different
tapping events at 70/60/10 °C (from (Ruesch and Frank, 2012))

While this visualization form implies suggestive interpretation of a system, it is difficult to identify improvements
in controller development or to compare different products. Therefore, the manufacturer PAW GmbH & Co. KG
has suggested to quantify the comfort by using a comfort index fComfort (see (Pärisch, 2017)). For individual tapping
events (index i), this comfort index is calculated as ratio of the amount of heat for comfortable tap water and the
total amount of heat drawn from the system during the first 60 s after a disturbance occurs.
𝑓

𝑖 𝑑𝑡

𝑄

𝑖

Eq. 1

𝑄 𝑖 𝑑𝑡
This figure punishes strong overshooting temperature fluctuation. An overall comfort ratio fComfort is defined as
average value of all disturbances. This value should achieve values of at least 75 %, meaning that the settling time
is shorter than 15 s.
The definition of the comfort ratio is different from the integral of the square of the error (ISE), that is sometimes
used to describe control accuracy (see e.g. (Yuill, 2008), (Yuill et al., 2011)). As the approach of the comfort
assessment is to quantify the comfort level, rather than control accuracy.
𝐼𝑆𝐸

𝜗

𝜗

,

𝑑𝑡

Eq. 2

This figure has the disadvantage that it delivers values that are hard to interpret and are more related to the control
accuracy rather than quantifying the level of comfort. Furthermore it punishes feedforward controllers that have
a small deviation between real ϑTap and desired set point temperature at the tap ϑTap,Set.
At steady state, temperature fluctuations may occur, if either the heat demand drops below the minimum capacity,
or the primary side becomes non-linear, e.g. if the check valve is partly open. Under transient testing, possible
control disturbances are due to variations of the flow rate at the secondary side, its secondary inlet temperature
(especially under circulation operation), as well as the inlet temperature at the primary side. Decentral DHW
modules for dwellings additionally have to cope with varying differential pressures at the primary side in situations
where risers are shared. Variable hydraulic resistance for central DHW module is expected in situations where
DHW modules are connected as cascade with joint supply pipes. Out of this complexity, recent projects (Ruesch
and Frank, 2011a), (Lampe and Bölter, 2017) on this topic are focusing on flow rate variations only.
As standardized tapping profiles for storage water heaters are not applicable, SPF has defined a tapping profile,
which is a combination of realistic tapping events (see Fig. 8). E.g. interruptions (5 s, 60 s) for soaping and shaving
or load changes due to parallel usage of different taps. The first 12 min are only for conditioning purposes.
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30
10 °C ‐> 42 °C
25

Volume flow rate [l/min]

For a unique tapping temperature ϑTap of 42 °C
(by definition) three distinct flow rates at the tap
V̇ Tap of 3, 7 and 14 l/min are regarded
respectively. As the set point temperature
TDHWM,Set of the DHW module is higher than
42 °C, the flow rate through the DHW module is
calculated using eq. 3, depending on set point
temperature TDHWM,Set of 45 and 60 °C and cold
water temperature ϑPWC of 10 °C (see dotted line
in Fig. 8).

10 °C ‐> 60 °C

20
VTa p

15

10

5
VDHWM
0
0

10

20
Time [min]

30

40

Fig. 8: Tapping profile and flow rate passing
the small DHW module (dotted line)

𝑉

𝑉

∙

𝜗

𝜗
𝑇

,

𝜗

Eq. 3

The flow temperature at the primary side is set to 10 K above the set point temperature. In a second step, SPF
suggests to perform a second test at 90 °C primary inlet temperature, which has shown to cause the biggest
challenge for the controller. This setting was chosen with respect to solar thermal supply scenarios in summer, for
example.
After applying the tapping profile, a pipe section between the DHW module and the tap damps the temperature
fluctuations exiting the DHW module ϑDHWM. To account for the damping effect of the pipe between DHWM and
tap, mostly numerical approaches are used. A real pipe or a mixing pot would pose the risk of interacting events.
A very time-consuming initialization in front of every event would have to prevent from interaction. Furthermore,
numerical methods like a pre-calculated lookup table or a pipe model (see Fig. 9) give more flexibility regarding
pipe parameters.

Fig. 9: The method for damping the outlet temperature of the DHW module by use of
look-up tables (left) or by a mathematical pipe model (right)

SPF used a TRNSYS model (Type 604) elaborated by Thermal Energy System Specialists (TESS) (Thornton et
al., 2012) with modified Nusselt equation for the calculation of lookup tables, which correlate the damping with
different operational conditions (different flow rates and –durations). The model has been validated by lab
measurements (Ruesch and Frank, 2011b). The results show that the damping is not depending on amplitude
ΔϑDHWM, but instead on the duration ΔtDHWM and flow rate V̇ DHWM. Each 60 s period after a disturbance is dissolved
in several rising or falling temperature progressions (see Fig. 9 left), which is very time-consuming.
These temperature progressions experience damping depending on the transport parameters V̇ DHWM (volume flow
rate) and ΔtDHWM (duration), neglecting the interaction of rising and falling temperature progressions. However,
the validity of the lookup-tables may be doubted for transient flow conditions, as the shape of a temperature
progression is not periodical. Furthermore, the outlet temperature signals may experience elongations, which is
neglected by the look-up tables. And finally, the look-up tables published so far do not cover the entire range of
application.
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Therefore, PAW proposed an alternative route to deal the situation of transient flow conditions. A sophisticated
pipe model reads each 120 s sequence of the recorded outlet temperature of the DHWM. The same model (Type
604) is used, as it has been validated by SPF (Ruesch and Frank, 2011b) and NREL (Backman and Hoeschele,
2013). It regards the capacities of fluid, the pipe section and the insulation, as well as heat transfer in axial and
radial direction, see (Pärisch, 2017) for a mathematical description. The initial temperature is the steady state
solution with the set temperature (TDHWM,Set).
At the tap the user adds cold water ϑPWC to the hot water ϑP that is leaving the pipe, in order to adjust the desired
tap water temperature ϑTap, which is canonically assumed as 42 °C. The model assumes further constant mixing
ratio of warm and cold fluxes, based on the steady state hot water temperature ϑDHWM,∞ of the DHW module. In
case of a feedforward controller this steady state temperature may deviate from the set point temperature TDHWM,Set
according to the module characteristics. In contrast to feedback controllers, where the steady state will be within
a small tolerance to the set point temperature TDHWM,Set.
The mixing process effects additional attenuation of the temperature fluctuations leaving the pipe.
When using the SPF damping method, each rising or falling temperature fluctuation leaving the tap ΔϑTap is
calculated by use of Eq. 4:
∆𝜗

∆𝜗 ∙

𝑉
𝑉

Eq. 4

The flow ratio may be expressed with temperatures according to Eq. 5:
𝑉
𝑉

𝜗

𝜗
𝜗

,

Eq. 5

𝜗

Applying the method of PAW, which incorporates a pipe model, the temperature signal over a test duration of
entire 60 s after individual tapping events is taken into account according to Eq. 6:
𝜗

𝜗 ∙

𝑉
𝑉

𝜗

∙

1

𝑉
𝑉

Eq. 6

The comfort at the tap hence is assessed with respect to this temperature fluctuation. PAW proposes the use of
temperature rates for this purpose, rather than absolute temperatures used by SPF, claiming that temperature rates
would correspond more accurately to human temperature sensations and being easier to evaluate automatically
(Pärisch, 2017).

3. Suggested comfort assessment procedure
The methods proposed for the comfort assessment procedures under transient flow conditions require some
adjustments before further standardization can be achieved. Current test procedures focus solely on several usecases, where especially some definitions for testing of larger DHW modules are missing. Circulation has thus far
not been part of any test procedure. And the translation of the temperature fluctuation into a comfort figure lacks
scientific approach. A new proposal by ISFH for a standardized test procedure for the comfort assessment is given
in this chapter, using identical steps as the previous test procedures, which have been described in chapter 2.
3.1. Tapping profile
SPF’s tapping profile is composed of 10 tapping events and has a maximum withdrawal capacity of 27 l/min.
Therefore, this tapping profile is not applicable to bigger DHW modules, limiting the range of application. We
suggest the use of a scalable tapping profile according to Fig. 10: After an initial conditioning period, this tapping
profile proceeds with a small showers’ section. It comprises increasing and decreasing tapping steps of ±7 l/min
with intermediate events (a tap opening of 5 l/min (for 5 and 20 s) and a shower break of 5 and 60 seconds,
respectively). This test section is followed by a big showers’ section with steps of ±14 l/min with the same
intermediate events (unmistakably, not repeating tapping events that occurred before). In between the tapping
events a measuring period of 120 seconds is induced to provide enough time for the DHW module to reach steadystate. The first 60 seconds are being used for the comfort assessment. The proposed sections of the tapping profile
scale with the withdrawal capacity of the DHW module.
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Fig. 10: Tapping profile proposal for a DHW module for apartment buildings

3.2 Test conditions
For standardization purposes, the following boundary conditions are proposed:
•

Hydraulics
The flow resistance of the primary circuit of the test facility needs to be defined. Hydraulic resistances are
proposed in Table 1. The feed pump of the DHW module has to exceed the pressure loss along the hydraulic
loop that supplies the primary side of the heat exchanger. The hydraulic resistance may be defined with
regard to the size of the
Table 1: Definitions of hydraulic resistance of primary side
DHW module. We propose
DHW module
DN 15
DN 20
DN 25
DN 32
to select the pipe diameter
and length with respect to the
size of the DHW module
according to Table 1. The
respective flow velocity is
then in the range of 1 m/s.

•

Typical capacity / l/min
Pipe / mm x mm
Length / m
 C / mbar/(m³/h)²

≈30

≈50

≈80

≈120

28 x 1.5

35 x 1.5

42 x 1.5

54 x 2

2

3

4

6

3,1

1,5

0,8

0,4

Tapping profile
Firstly, it is proposed to perform 3 tests with, and 3 without circulation under different temperature
conditions. The cold water temperature ϑPWC and set point temperature of the DHW module TDHWM,Set are
fixed to 10 and 60 °C respectively. The heat source, or primary inlet temperature is varied between 65, 70
and 90 °C, representing a heat pump, gas fired boiler and solar thermal system respectively. The size of the
tapping profile that is used varies according to the maximum withdrawal capacity of the DHW module,
which varies in relation to the operational temperature conditions.

•

Circulation
Up until now, circulation has not yet been considered in existing test procedures. However, circulation can
heavily interfere with the secondary outlet temperature due to the rapid change and high interval of the
secondary inlet temperature (between 10 and 55 °C). On the other hand, a higher flow rate at the secondary
side causes a smaller dead time. Some controllers even regulate the speed of the circulation pump depending
on the return temperature, which can cause a drifting inlet temperature at the same flow rate at the tap.
Multiple control strategies of circulation pump are used in systems with DHW modules and will cause
different effects on the results of the test procedure.
The thermal losses during circulation mode should be defined according to the size of the module. The reason
for this is that it will be used in
Table 2: Proposal for the thermal losses according to the size of the module
larger systems, which induces
greater thermal losses. A
DHW module
DN 15
DN 20
DN 25
DN 32
proposal is given in Table 2.
Circulation losses / W
500
1000
2000
5000
The pressure losses of the
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circulation pipes should be negligible, making the pressure losses of check valve and DHWM dominant.
3.2. Pipe damping and admixture
The pipe damping is calculated using the mathematical pipe model (Type 604), where the pipe parameters between
the DHW module and the tap can be standardized.
For every disturbance, the consecutive 60 s period of measured flow rate and outlet temperature of the DHW
module are fed into the pipe model separately. Fig. 11 shows the effect of pipe damping for such a disturbance
for different pipe parameters. On the left the length is varied, and on the right the diameter. Both parameters damp
and elongate the recorded temperature fluctuation.
65
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VDHWM →

VDHWM →
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Fig. 11: Damping of the temperature fluctuation after a tapping event with a mathematical pipe model
with varying pipe length (left) and varying pipe diameter (right)
Table 3: Proposal for the pipe parameters between DHWM and tap

DHW module

DN 15

DN 20

DN 25

DN 32

Copper / mm x mm

18 x 1

22 x 1

28 x 1.5

35 x 1.5

Length / m

5

10

15

20

14

65

12

PWH

60

Temperature in °C

Every single event (flow disturbance) is
then assessed separately regarding
comfort criteria (see chapter 3.3).
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Fig. 12: The method for damping the outlet temperature of the DHW
module with a mathematical pipe model and admixture

254

Volume flow in l/min

According to Eq. 6, the fluctuation
leaving the pipe ϑP with approximately
60 °C is additionally damped and
reduced to approx. 42 °C by admixture of
cold water ϑPWC at the tap ϑTap (see Fig.
12).

Table 3 shows the suggested values for
the pipe parameters representing a
shower close by (worse case)
depending on the size of the module.
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3.3. Comfort criteria
In general, thermal comfort appears to refer to the subjective state of the observer. The state in which the observer
finds itself can often be described in terms of verbal scales for dis(comfort): comfortable – slightly uncomfortable
– uncomfortable – very uncomfortable. These verbal scales can in turn be related to certain (dis)comfort
boundaries.
The complexity of the transient comfort assessment comes from the uncertainties when relating the subjective
psychological basis of thermal comfort to measured temperature fluctuations. The comfortable temperature at
which showers are taken differs between human. It is depending on many parameters like gender, ambient
temperature, habit, flow rate, and showerhead. Literature on this topic shows that thermoreceptors of human skin
sense temperature fluctuations both proportional to the magnitude and due to the rates of change (Lang and Lang,
2007). Thermoreceptors overshoot in case of a stepwise temperature change (Fiala, 1998).

Absolute thresholds
B

>1K

C

> 2.5 K

D

>5K

Derivative thresholds
B

+/- 0.17 K/s

C

+/- 0.40 K/s

D

+/- 0.83 K/s

(Herrmann et al., 1994) carried out experiments with 30 male test persons with
very slow changes of water temperature (0.016 K/s). The persons recognized
the change after about ±0.7 K and felt uncomfortable at about ±2.4 K. The
threshold for perception reduces approx. by a factor of 2 from ±0.7 K to ±0.4 K
with faster fluctuations (0.1 K/s). (Kenshalo et al., 1968) report similar results
even for higher rates. Unfortunately, there is no corresponding threshold for
discomfort with higher rates. For the time being, the boundaries for absolute
deviation are defined with respect to the rate of temperature change based on
existing research (see Fig. 13). In the future, experiments should be carried out
to map the boundaries of the combination of proportional and rate-related
thresholds more precisely.

A proposal for these thresholds is depicted
in Table 4. Where the labels relate to the
verbal (dis)comfort scale (e.g. D means
very uncomfortable etc.)
Evidence shows that the absolute and
derivative factors are directly influencing
each other. This means that as the rate of
change gets smaller, a greater absolute
deviation from the set point is tolerated
before hitting a certain comfort boundary
and vice-versa. This is depicted by the
spider web in Fig. 13 assuming linearity
for simplicity.

B label boundaries

C label boundaries

D label boundaries

6
Herrmann et al.
4

Absolute deviation in K

Table 4: Proposal for absolute
and derivative thresholds

2

0

‐2

‐4

‐6
‐1

‐0,5

0
Rate of change in K/s

0,5

1

The harmful impact of an excessive
Fig. 13: Relationship between the absolute deviation (dis)comfort
temperature depends on its height and its
boundaries and rate of change compared with literature thresholds
exposure time. (Viola, 2002) shows that
water with a temperature of 60 °C causes a first-degree burn after 3 s, whereas water at 55 °C burns the skin after
17 s. The pain threshold for hot water is 45 °C and for cold water is 15 °C (see (ASHRAE, 2001)). Hot water with
45 °C unfolds its harmful effect after more than 2 hours, but it is dangerous anyway if the person tries to move
away quickly and falls. Exceeding a temperature threshold of e.g. 50 °C may be punished by a comfort index of
this event by 0 %.
These three thresholds (absolute temperature, absolute deviation and rate of change) are used to assess the tapping
event from Fig. 11 and Fig. 12. Fig. 14 shows the influence of pipe length and pipe diameter on its comfort index
after Eq. 1. As the temperature damping increases with pipe length and pipe diameter the comfort increases with
both parameters. It increases not linear as the comfort criteria are discrete. Small changes of temperature deviation
or rate of change can lead to a big change in comfort index.
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4. Discussion
100 %

Length

Diameter

Comfort index

The extent to which the standardized test
90 %
procedures can be normalized is highly
influenced by the precision with which a
80 %
given tapping profile is emulated on a
70 %
DHW module. The speed (dV̇/dt) with
which the volume flow rate jumps
60 %
between the different tapping events has
50 %
a direct effect on the temperature
progression at the secondary outlet
40 %
ϑDHWM, and will therefore influence the
30 %
comfort, energy efficiency and capacity
assessment results. During this research
20 %
the lab tests have been conducted using
10 %
a PID controlled valve. The step
between different volume flow rates has
0%
DN 15, 5 m DN 15, 10 m DN 15, 15 m DN 15, 5 m DN 20, 5 m DN 25, 5 m
been qualified as satisfactory if
minimum to no overshoot, as well as a
Fig. 14: Influence of pipe length and pipe diameter
maximum deviation of 0.5 l/min from
on comfort index of a single tapping event
the required volume flow rate during the
tapping event was observed. In continuation of this research a clear outline for the normalization of the tapping
profile execution must be presented.
Even though the current comfort assessment presents a more rigorous approach to the implementation of thermal
comfort and thermal sensitivity, little literature is available regarding the comfort thresholds. In continuation of
this research, it is proposed to conduct experiments by exposing test subject to transient showering conditions in
order to define the appropriate comfort estimates.
Another key element of the comfort assessment is the effect of the pipe model, used to damp the temperature
progression between the secondary outlet of the DHW module ϑDHWM and tap ϑP. Even though the pipe model is
successfully validated, it is crucial that the pipe model will again be validated by ISFH with actual measurement
data. It is uncertain to which extend pipe damping effects the shape of the temperature progression, which could
lead to considerable effects on the results of the comfort index.
Instead of keeping the pipe parameters fix it could make sense to present the comfort index results for several
distances between the DHW module and the tap. In continuation of this research, it must be considered if giving
multiple comfort indexes weighs up to the simplicity of showing only a single comfort index.

5. Conclusion
As DHW modules contain only small amounts of stagnant potable hot water, which is exchanged very often, they
offer the possibility to deliver hygienic potable hot water and to save energy due to lower temperatures. The
assessment of DHW module properties is key in building user acceptance, as this is necessary for the
dissemination of DHW modules.
This paper presents the state of the art regarding the different assessment properties of the DHW module. Focusing
mainly on the comfort property under transient conditions. In addition to this, this paper presents a proposal for a
new test procedure for the comfort assessment based on the criticisms of the state of the art that also allows for
further standardization. The assessment uses a mathematical pipe model, to damp the temperature progression
between the outlet of the DHW module and the tap. Each individual tapping event is assessed by means of comfort
criteria regarding the absolute and derivative thermal judgements and are graphically represented in terms of bar
charts. It is proposed to use the fraction of the first 60 seconds after a tapping event that is described as
“comfortable” as a comfort figure.
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Abstract

Solar thermal technologies have a diverse range and scale of application, creating market potential worldwide.
Due to favorable natural conditions, fuel price volatility and rising heat demand, southern Mediterranean
countries present a promising market for solar thermal. Yet many barriers hinder this regional market, such as
establishing a strong base for quality assurance and monitoring. The research in this paper has focused on the
necessary factors for a strong and functional quality infrastructure to implement a quality certification scheme
for solar water heaters (SWH). The geographical focus has been the Middle East and North Africa (MENA)
region, highlighting its regional scheme, Solar Heating Arab Mark and Certification Initiative (SHAMCI).
The research included case studies from Egypt and Tunisia due to the varying market maturity levels in both
countries while sharing comparable quality infrastructure conditions. By reviewing previous studies and
utilizing business modeling, a set of assessment factors for the market quality component have been formulated
and introduced through a survey to experts from Egypt and Tunisia. Analysis of the survey results has produced
comparative statements from the case studies and investigated the suitability of the assessment factors. The
results are seen as helpful for the implementation of certification schemes in many regions around the world.
Keywords: solar water heaters, SWH, quality assurance, certification, MENA

1. Introduction
1.1. International Momentum of the Solar Thermal Technology
Solar heating and cooling was estimated to produce over 16% of the total energy for low-temperature
applications by 2050 (Ölz, 2011). Despite the growth in solar thermal markets until 2016 reaching a global
cumulated capacity of 456 GWth, many European markets witnessed considerable declines. On the other hand,
new potential markets have emerged outside Europe with significant market growths (REN21, 2017). Some of
these new markets face numerous obstacles, such as economic incompetency due to fuel subsidies, unfavorable
national support frameworks, and lack of quality measures or industry standardization. In order to address the
latter, international efforts have been exerted to support global solar thermal markets.
The International Energy Agency Solar Heating and Cooling (IEA SHC) programme – Task 43 Solar Rating
and Certification provided collaborative research to improve testing and characterization methods for different
solar thermal products. The IEA SHC Task 57 – Solar Standards and Certification built on Task 43, focusing on
quality certification of solar thermal products, and paving for a global certification scheme. However,
harmonization among already existing schemes is the first step to global certification (Nielsen et al., 2012;
Fischer and Drück, 2014). Outcomes of the IEA SHC Tasks helped founding the Global Solar Certification
Network (GSCN). Another remarkable international project is the Global Solar Water Heating Market
Transformation and Strengthening Initiative (GSWH). The GSWH project built a knowledge exchange platform
for the solar thermal field, and supported SWH market development in five countries (GSWH, 2014b).

1.2. Quality Certification in Regional Solar Thermal Markets
On the European level, the solar thermal quality label Solar Keymark has expanded as a quality label for SWH,
while fostering solar thermal innovation (Mehnert et al., 2012). For most certification schemes, the process
requires three independent quality bodies: a certification body, a solar thermal testing facility, and a quality
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inspection body (Kramer et al., 2009). Among these three, testing facilities demand the highest investment in
order to comply with international solar thermal testing standards and achieve their desirable functionality.
According to a study conducted by the International Renewable Energy Agency (IRENA), the development
costs of an SWH testing laboratory were estimated in the range of 0.5 to 2.0 million US dollars (IRENA, 2015).
Quality labels, such as Solar Keymark, can cut down on certification expenses through mutual recognition of a
network of national testing institutions and inspection bodies.
According to a market assessment conducted as part of the GSWH project, most MENA countries contributing
to the study have adopted national solar thermal standards to ensure a market quality benchmark. However, in
most of these cases quality assurance of solar thermal products is unreliable due to the absence of a coherent and
neutral quality control system. Consequently, the solar thermal industry in MENA has lacked harmonization in
manufacture quality and testing procedure, which also cast obstacles upon international trade. In order to
improve the solar thermal product’s quality and facilitate cross-country trade, the Solar Heating Arab Mark
Certification Initiative (SHAMCI) was kick-started in 2011 – 2012 (GSWH, 2014a).
SHAMCI is the first regional third-party quality certification scheme for solar thermal products and services.
Although based on the European Solar Keymark, it has been adapted to meet the requirements of developing
countries, mainly the emerging solar thermal Arab markets. The project was initiated by the Regional Center for
Renewable Energy and Energy Efficiency (RCREEE), the League of Arab States (LAS), the Arab Industrial
Development and Mining Organization (AIDMO), and with the technical support of the University of Stuttgart.
SHAMCI network, the managerial structure of the scheme, included representatives from different national as
well as regional and international experts (SHAMCI Network, 2016; Kraidy, 2017).

1.3. Objectives and Challenges of Regional Certification in MENA
SHAMCI’s objectives are, first and foremost, standardizing the processes of inspection, testing and certification
of solar thermal products in order to facilitate their technical benchmarking (GSWH, 2014a). Second, SHAMCI
aims at fostering the solar thermal industry across MENA, providing the flexibility to implement the
certification scheme nationally at the initial stages (until 2021) according to predefined requirements (SHAMCI
Network, 2016). This flexibility reduces the burden of international accreditation on national bodies and
expensive testing abroad on local manufacturers. In the long-term, SHAMCI aspires to collaborate with other
international schemes for a wider recognition of regionally manufactured products (Kraidy, 2017).
Regarding challenges, SHAMCI does not require a practitioner certification until 2021 (SHAMCI Network,
2016; Kraidy, 2017). Poor installation by under-qualified practitioners or due to lack of installation standards
may have a higher negative impact on emerging SWH markets than the lack of product certification (IRENA,
2015). Another technical challenge is the technology’s poor documentation (IRENA, 2015). Yet, SHAMCI’s
planned database of certified products is expected to act as a knowledge dissemination tool. Heavy subsidies on
fossil fuels in many MENA countries are a significant market barrier for SWHs (GSWH, 2014a). Recent
subsidy reform policies in some countries may contribute to SWH’s better economic competitiveness (GSWH,
2015). The market maturity level can also influence the applicable quality assurance measures, as large
companies are more capable of meeting higher measures (Han et al., 2010). This can be different in the Arab
markets due to the relatively small number of local manufacturers (GSWH, 2015).

1.4. Quality Assurance and Market Growth
Quality assurance is the system of standards and measures applied to achieve the expected performance of
products and services, maintaining this performance level over time, thus achieving consumer satisfaction and
market growth (IRENA, 2015). However, keeping a balance between ensuring quality and promoting growth in
a new market can be complicated due to the strong interlink between technical, economic and social factors.
Studies from the IRENA guideline on Quality Infrastructure for Solar Water Heaters has shown that, with few
exceptions, market size is usually proportional to the rate of quality infrastructure development (IRENA, 2015).
This is due to the additional financial and technical burdens that can accompany a higher level of quality.
To ease the costs of quality assurance in emerging markets, the guideline has introduced five potential market
stages, and recommended coupling steps of quality infrastructure development with a corresponding market
stage. International agencies with strong partnerships in the region have fostered this development, such as the
National Metrology Institute of Germany (PTB)’s project: Strengthening quality infrastructure for solar thermal
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energy in Maghreb, and the German Corporation for International Cooperation (GIZ)’s collaboration in Tunisia.

1.5. Solar Thermal Market Assessment Tool: TechScope
The Solar Water Heating TechScope Market Readiness Assessment tool, or TechScope for short, is a composite
index that provides an open-source reproducible assessment of a national SWH market progress. The analysis
tool is one of the outcomes of the GSWH project. A detailed guiding report accompanies the tool, and includes
assessment results from the five countries participating in the GSWH initiative; Lebanon being the only MENA
country. Additional independent reports from Latin American, Caribbean, and Arab countries have added up to
a total of 27 countries applying this methodology. According to the guiding report, TechScope evaluations are
basic and exclude in-depth policy design, timeframe, or interaction (GSWH, 2014b). Nevertheless, it provides a
standardized benchmark among different countries, and assesses one country’s long-term progress.
The TechScope integrates four assessment parameters (Table 1), and a set of indicators feeding each
parameter’s data input. The indicators have certain weights that add up to a final market score described as a
rational number from zero to five; zero being an ‘emerging’ market and five being a ‘very strong’ market.
Product standards and certification stands as one of the indicators for the parameter business climate, with a
weight of 5%. This indicator assesses the market’s quality component through a tier of factors seen as necessary
for a functional quality system. These factors are introduced in subsection 2.2.
Tab. 1: Parameters and indicators of the TechScope SWH Market Readiness Assessment tool, adapted from GSWH guiding
report (GSWH, 2014b)

Parameter I

Parameter II

Parameter III

Parameter IV

TOTAL

260

Description

Weight

Indicators

Weight

SWH support framework

29%

SWH targets

5%

Financial incentives for system
installation

8%

SWH loan programs

7%

Building mandates

5%

Outreach campaigns

4%

Insolation

5%

SWH market penetration

4%

Residential energy consumption growth

5%

SWH market growth

4%

Competitiveness: Payback period

7%

Competitiveness: Heating fuel subsidy

5%

Country credit rating

5%

Access to finance

15%

Doing business

5%

Manufacturing capacity

3%

Product standards and certification

5%

Installer certification

4%

Industry association

4%

National conditions

Financing

Business climate

30%

20%

21%

100%

100%
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The study assessing eight Arab SWH markets have shown how the parameter weightings can be detrimental to a
country’s final score (Figure 1). According to the OECD Handbook, the effect of weighting is specifically
important when the composite index is used for comparing national performance (Hoffmann and et al, 2008).
For instance, examining the country scores and the scores of the product quality indicator suggested Lebanon,
Tunisia, and Morocco as front leaders in terms of both country and quality scores. In contrast, Palestine’s strong
country ranking cannot be attributed to its quality market component, the latter putting it in the same place as
the least ranking country, Sudan. Due to data gaps and inconsistencies, the TechScope scores for these countries
are intended as a future guideline only, and not a direct comparative tool (GSWH, 2015). Yet, this may degrade
the tool’s objective of providing reliable insights to decision-makers and lead to misguiding assessments.

Fig. 1: TechScope SWH market readiness assessment tool: score summary for Arab countries, data sources: GSWH, 2014b, 2015
(* Scores of the indicator ‘Product Standards and Certification’)

2. Research Components
This research addressed the following two questions:


What are the main actors, driving forces, and objectives of SHAMCI?

 What are the necessary factors defining a strong and functional national quality infrastructure, in order to
implement a quality certification scheme for solar thermal products and services?
Business modeling of the SHAMCI project aimed at addressing the first question. A research survey conducted
with experts from Egypt and Tunisia has been dedicated to the second question.

2.1. Business Model
Since SHAMCI involves the main constituents of a business case – providing a certain service, demand for this
service and revenue streams among stakeholders, constructing a business model helped to identify SHAMCI’s
strengths and challenges in a market context. The adopted CANVAS business model is composed of nine main
blocks representing the internal components of the business case, and four external environment forces
influencing it (Table 2) (Osterwalder et al., 2010). Due to the complex, multilayered nature of SHAMCI (e.g.,
the diversity of stakeholders, different national and regional levels of administration … etc.), different actors
may represent the model’s customer segment according to the examined perspective. This model examined the
end-users as SHAMCI’s customer segment. The choice of this layer assumed that end-users are either directly or
indirectly the core determinant of most market models. Further assumptions made were:
 Value proposition of SHAMCI is constant to end-users among the countries of interest in terms of its
existence as a regional quality mark, and regardless of market specific influences


Channels discussed are expected abstract functions of different national or private entities



Environment influences are analyzed at the regional level according to the available literature and data

Due to the stated assumptions, it is important to consider the following possible model inaccuracies:
 End-user’s general perception of solar thermal technologies can differ among countries, which may
affect the customer relationship with SHAMCI

261

L. Shaheen et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)



Revenue systems can differ according to the national economy and market parameters



The role and weight of each key partner may vary in different countries



Detailed country-specific influences in the environment were not modeled

Modeling has facilitated identifying the key players of SHAMCI, which in turn informed the theoretical
framework of the survey research. However, examining national economies per country is yet recommended.
Tab. 2: SHAMCI business model CANVAS, adapted from Strategyzer (strategyzer.com) 1

Key Trends
Fuel price volatility

Electricity grid stabilization

National RE and EE action plans

Fuel subsidy reform

SWH support framework
Industry
Forces
Cheaper
alternatives
Existing
competitors

Key

Key

Partners

Activities

Value
Proposition

Customer
Relationships

Customer
Segment

Market
Forces

National /
regional
agencies

Efficient
communication
channels

Higher
product
quality

Uncomplicated

End-users

Market
size

Promotion
partners

National level
adoption

Impartial
assessment

Regulations
and
legislation

Transparent
Energy
demand

Key Resources

Channels

Quality mark

Market
(labelled
products)

Knowledge
exchange

Subsidies

Online
database
Cost Structure

Revenue Streams

Promotion

(Part of) Product price

Market incentives
Other
Macroeconomic Forces
Increasing living standards

National economy status

Regional market status

2.2. Expert Questionnaires
To identify and assess the influential factors affecting the implementation of a national certification scheme, a
comparative study of two countries has been conducted. Egypt and Tunisia were chosen based on their
respective scores in the SWH market readiness assessment tool – TechScope. The countries lied in different
categories regarding their quality infrastructure, with Tunisia having more favorable conditions as an SWH
market; i.e., a higher TechScope score (see Figure 1). A survey research using a self-administered questionnaire
as its data collection tool gathered specific information from expert groups.
Given the complexity of the cognitive process of answering survey questions, different errors may occur
1

Layout from Business Model Foundry AG (Strategyzer; strategyzer.com); the model is registered under a
Creative Commons Attribution-Share Alike 3.0 Unported License.
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accordingly (Schaeffer and Presser, 2003). Thus, following survey best-practices is of great importance to obtain
accurate data. The survey at hand considered measures such as data confidentiality, optimized design and layout
of the questionnaire, and choosing the right type of questions according to the research objective and the
characteristics of the target groups. Figure 2 represents the steps followed to conduct the survey research.

Fig. 2: Schematic of the applied steps to conduct the research survey in this study

The survey’s data tool, the questionnaire, assessed predefined factors influencing SWH quality infrastructure as
described by the quality component indicator, ‘Product standards and certification’, under parameter IV of the
SWH market assessment tool, TechScope (see subsection 1.5). The factors (also referred to as the assessed
factors in the scope of this paper) are:
I.
II.

Existence of a national standards entity
Existence of solar thermal equipment standards

III.

Availability of domestic solar thermal testing facilities

IV.

Introduction of national solar thermal products certification

V.

Introduction of regional or international solar thermal products certification

Additionally, the questionnaire has allowed exploring emergent factors perceived as important by the sampled
experts. This exploratory nature was important to maintain the study’s objectivity and provide respondents with
the flexibility to convey their full experience about the survey subject.
The target groups were in accordance with the key-actors identified in the business model (see Table 2), and the
aforementioned assessed factors. Due to the highly specialized nature of the study, the population for sampling
has been limited. Other limitations included time, resources, and respondents’ availability. In this case, the
selection of an organization most representing the research purpose, such as the Regional Center for Renewable
Energy and Energy Efficiency (RCREEE), allows collecting individual responses that may reflect an
approximate effect of a random sample (Glasow, 2005). Recommendations from RCREEE helped identify
professionals with the needed experience. The selected respondents reflected the following target groups:


Governmental institutions with a technical function



Governmental institutions with an executive function



Nongovernmental not for profit organizations



Industry associations



Private sector

2.3. Data Analysis
Due to its mixed nature, analysis approaches followed the type of data analyzed. That is, qualitative for openend questions whereas quantitative for closed-end questions. Both analysis processes were parallel, independent,
and started after the end of data collection phase. Triangulation of results; the process of result comparison from
different approaches in order to form reasonable and constructive interpretations, has been adopted to form end
results (SSC, 2001). The questionnaire response rate reached 52.6%, where out of the nineteen contacted
candidates the collected responses were ten in total. Contacts from two target groups ‘governmental institutions
of an executive function’ and ‘private sector’ have not responded altogether and, thus, their respective groups
were missing in the sample representation. Further discussion on this issue is in subsection 3.3.
The adopted approach for the qualitative data (or content) analysis was ‘Inductive Category Formation’ after
Mayring (2014), chosen by exclusion of other methods of interpretation which by definition did not match this
research’s conditions (Mayring, 2014). The analysis consisted of two phases: first, processing raw data and
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second, analysis according to the adopted approach. As for quantitative evaluation, the variables of each
question were first identified and tabulated. Then, the data was categorized into two question types: closed-end,
single response questions based on an evaluative rating scale (ten questions), and a ranking question to assess
factors according to predefined criteria (one question).
As described in Döring and Bortz, 2016, quantitative data analysis comprise data cleansing, sample description,
descriptive analysis, inferential statistical analysis, and interpretation of statistical results. It is important to
stress that the small size of the received datasets in this study has limited the statistical significance and
generalization of result interpretations. The use of commonly applied statistical approaches has been substituted
by a selection of measures describing the data sets and exploring possible correlations (Glasow, 2005). The
context of the questions has been considered at all time in order to avoid misleading interpretation.

3. Results and Discussion
The interpretations included in this section are strictly case-based and any general statements made are
considered as assumptions. Limitations on the study are discussed in subsection 3.3.

3.1. Qualitative Results Interpretation
The findings can be summarized in Table 3 according to the analysis method and the dominant category:
Tab. 3: Comparative summary of the qualitative data analysis results

Analysis

Parameter

Q3:

Dominant

Absolute*

Relative**

Categories

Frequency

Frequency

1. Perception of
technology

B2: Reputation of
technology

4

15%

(2 Egypt)
(2 Tunisia)

Per Question

Lack of quality
assurance

Dominant Main
Categories

B1: Trust in the product

3

12 %

(1 Egypt)
(2 Tunisia)

Q6:

3. Policy

Other factors

B6: Incentive policies for
industry

4

29%

(2 Egypt)
(2 Tunisia)

Governmental
technical

2. Market

B8: Exposure to regional
and international markets

4

13%

(1 Egypt)

Per Target Group

(3 Tunisia)

NGO

3. Policy

B10: Market quality
monitoring

(4 Tunisia)

B6: Incentive policies for
industry

(4 Egypt)

B9: Control on imported
low-quality products

(2 Egypt)

4
4
4

13%
20%
20%

Per
Country

(2 Tunisia)

Egypt

3. Policy

B6: Incentive policies for
industry

4

19%

Tunisia

2. Market

B10: Market quality
monitoring

4

13%

* Total number of occurrences per parameter
** Percentage of occurrence compared to the total number of coded statements per parameter
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The findings have been compared with the recommendations of IRENA’s guideline (IRENA, 2015), which
proposes five stages of quality measures according to the specific SWH market needs per stage. Comparing
these market stages to the results suggested that the SWH Tunisian market can be transforming from stage two
‘Market Introduction’ to stage three ‘Market Growth’, given the interest in market expansion and import control.
Whereas since Egyptian responses advocated policy measures to boost the quality infrastructure and motivate
the industry to adopt higher quality measures, the Egyptian market may be at stage one ‘Market Assessment’.
The category system has also been compared to the evaluative indicators of the SWH market readiness
assessment tool, the TechScope (see subsection 1.5). Most prominently, the inferred categories from the
qualitative survey responses concurred with the indicators for data input about SWH policy frameworks in the
TechScope score (Table 4). However, the categories were concerning quality assurance and monitoring
specifically, while the TechScope addressed the context of general SWH support policies. Clear national targets
and strategies, financial incentive programs, and compulsive mandates for SWH integration were among the
common interest points for the TechScope and the category system.
Tab. 4: Similarities between indicators of the market assessment tool, TechScope, and the qualitative data analysis results, the
category system

Parameter

TechScope indicators

Survey Category system

Main Category

I. SWH support
framework

1: SWH targets

B17: Clear national strategy for
solar energy

Policy

2: Financial incentives for system
installation

B6: Incentive policies for industry

3: SWH loan programs

B14: Incentive policies for quality
infrastructure

4: Building mandates

B15: Correlating product quality
and incentive policies

5: Outreach campaigns

B18: Awareness campaigns for the
certification scheme

3.2. Quantitative Results Interpretation
Quantitative data analysis has shown trends of convergence and divergence between both country responses
according to the measured aspect as follows:
 Results from Egypt and Tunisia have been harmonious regarding the influence of quality assurance on
SWH emerging markets, while greatly differing for other aspects, such as awareness and familiarity of the
concerned stakeholders with the national SWH standards
 Comparing results of single-answer questions per country yielded differences. For instance, although
responses reflected the national standardization entity in Egypt as ‘very highly active’, its influence on the
field of SWH products and services has been majorly described as ‘rare’. In Tunisia, both the performance
level and influence of the standardization entity were rated average. This variance raised the question of how
each of the entities performed. Hence, inferences cannot be definitive without extra case-based investigation
 Analysis of the ranking question has shown only a slight difference in priority between Egypt and
Tunisia (Figure 3). According to the responses, the existence of national testing facilities was relatively more
important for the SWH quality infrastructure in Tunisia than the existence of national solar thermal
equipment standards. This may be attributed to the higher readiness of Tunisian SWH market compared to
Egypt, as indicated by its TechScope country scores (see Figure 1)
 Concerning statistical inferences, results indicated that the importance of quality assurance for promoting
SWH in emerging markets received the highest mean score on the rating system. This complemented the
finding from qualitative data analysis regarding how lack of quality control negatively affected the reputation
of the solar thermal industry.
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 Responses from Egypt and Tunisia both indicated high mean scores for question 10, evaluating national
SWH testing facilities. This can be attributed to the recent national efforts exerted in both countries to
strengthen the quality infrastructure for solar thermal, such as PTB projects in Tunisia and the expansion of
Egypt’s Solar Thermal Testing laboratories at the New and Renewable Energy Agency (NREA).

Fig. 3: Statistical analysis of mean scores per country for the ranking question (no. 4), evaluating the relevant importance of
influential factors of the SWH quality infrastructure introduced in the TechScope assessment tool

3.3. Discussion
Constraints on the conducted survey research included limited validity testing for the data collection tool, the
questionnaire, prior to its circulation among respondents. This can impose measurement error on the results. The
questionnaire has followed best practices and common wisdom in terms of design and structure. However, since
the tool was specifically designed for the study at hand, it had no preceding theoretical framework for
benchmarking. For these two reasons, the absence of previous framework and limitations on pretesting, validity
has been restricted to content validity as to how well the questionnaire addressed the research questions.
Other measurement error may include satisficing and acquiescence2 from the respondents’ side, and
inhomogeneous sample representation due to nonresponse of some target groups which are ‘governmental
institutions with an executive function’ and ‘private sector’. Comprehensive measures of validity and reliability
have been applied to the qualitative and quantitative data analyses as instructed by the relevant approach.
Nevertheless, further measures to improve the results can be considered for both processes, as shown in Table 5.
Tab. 5: Recommendations for the survey research improvement referred to the currently applied measures

Parameter

Applied:

Recommended:

Validity of the data
collection tool



Limited pretesting



Formal extensive pretesting



Content validity



Research repetition to enhance
validity

Sampling



Purposive sampling



Mixed sampling



Small sample size





Limited target groups due to the
specific experience required

Larger sample size to reduce
measurement error



Broader target groups

2

Satisficing is the opposite of optimizing in responding to a survey question. When satisficing, a respondent
skips over one or more of the cognitive steps of answering a question, hence, provides erroneous information.
This can be due to insufficient prior knowledge of the subject. It can also occur at a weak or strong level,
ranging from selecting the first “good enough” response in sight, up to responding completely at random.
Acquiescence is the tendency to confirm a statement regardless of the question asked, especially for
‘agree/disagree’ or ‘yes/no’ question types. Some reasons for acquiescence include the social pressure, lack of
experience on the subject, and the tendency to satisfice [18,19].
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Nonresponse

Qualitative data
analysis

Quantitative data
analysis





Misrepresentation of some target
groups due to nonresponse

Reliability by single intra-coder
agreement and third-level intercoder agreement tests



Larger sample size to reduce the
effect of nonresponse



Offering financial or moral gain



Weighting data collected from
different target groups



Adopting additional data collection
tools, e.g., interviews



Reliability by multiple intra-coder
agreements and stricter inter-coder
agreement tests



Reiteration to enhance validity



Small sample size, thus weak
statistical significance and limited
results generalization



Larger sample size for better
statistical significance





Statistical analysis models

Result interpretation mainly based
on descriptive statistics



Result interpretation based on
inferential statistics



Research repetition to enhance
validity and results generalization

4. Conclusion
This study has addressed two research objectives: first to analyze the main determinants of the regional SWH
certification scheme, SHAMCI, and second to identify and evaluate factors influencing the quality infrastructure
in emerging SWH markets. A business model of SHAMCI identified its main actors, internal and external
influences. The actors included end-users, national authorities, SHAMCI network, regional and international
agencies, and industry actors such as manufacturers. Influences, such as value channels, revenue streams, and
market environment, have been linked to the project’s proposed benefit of providing impartial and transparent
SWH product assessment. The survey research conducted in the scope of this study built upon outcomes of the
business model to examine influential factors of the SWH quality infrastructure according to the market
assessment tool TechScope, and explore possible other factors in the countries of focus.
Using a self-administered questionnaire as a data-collecting tool, the survey research has targeted experts from
Egypt and Tunisia with open-end and closed-end questions. Triangulation, which is comparing results from
qualitative and quantitative analyses, has been applied to construct end interpretations. However, due to
limitations discussed thoroughly in subsection 3.3, interpretations are case-based within the scope of this study
and generalization is strictly limited to assumptions.

4.1. Case-study: Egypt
Overall, responses from Egypt stressed on policy-based measures to promote their national market. This may
indicate a need for a stronger support framework, specifically to foster SWH quality assurance. Furthermore,
comparing the obtained results to the five market stages mentioned in IRENA’s guideline on Quality
Infrastructure for Solar Water Heaters, the Egyptian SWH market may be at stage one ‘Market Assessment’.

4.2. Case-study: Tunisia
Qualitative responses from Tunisia were interested in factors related to the market category, such as potential
market expansion regionally and internationally, and the importance of quality monitoring on imported SWH
products. According to IRENA’s guideline, the previous two statements coincided with recommended policies
to transit a market from stage two ‘Market Introduction’ to stage three ‘Market Growth’. The inferences may
also suggest possible inadequate quality monitoring on SWH imports to the Tunisian market.

4.3. Response Convergence and Divergence
Qualitative and quantitative responses from Egypt and Tunisia have agreed on the importance of quality
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assurance in their respective national SWH markets, stressing the influence of the product’s quality level on the
reputation of the technology and the effect a lack of quality monitoring had on the product’s perception in the
market. While in contrast to Egypt, responses from Tunisia regarding the predefined factors proposed that the
existence of solar thermal testing facilities was relatively more important than the existence of national solar
thermal equipment standards.

4.4. Assessment Tool for Market Quality Component
The developed categories from the accumulated qualitative content analysis were similar to the data indicators
assessing the policy component of an SWH market of the market assessment tool, TechScope. Yet, the contexts
differed, as the categories were specifically quality oriented. For example, the TechScope indicator ‘building
mandates’ that reflected regulatory frameworks for compulsory SWH installation in new buildings, concurred
with category B15 which addressed ‘correlating product quality and incentive policies’, e.g., adopting a
recognized benchmark of product quality as prerequisite for government SWH tenders. This finding reinforced
the assumption that a more accurate assessment tool is needed to reflect the SWH market quality component,
especially in emerging markets. Also, associating the quality component to the market maturity level can help
decision-makers to avoid introducing either infeasible or insufficient quality assurance measures.

4.5. Recommendations
The outcomes of this research were not sufficient to construct an assessment tool dedicated to measuring an
SWH market quality component. Nonetheless, the findings suggested introducing additional assessment
parameters to the factors evaluating the TechScope quality component, e.g., indicators specifically dedicated to
quality-related incentive policies and measures. Lastly, considering the limited generalization of this study,
recommendations have been formulated to increase the reliability of the research structure, the validity of results
and hence, the generalization of inferences. The repetition of the survey study on a larger sample size and
comparing results with the research at hand can improve the inferences made for the case-studies of Egypt and
Tunisia. Further repetition of the study in countries with emerging SWH markets at different growth stages may
also strengthen the studied correlation between quality assurance and market maturity level, as well as assist in
building a specialized market assessment toolkit to evaluate the SWH market quality component.
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Abstract
Within the framework of the SpeedColl2 (“Service life estimation for solar thermal collectors and their
components") project a rapid test method for the alternating thermal load of flat plate solar thermal collectors is
being developed. The development of the test procedure is described based on annular solar thermal system
simulations for different locations and cases of application. The test procedure consists of thermal performance
tests at the beginning and end of the procedure and the appliance of alternating thermal loads on the flat plate
solar thermal collector in between. The test procedure was applied using two different flat plate solar thermal
collectors. The test results show very different results for both collectors, thus more collector tests have to be
performed in order to gather more reliable results. The results include thermal performance tests as well as
further investigation of the welding seams between the absorber and absorber pipes.
Keywords: Solar thermal collector, Test procedure, alternating thermal load, welding seams

1. Introduction
Within the framework of the research project “Service life estimation for solar thermal collectors and their
components" (SpeedColl2) funded by the Federal Ministry of Economics and Energy in Germany, the
development of a rapid test procedure for temperature cycling tests for solar thermal collectors which started in
the predecessor project SpeedColl (”Development of accelerated ageing processes for solar thermal collectors
and their components") is being continued. For the development of the test procedure that reflects the real
alternating (cycling) thermal loads of the solar thermal collectors during operation in different types of systems
at different locations the different operating conditions have to be taken into account.
In order to meet those real alternating thermal loads during operating conditions, data on the actual thermal
loads is necessary. Solar thermal collectors always represent only a part of an entire system. Therefore, their
thermal load depends not only on the collector properties and ambient conditions, but also on the operation of
the entire system. Therefore, the dimensioning of the entire system, the thermal loads respectively the load
profiles (i. e. domestic hot water load) as well as the control strategy of the system are important determining
factors. A method for the determination of the alternating thermal loads of specific collectors at different
locations for different applications is presented in Ullmann et al. (2018).
As the evaluation criterion of the test procedure the thermal performance of the solar thermal collector is
considered the most important parameter. A major factor determining the thermal performance of many solar
thermal collectors is the quality of the absorber welding seam between the absorber and the absorber pipes.

2. Thermal cycling load
A test procedure should cover as many use cases as possible and at the same time keep the effort for its
implementation in practice to a minimum. In Ullmann et al. (2018) annual system simulations for an average flat
plate solar thermal collector were performed using collector-specific performance data from Solar Keymark
data. The alternating thermal loads actually occurring at the collector was determined using the simulation
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software TRNSYS. In order to determine the alternating thermal loads under different operating conditions, two
different systems (domestic hot water preparation - DHW - and solar combisystems - SCS) were investigated at
different locations.
It was shown that the determination of the thermal cycling load by means of system simulations is also possible
with low, i. e. hourly, resolved weather data with good accuracy. The good availability of hourly resolved
weather data therefore enables the determination of altitude and temperature level of alternating thermal loads
from annual simulations for different locations. The 4 locations Gran Canaria (maritime climate), the desert
Negev (desert), Sevilla (arid climate) and Stuttgart (moderate climate) were selected for a broad coverage of
different climatic conditions.
An alternating thermal load or thermal shock herein is defined as follows:
-

A thermal shock is present if at a pump start (in the collector circuit) TAbs - TColl,in > 0 K is given.
with

TAbs: absorber temperature
TColl,in: collector inlet temperature

For the evaluation, the temperature difference (TAbs - TColl,in at pump start) is considered as the amplitude and the
associated absorber temperature is considered as the temperature level of the alternating thermal load. Table 1
shows an example of the alternating thermal loads for the locations Stuttgart and Seville.
Table 1: Number of alternating thermal loads (thermal shocks) for solar thermal system for domestic hot water preparation
(DHW) and solar combisystem (SCS) for the locations Stuttgart (STG) and Seville (SVL) by amplitude (temperature difference)

Temperature difference at pump start (load amplitude TAbs - TColl,in) in K
ΔT < 10

ΔT 10
… 20

ΔT 20
… 30

ΔT 30
… 40

ΔT 40 ΔT 50 ΔT 60 ΔT 70 ΔT 80 ΔT 90
… 50 … 60 … 70 … 80 … 90 … 100

DHW
STG

15

712

237

150

85

10

3

6

1

0

0

SCS
STG

79

1467

130

38

38

97

0

0

0

0

0

DHW
SVL

23

629

75

80

306

30

44

21

3

0

0

SCS
SVL

24

1683

172

5

12

71

213

4

1

0

0

ΔT > 100

Number of thermal shocks within given range of load amplitude (TAbs - TColl,in)

3. Test procedure
During the test procedure, the relevant alternating thermal loads have to be impressed on the solar thermal
collector within a shortened period of time as representative as possible for all cases of application described
within Section 2. Thermal shocks with a temperature difference of 50 K and more are used here as relevant
thermal alternating loads. This temperature difference represents a compromise between the occurring thermal
loads determined using system simulations and the desire for the shortest possible test duration. For a solar
thermal combisystem in Stuttgart, this corresponds to around 2,500 thermal shocks (97 units per year) given a
service life of 25 years (Table 1). In order to also reflect higher temperature differences as they occur in other
application cases, it is proposed to increase the temperature difference to 75 K. The increase in temperature
difference also allows a further reduction in the number of alternating loads carried out. Here 2,000 alternating
thermal loads with a cooling from 90 °C to 15 °C (T = 75 K) are proposed. A maximum temperature below
100 °C was chosen in order to limit the technical effort required to carry out the alternating thermal loads (e. g.
to avoid steam formation).
In addition to the thermal shocks occurring during operation of the solar thermal system, 4 thermal shocks
according to ISO 9806 are carried out. Those 4 thermal shocks represent the thermal loads at the commissioning
of the system and 3 maintenances during the service life of a solar thermal collector - even though this should
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not occur with proper filling. The test method proposed here can then be divided into the following five
sections:
a.

Determination of the thermal performance of the solar collector (according to ISO 9806)

b.

Impression of the alternating thermal loads occurring during the entire service life (resp. operation) of
the solar thermal collector in a shortened period of time (2,000 cycles with a temperature difference of
75 K)

c.

Impression of the 4 alternating thermal loads during commissioning (1) and maintenance (3) according
to ISO 9806

d.

Determination of the thermal performance of the solar thermal collector and comparison with the
original performance within a)

e.

Evaluation of the result (the necessary evaluation criteria have not yet been defined at this stage).

The alternating thermal loads within section b) are impressed one after the other. An alternating thermal load
consists of two phases: heating and cooling. The volume flow is impressed on the collector with a defined inlet
temperature until a defined outlet temperature is reached at the collector outlet. The following boundary
conditions are proposed for the two phases heating and cooling:
-

Heating: Volume flow through the collector with an inlet temperature of 95 °C until a temperature of
90 °C is reached at the collector outlet.

-

Cooling: Volume flow through the collector with an inlet temperature of 10 °C until a temperature of
15 °C is reached at the collector outlet.

For heating and cooling, a temperature difference between inlet and outlet of 5 K is used in order to achieve a
short cycle time.
The definition of the evaluation criterion for the examination has not yet been completed. The test procedure
described under b) was exemplarily performed on two flat plate collectors as described in Section 4.

4. Deployment of the test procedure
The test procedure described in Section 3 (procedure parts a, b and d) was carried out using two flat plate solar
thermal collectors (A and B). The boundary conditions defined within section 3 were applied. For collector A
2,500 instead of 2,000 thermal shocks were carried out in order to gain further insights especially on the welding
seams. Collector B was impressed with 2,000 alternating thermal loads according to the test procedure.
The test bench used for the impression of the alternating thermal loads is shown in Figure 1. It contains of a
heating circuit with 60 kW heating power and a cooling circuit with 40 kW cooling power.

Figure 1: Test bench for imprinting the alternating thermal loads representing operation on the solar thermal collector
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The test collectors both have meander-shaped absorber pipes as shown schematically in Figure 2. The collector
inlet is at the bottom and the outlet is at the top of the collector (for heating and cooling). The collectors are
heated via the long side of the absorber pipe manifold. The cooling or thermal shock of the collector takes place
via the short side of the absorber pipe manifold in order to impress the alternating thermal load as directly as
possible onto the absorber pipe. During heating and cooling, the flow exits the collector via the long side of the
absorber pipe manifold in order to impress the load onto the entire welding seam.

Figure 2: Schematic of the test collector with meander-shaped absorber pipe, inlet for heating and cooling and outlet (rear view)

Figure 3 shows one heating and one cooling phase (one cylce) during the test. The time required for one cycle
including the heating phase is approx. 7 minutes. This results in a total test duration of almost 10 days for 2,000
alternating thermal loads. The 2,500 alternating thermal loads (cycles) for collector A were impressed onto the
collector within 5 batches of 500 cycles each. The 2,000 cycles for collector B were impressed within one single
batch.

Figure 3: Course of an alternating thermal load with the two phases heating and cooling, collector A

273

J. Ullmann et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

After each batch (collector A), the thermal insulation was removed from the back of the collector and the
absorber welding seams were examined. The length of the welding seam detachment between absorber and the
absorber pipe was measured as shown in Figure 4. The windings of the absorber pipe are numbered from top to
bottom (TL: top left). The largest welding seam detachment occurs at the inlet used for cooling - corresponding
to the largest occurring temperature difference and hence largest alternating thermal load at the collector inlet at
the beginning of the cooling phase.
At the corners of the collector, the length of the welding seam detachments are significantly larger than in the
center of the collector. This also applies to the exit (upper) corners, even though the alternating thermal load is
lowest here. The fact that the welding seam detachments here are nevertheless considerably larger than in the
center of the collector can mainly be explained by the different diameters of the absorber pipe and the absorber
pipe manifold. This leads to higher mechanical tension within the welding seam due to bending of the absorber
sheet (from small to big pipe diameter). Furthermore the collector is clamped in the frame at the collector
corners. As a result, the material has less room for thermal expansion, since the frame remains at a significantly
lower temperature level and thus expands only to a small extend in comparison. The different thermal expansion
(difference: 40 %) of copper (αCu = 16. 5 - 10-6 K-1) and aluminium (αAl = 23. 1 - 10-6 K-1) is therefore more
difficult to compensate. Over the total length of the welding seam (1 m), the expansion of copper at the given
temperature difference (of 95 °C - 10 °C = 85 K) is 1.4 mm, that of aluminium 1.96 mm.

Figure 4: Welding seam Detachment between absorber and absorber pipe after 500, 1000, 1500, 2000 and 2500 cycles; numbering
of the pipe bends from top to bottom (OL: top left), collector A

The proportion of the total welding seam detachment based on the total length of the welding seam is shown in
Figure 5 for each of the 500 cycle batches (collector A). In this case the further detachment of the welding seam
decreases significantly with increasing number of cycles.
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Figure 5: Proportion of the total welding seam detachment based on the total length of the welding seam between absorber and
absorber pipe after 500, 1000, 1500, 2000 and 2500 cycles, collector A

The proportion of the total welding seam detachment based on the total length of the welding seam of
collector B after 2,000 cycles is well below 1 %. Given these very different results, the additional
implementation of this test procedure for alternating thermal loads can be considered very reasonable.
Concerning the thermal performance before and after the impression of the alternating thermal loads, collector
A shows significant degradation (Figure 6), whereas collector B shows almost no degradation (Figure 7). This
correlates very well with the measured welding seam detachments for both collectors and indicates the big
influence of the welding seam condition on the thermal performance of solar thermal collectors.

Figure 6: Thermal performance of the tested collector A before (new) and after 2,500 thermal shocks (after thermal shocks) with
ΔT = 75 K

275

J. Ullmann et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Figure 7: Thermal performance of the tested collector B before (new) and after 2,000 thermal shocks (after thermal shocks) with
ΔT = 75 K

5. Summary and outlook
A rapid test procedure for the alternating thermal loads of solar thermal collectors occurring during operation,
which is being developed within the framework of the SpeedColl2 project, is presented and demonstrated using
two different flat plate solar thermal collectors. The test procedure includes the five sections:
a.

Determination of the thermal performance of the solar collector (according to ISO 9806)

b.

Impression of the alternating thermal loads occurring during the entire service life (resp. operation) of
the solar thermal collector in a shortened period of time (2,000 cycles with a temperature difference of
75 K)

c.

Impression of the 4 alternating thermal loads during commissioning (1) and maintenance (3) according
to ISO 9806

d.

Determination of the thermal performance of the solar thermal collector and comparison with the
original performance within a)

e.

Evaluation of the result (the necessary evaluation criteria have not yet been defined at this stage).

The alternating thermal loads to be impressed on the collector (during section b) were determined using system
simulations in order to fit a wide range of applications (solar domestic hot water preparation and solar
combisystem under 4 different climatic conditions), taking into account practical feasibility.
The developed test procedure was performed exemplary using two different solar thermal collectors (A and B).
Collector A shows much larger welding seam detachments (approx.. 14 %) compared to collector B (well below
1 %) as well as much higher thermal performance degradation (5 - 10 % within relevant temperature range for
collector A compared to almost no degradation for collector B). Given these very different results the additional
implementation of this test procedure for alternating thermal loads can be considered very reasonable.
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Abstract

Transient double diffusion in a salt stratified fluid confined in a plexiglass rectangular box heated from below was
experimentally investigated in a previous study aiming at a better understanding of the physics of a salinity gradient
solar pond. In the present work, a finite element simulation of the transient flow dynamics is reported. The NavierStokes equations are solved along with the transport equations for energy and salinity. The advection terms are
stabilized using a spurious oscillation at layers diminishing method and the time discretization is carried out using a
second-order backward differencing scheme. The influence of lateral cooling due to heat losses to the surroundings
on double diffusion is investigated. The predictions are consistent with Schlieren images and show the time evolution
of the interfaces of the convective and diffusive zones. Several physical phenomena, such as the transport across a
diffusive interface, the disruption of an interface and the role of lateral cooling on double diffusive convection were
observed.
Keywords: Solar ponds, Salinity gradient, Finite elements, Double diffusion.

1. Introduction
Double-diffusive convection was originally described in a paper by Stommel et al.(1956), where it was referred to
as an oceanographical curiosity. Only a few years later it was recognized as an important phenomenon with
applications in several branches of science. Several early reviews of this topic were published (Turner, 1974, Huppert
and Turner, 1981, Fernando and Brandt, 1994) and books on the subject are presently available (Brandt and Fernando,
1995, Radko, 2013). Double-diffusive convection is the flow originated by buoyancy in a fluid where two different
density gradients are present, which have different diffusion rates. These flows occur in a wide variety of fields, such
as oceanography, astrophysics, geophysics, solar energy and crystal growth, among others.
An example of double-diffusive convection occurs in salt gradient solar ponds (SGSP). An SGSP is a reservoir
containing a mixture of salt and water, heated by solar radiation and used as a device to collect and store solar energy.
In order to absorb radiation in the reservoir, it is necessary that the mixture is transparent enough for radiation to
penetrate to the bottom. On the other hand, and in order to accumulate energy, thermal losses must be minimized.
This can be achieved through appropriate coverage of the surface, insulation of the side and bottom walls, and
inhibition of convective processes in the reservoir. The latter may be achieved by means of a salt gradient with a
salinity close to zero at the surface and increasing towards the bottom. Since the construction is easy and the
maintenance has a low cost, due to the use of common substances such as water and salt, this type of solar pond is
the most widely studied and developed.
There are three distinct zones in an SGSP: a surface zone, an intermediate or gradient zone and a storage zone. The
surface and the storage zones are essentially convective zones where the temperature may be considered uniform.
They are usually referred to as upper convective zone (UCZ) and lower convective zone (LCZ), respectively. The
former is a zone with low salt concentration that naturally develops as a result of outside effects such as wind, rain
and heat exchange from the pond to the environment. The typical thickness of this zone ranges from 0.2 m to 0.5 m.
The storage zone is used for absorption and storage of solar energy. The highest temperatures are attained in this
region, whose thickness varies according to the amount of energy to be stored and the temperatures to be obtained.
Typically, its thickness ranges from 0.5 m to 1.5 m. The intermediate zone, where heat transfer is only by conduction,
behaves as a thermal insulator between the bottom and the surface. It is referred to as the non-convective zone (NCZ).
In order to generate this NCZ, whose thickness ranges from 1 m to 2 m, an artificial salinity gradient is enforced to
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prevent convection and to allow the storage of the energy absorbed in the LCZ, from where it can be extracted for
consumption.
The non-convective characteristics of the NCZ cannot be maintained indefinitely. Mechanical or thermal
perturbations or double diffusion phenomena in this zone or at its borders contribute to destabilization. In particular,
the phenomenon of double diffusion can contribute to the amplification of small disturbances due to the thermal
diffusion coefficient being two orders of magnitude higher than the molecular diffusion. This phenomenon gives rise
to movement, induced only by diffusion, which can then lead to convective flow.
Solar ponds may be used for several purposes, namely heating of buildings, industrial process heating, power
production and desalination (El-Sebaii et al., 2011). The ability of ponds with a salinity gradient to store solar energy
was firstly reported more than one hundred years ago, leading to the proposal of the construction of artificial solar
ponds to use energy for domestic or industrial purposes. The first artificial pond was built about sixty years ago,
while pioneering theoretical studies were published about fifty years ago. Indeed, the first attempts to model solar
ponds date back to the sixties, and consist of analytical one-dimensional models. Models based on the numerical
solution of the governing equations for mass, momentum, energy and salinity provide additional insight into the
phenomena under investigation. Although one-dimensional models may be useful (e.g., Angeli and Leonard, 2005),
probably being the most widely ones, multidimensional models give a far more detailed description of the underlying
physical phenomena. However, only a few transient multidimensional studies have been reported in the literature.
El-Refaee et al. (1996) developed a two-dimensional mathematical model that uses the vorticity, dilatation, density,
temperature and concentration as dependent variables. The transient thermal performance of the SGSP was predicted
by solving numerically the governing equations using the finite difference method. Mansour et al. (2004) solved the
3D conservation equations for energy and salinity in an SGSP using the finite volume method, under the assumption
that convection did not occur and only heat and mass diffusion took place during the simulation period. The thickness
of the UCZ, NCZ and LCZ was fixed. They found that the pond stability was affected by absorption of solar radiation
and by heat losses through the free surface. An investigation of the pond stability during a long period of time using
real meteorological data was later reported for a 2D configuration (Mansour et al., 2006).
The first 3D simulation of a SGSP based on the solution of the conservations equations for mass, momentum, energy
and salinity was presented by Jubran et al. (2004). They used the code PHOENICS, based on the finite volume
method, to investigate the effects of the tilt angle of side walls and salt concentration on the onset of convective
layers on the sidewalls of the pond. The hydrodynamic and thermal transient behaviour of an enclosure with vertical
temperature and salinity gradients were modelled by Hammami et al. (2007) using the finite volume method to
numerically solve the 2D governing equations for mass, momentum, energy and salinity. Milhazes et al. (2009) used
a spectral method to solve the weak form of the same set of governing equations for an SGSP. They found that the
predictions were improved by taking into account the dependence of the density and viscosity on the temperature
and salinity. Suárez et al. (2010) used the commercial code Fluent to predict the performance of an SGSP during
energy collection and storage. They employed a fully coupled transient 2D numerical model that is able to describe
short and medium term operations, allowing the interfaces between the zones to dynamically adjust along the time.
The absorption of solar radiation and the wind effect were taken into account.
Boudhiaf and Baccar (2014) extended the work of Hammami et al. (2007) and investigated the effect of the Rayleigh
number on the thermal behavior of the pond and the effect of the aspect ratio on the temperature and velocity fields.
Giestas et al. (2014) used the same mathematical model formerly reported by Milhazes et al. (2009) to simulate
double diffusion in a rectangular cavity filled with a mixture of water and salt, which is heated at the bottom.
However, they employed the finite element method rather than the spectral method to solve the governing equations.
Their predictions were in reasonable agreement with experimental results, but the observed perturbations at the
interface between the LCZ and the NCZ were barely visible and unstable in the numerical results. Giestas et al.
(2016) applied this model as well as Ansys Fluent to the simulation of a lab-scale SGSP. They predicted well the
main features of the relevant physical phenomena in the SGSP, including the temperature in the three different zones.
More recently, El Mansouri et al. (2017) developed a 2D hybrid finite volume  Lattice-Boltzmann method to study
the thermal behavior and the energy efficiency of an SGSP. The same mathematical model was used to further study
the transient thermal behaviour and stability of the pond (El Mansouri et al., 2018). Anagnostopoulos et al. (2017)
used a more fundamental approach than in previous works to model the absorption of radiation in the pond, by means
of the solution of the radiative transfer equation using the discrete ordinates method. Both 2D and 3D simulations
were performed using the COMSOL software package. Recently, El-Kadi et al. (2019) used Ansys Fluent to simulate
an SGSP in hot climate regions, and investigated the development and interactions of the three zones of the pond.
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In the present work, the problem of double diffusion in a salt stratified fluid heated from below and characterized by
conditions similar to those found in an SGSP is revisited. The influence of lateral cooling on the double diffusion,
which was not accounted for by Giestas et al. (2014), is studied. Moreover, the ability of the model to predict relevant
physical phenomena experimentally observed is investigated.

2. Mathematical modelling
The mathematical model is based on the governing equations for conservation of mass, momentum, energy and salt
mass fraction. The fluid is Newtonian and the diffusion of energy and mass satisfy the Fourier and Fick’s laws,
respectively. The Boussinesq approximation is employed, so that the density is assumed to be constant except in the
buoyancy term, where it is linearly related to the temperature and to the salt concentration. The governing equations
may be written as follows:
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In these equations, v is the velocity vector, T the temperature, S the mass fraction of salt (salinity), o the density
calculated at reference values of temperature and salinity, p the pressure, t the time,  the kinematic viscosity,  the
thermal diffusivity and DS the salt diffusion coefficient. The vector f is defined as
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where g is the acceleration of gravity vector, To and So are reference values of temperature and salinity, respectively,
T, is the thermal expansion coefficient, and S the salinity contraction coefficient.
The spatial discretization was carried out using the Galerkin finite element formulation. Bilinear elements were
employed for the pressure and biquadratic elements were used for the velocity, temperature and salt mass fraction.
The time discretization was performed using a second-order backward differencing scheme with a backward Euler
method being employed for the first time step. The energy and salt mass fraction equations are dominated by
advection, and therefore lack stability when discretized using Galerkin type methods and may yield spurious
oscillations or wiggles. In order to overcome this problem, stabilization methods are usually employed. Several
stabilization methods may be used to overcome this difficulty and in the present work the method of Almeida and
Silva (1997) is used. This is a spurious oscillation at layers diminishing method that adds isotropic artificial diffusion
to the streamline upwind Petrov-Galerkin stabilization term.
In each time step, the governing equation for energy is solved first, followed by the salt mass fraction transport
equation and the Navier-Stokes equations. The Navier-Stokes equations are solved using a sequential operator
splitting method to handle the velocity and pressure coupling. In the first substep, an intermediate velocity field is
obtained using a guessed pressure field, while in the second substep a Poisson equation for the pressure with
homogeneous Neumann boundary conditions is solved. Then, the pressure is updated and the divergence free velocity
field is computed using the guessed and the updated pressure. Details of the solution algorithm may be found in
Giestas et al. (2014). The time step was adaptively controlled using the method proposed by Jonhson et al.
(1990). The system of discretized linear equations resulting from the space and time discretization of the governing
equations was solved using the conjugate gradient method with ILU(0) preconditioning.
The deal.II open source finite element library (Bangerth et al., 2007) was employed in the present work. This library
allows the parallelization of the code using threading building blocks (TBB). TBB is a software template library
developed by Intel for task-based shared memory parallel programming on multicore processors. The basic linear
algebra operations are parallelized using the available libraries, but the user needs to define other types of
parallelization, such as the assembling of the global matrices and the solution of the system of linear algebraic
equations. The calculation of the local element matrices and the assembling of these matrices are parallelized.

281

P. Coelho et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

3. Results and discussion
Double diffusion of a salt stratified fluid heated from below is simulated in the present work. The simulations
reproduce the experimental conditions of a previous study performed in a laboratory plexiglass rectangular box with
a width of 5 cm and a height of 10 cm (Tavares, 2010). The density, the kinematic viscosity, the thermal and the
salinity diffusion coefficients, and the thermal expansion and salinity contraction coefficients were evaluated at the
average temperature (30ºC) and average salinity (25 g/kg), yielding: =1.024×103 kg/m-3, = 0.805×106 m2 s-1, =
1.6×10-7 m2 s-1, Ds=1.64×10-9 m2 s-1,  T=3.35×10-4 K-1, S=6.65×10-4 kg g-1. The fluid is initially at rest, the initial
temperature is equal to the ambient air temperature (22.95 ºC), which is assumed to remain constant, and the initial
salt mass fraction decreases linearly from 51.2 g/kg at the bottom to 12.3 g/kg at a height of 0.085 cm and remains
constant further up.
The velocity is equal to zero at the bottom and side boundaries, and a zero velocity gradient is prescribed at the free
surface on the top boundary. Convective heat transfer and a zero salinity gradient are prescribed at all the boundaries.
The convective heat transfer coefficient tis equal to 10 W m-2 K-1 at the top and side boundaries, and 320 W m-2 K-1
at the bottom boundary. The temperature of bottom boundary is set to 50 ºC. Past calculations (Giestas et al., 2014)
have revealed several shortcomings. Therefore, radiative heat losses through the side walls are also considered in the
present work. It is assumed that the surrounding temperature is equal to the ambient temperature, the emissivity of
the outer surface of the box is 0.984 and the thermal resistance of the wall of the box is negligible. The calculations
were carried out using a uniform mesh with 70×140 elements along with an adaptive time step, the maximum time
step being limited to 0.06 s.
The results obtained at t=540 s are illustrated in Fig. 1. On the left, the predicted velocity field is overlapped with a
Schlieren image and, on the right, the vertical profiles of density and salt mass fraction are plotted at a distance from
the right wall of 0.5 cm. The relative change in light intensity (grey scale) in the Schlieren image corresponds to
changes in the density gradient. The density and the salinity profiles show that the predicted location of the interfaces
between the UCZ and the NCZ, and between the NCZ and the LCZ, is in good agreement with that image. The lower
and upper convective zones, denoted by LCZ and UCZ, respectively, are well defined, as evidenced by the uniform
temperature and salinity profiles at the lower and upper regions in Fig. 1, respectively. At the interface that separates
the LCZ from the non-convective zone (NCZ), there is a steep gradient of density and salinity with a thickness of

UCZ

NCZ

LCZ

Fig. 1: Predicted velocity field overlapping a Schlieren image at t=540 s (left) along with vertical density and salinity profiles at a
distance of 0.5 cm from the right wall.
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Fig. 2: Predicted velocity field overlapping a Schlieren image at t=2509 s (left) along with vertical density and salinity profiles at a
distance of 0.5 cm from the right wall.

Fig. 3: Predicted velocity field overlapping a Schlieren image at t=3546 s (left) along with vertical density and salinity profiles at a
distance of 0.5 cm from the right wall.
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about 3 mm. A perturbation above that interface that extends up to about 2.5 cm can also be seen. The transport of
heat and mass across the interface takes place when the momentum of a rising plume of hot fluid is high enough to
penetrate through the interface. This instability mechanism is observed when the LCZ is still being formed and is not
thick enough to absorb the kinetic energy of the rising hot fluid and to prevent the disruption of the interface.
Immediately below the interface between the LCZ and the NCZ, the velocity field and the vertical density and salinity
profiles shown in Fig. 1 reveal the transport of fluid of high salinity from the LCZ to the interface and of fluid of
lower salinity from the interface to the LCZ. The salinity gradient in the NCZ is constant, while that of density is
only linear at a height greater than about 5 cm from the bottom.
The system continues to evolve with an increase of the height of the LCZ and the sporadic appearance of disturbances,
as seen in Fig. 1. At t=2509 s, a second well-defined convective zone (CZ1) of relatively small height is visible in
Fig. 2. The location of the interfaces between neighbouring zones evidenced by the density and salinity profiles is
again confirmed by the Schlieren image. In the CZ1, rolls spinning in clockwise direction next to right side wall and
anticlockwise direction close to the left wall can be observed. The appearance of these rolls was also reported by Lee
and Hyun (1991) and Kranenborg and Dijkstra (1998) in the experiments of dual-diffusion with side cooling. The
density and salinity vertical profiles exhibit small oscillations in the transition between the LCZ and the CZ1, as well
as between the CZ1 and the NCZ. The homogeneity is visible in both the LCZ and the UCZ.
At time instant t=3546 s, Fig. 3 shows the presence of two convective zones above the LCZ, i.e. a second convective
zone, CZ2, formed adjacent to the previously existing zone, CZ1. The Schlieren image confirms the numerical
predictions. The thickness of these two zones is approximately the same, but the rolls in the CZ2 are more welldefined than in the CZ1. Although there is flow motion in these two layers, the computed velocities are very small,
being of the order of tenths of millimeters per second. The beginning of flow motion in the UCZ and the variation of
density suggest that there is transfer of mass and heat by convection in that zone. The density and salinity profiles
reveal that the thickness of the LCZ is about 3.5 cm, while that of the NCZ is about 4 cm. The interfaces between
the LCZ-CZ1, CZ1-CZ2 and CZ2-NCZ zones correspond to the abrupt changes of density/salinity observed in those
profiles at a height between 3.5 cm and 4.5 cm. There is no velocity in the NCZ, so that only heat and mass diffusion
take place in this region, and there is no transport by convection or the emergence of disturbances. The UCZ is rather
homogeneous, but in addition to heat and mass diffusion, the Schlieren image discloses a slight density variation in
the vicinity of the side walls and close to the bottom of this zone.
At t=4596 s, Fig. 4 shows that the CZ2, which was visible in Fig. 3, collapsed and only the intermediate layer CZ1
is now present between the LCZ and the NCZ. As a result, there is a single convective zone with a thickness of about
1 cm above the LCZ. The fluid in the rolls observed in the CZ1 moves as expected in the case of lateral cooling, i.e.
in anticlockwise direction close to the left wall and in clockwise direction close to the right wall. The velocity in the
UCZ is now visible, contributing to the transport of heat and mass. The density and the salinity profiles show a LCZ
with a thickness of about 4 cm and a NCZ of 3.5 cm thickness. The steep gradients observed in both profiles at the
interfaces between the LCZ and the CZ1, as well as the interface between the CZ1 and the NCZ, prove that the CZ1
is well-defined and stable. It is quite clear that the CZ1 is a convective layer, since the density and salinity are
homogeneous in this zone.
The Schlieren's image in Fig. 5 reveals that an interface was formed that split the CZ1 observed in Fig. 4 into two
zones, which are referred to as CZ1 and CZ2. The variation in density and the velocity field at the top of the LCZ
suggest the transport of salinity from the interface between that zone and the CZ1 in counterclockwise direction. A
similar transport phenomenon can be seen at the UCZ, next to the interface with the NCZ, with counterclockwise
direction close to the left wall and with clockwise direction near the right wall. The vertical profiles of density and
salinity reveal a homogeneous LCZ and a linear variation of density and salinity in the NCZ. Small steps are visible
in these profiles at the interfaces of neighbouring zones. Moreover, the smooth gradient at the interfaces of the CZ1
and the CZ2 suggests that these zones are unstable.
There is a gradual increase of the thickness of the UCZ, as one can conclude by comparing Figs. 5 and 6, as well as
a marginal increase of the velocity in that zone, although not significant compared to the velocity observed at the
LCZ. At t=9693 s, the unstable CZ1 and CZ2 layers are no longer visible, which means that they collapsed, and only
the three typical zones of a SGSP are present. The thickness of the LCZ increased to about 5 cm, while that of the
NCZ decreased to 3 cm. The flow is stronger in the LCZ, the maximum velocity being 6.8 mm s-1. The transport of
salt is visible at both the interface between the LCZ and the NCZ and at that between the NCZ and the UCZ. The
flow in this latter zone is now more intense and the transport of salinity to the UCZ yielded an increase of its thickness,
which is about 2 cm. The gradients of salinity and density at the interface between the LCZ and the NCZ are larger,
which suggests a greater stability of that interface. Both the salinity and the density profiles are linear in the NCZ.
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Fig. 4: Predicted velocity field overlapping a Schlieren image at t=4596 s (left) along with vertical density and salinity profiles at a
distance of 0.5 cm from the right wall.

Fig. 5: Predicted velocity field overlapping a Schlieren image at t=5653 s (left) along with vertical density and salinity profiles at a
distance of 0.5 cm from the right wall.
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Fig. 6: Predicted velocity field overlapping a Schlieren image at t=9693 s (left) along with vertical density and salinity profiles at a
distance of 0.5 cm from the right wall.

Fig. 7: Predicted velocity field overlapping a Schlieren image at t=18,877 s (left) along with vertical density and salinity profiles at a
distance of 0.5 cm from the right wall.
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Figure 7 shows the NCZ has disappeared at t=18,877 s, i.e, at a time that is almost twice the instant of time considered
in the previous figure. The only remaining interface is the one that separates the LCZ from the UCZ and is very well
defined. The average velocities at the UCZ and the LCZ are 4.5 and 2.1 mm s-1, respectively. The convective cells
in the UCZ are not as well defined as before, and their configuration in the LCZ often changes in time. The steep
gradients of salinity and density at the interface between the two zones reveal that the interface is very stable.

4. Conclusions
The analysis carried out in a salt stratified fluid heated from below allowed the identification of several physical
phenomena, e.g., the heat and mass transport across a diffusive interface, the disruption of an interface and the role
of lateral cooling on double diffusive convection. The appearance of secondary convective zones above the LCZ
experimentally observed during some time is well reproduced by the numerical simulation. The prediction of the
location of these zones is in agreement with the experimental data. Occasionally, the disruption of the interface takes
place and then the colder and less salty fluid in the NCZ flows to the LCZ causing an instability. As the equilibrium
is restored, a thin layer of fluid with salinity and temperature slightly higher than those of the adjacent fluid appears
right above the region where the plume crossed the interface. The lateral cooling originates inner convective zones
in the NCZ that arise when the LCZ is thick enough such that the transport mechanism across the diffusive interface
does not destroy the density stratification pattern.
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Abstract
For millennia, humans have used hundreds of species of plants to treat diseases, these practices continue to this
day. In the traditional knowledge of medicinal plants can be reported many species with important characteristics
to alleviate very diverse health problems, mainly in rural areas, where the use of these resources is very high, even
comes to replace almost completely scientific medicine. This paper presents the dehydration of the main medicinal
plants grown in the Campeche State, Mexico through direct and indirect solar technologies; the experimental
results showed that the greenhouse solar dryer with solar heater coupling of evacuated pipes, solar collector of air
and photovoltaic pumping, is the most efficient technology of the evaluated one, with average drying times of
315 min and final humidity of 9.6%. A study of colorimetry, analysis of water activity, and drying speed was
carried out in order to control the drying process. It is proved that it is possible to use solar energy to dehydrate
food as a means of conservation, also obtaining significant energy savings and contributing to the care of the
environment.
Keywords: Solar drying technologies, Solar heater evacuated tubes, Hybridization of solar technologies.,

Introduction
It is estimated that 80% of the world's population uses traditional herbal remedies and at least 35,000 species of
plants have potential for medicinal use (Ramírez Hernández et al., 2018). In Mexico, according to Ministry of
Healthat least 90% of the population uses medicinal plants (Lugo & Lugo, 2009). Drying is the most common
method of preserving medicinal plants, but due to the high investment and energy costs, drying represents an
elevated expense in the production of medicinal plants (Singh & Singh, 2017). It is necessary to adopt technologies
that effectively reduce post-harvest losses through the application of appropriate management, processing and
conservation methods (Mewa, Okoth, Kunyanga, & Rugiri, 2019); Some post-harvest practices can limit the
obtaining quality of the products, due the losses of their natural properties as colour, flavour and aroma, as well
as their healing properties. This can be during drying of the product or any subsequent conditioning and storage
(Banchero, Carballo, & Telesca, 2007). Solar drying provides high product quality with minimal environmental
impacts. It is an effective, inexpensive and safe method for conservation of agricultural and food products (Kumar,
Sansaniwal, & Khatak, 2016). There are different technologies for solar energy use. In contrast to energy sources
such as fossil fuels, which depend on limited resources, solar energy is received naturally throughout the planet,
and its use does not imply the destruction of the environment (Rodríguez et al., 2017).
There are two methods of solar drying (direct cabinet solar dryer and indirect cabinet solar dryer) that were tested
under tropical conditions to dry aerial parts of sacha coriander (Eryngium foetidum L.) The indirect method was
found more suitable for drying E. (Banout et al., 2010); Moreover, a comparative study of the solar tunnel and
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open sun drying of moringa oleifera leaves was carried out. It is found that the tunnel dryer requires less drying
time and is economically viable (Vaghela, Bhautik, Sengar, & In, 2018). The thermal models for greenhouse
dryers was also studied (Chauhan, Kumar, & Gupta, 2017). The study evaluates the previous work on the thermal
modelling of greenhouse drying systems, greenhouse air temperature, relative humidity inside the greenhouse,
drying velocity, drying kinetics and drying potential.
On the other hand, colorimetry is a non-destructive physical method widely used to determine the colour of a
sample. The CIELab colour system is widely used for food colour determination. The three parameters measured
in this investigation are: luminosity (L), redness (a) and yellowness (b). The value of L varies from 100 (for perfect
white) to 0 (for black) (Doymaz & Pala, 2002), The difference in clarity is analysed by ΔL and the deviation of
the red-green achromatic point is Δa, while that yellow-blue deviation is Δb and the total colour change is ΔE.
In this work, three medicinal plants were selected to determine the best conditions of solar drying by different
direct technologies in terms of the effect of final humidity (db), water activity (aw) and colorimetry study. The
plants were selected due to their medicinal properties and abundance in the Campeche region.
The Mentha spicate is native to Europe, it is grown in different regions of the country, because it gathers good
culinary and agronomic characteristics, among its benefits is that it fights germs that produce bad odours in the
oral cavity, giving the person some freshness and menthol, minimizes bowel symptoms irritable, gastric
inflammation, excess gas, is antioxidant, among other properties (Alonso & Desmarchelier, 2014). Annona
muricate L, Is a plant native to Mesoamerica cultivated mainly in the tropics of America, Africa and the Pacific
Islands extending from Mexico to Brazil; among the many benefits it offers are some that stand out for being of
great help to combat highly specialized diseases such as its anti-cancer elements that fight different types of
tumours, also among others, important properties are found to be anti-inflammatory, anti-diabetic, anti-ulcer,
contain enzymatic antioxidants and not enzymatic act for protection against the effects of deterioration
(Madridejos Mora, 2016); finally, Cymbopogon, Currently grown in countries of subtropical to warm climate, its
main medicinal property is to be anti-inflammatory and antioxidant due to polyphenols, it contains, so it is used
in cases of cancer and to combat arthritis among other properties (Luardini, Asi, & Garner, 2019).

2. Experimental set up
In this study, the kinetics of drying medicinal plants using direct and indirect solar drying technologies were
analysed experimentally to determine optimal operating conditions, evaluating the possibility of solar drying
integration.

2.1 Materials y methods
Raw material. Mature medicinal plants, grown in Campeche, Mexico, were selected. The branches were cut, and
the leaves were separated and selected to obtain a homogeneous group, based on maturity, colour, freshness and
size. They were washed and weighed, the width, length and thickness were measured. The plants that were selected
for experimentation were: Mentha spicate, Annona muricate L. and Cymbopogon, in sustainable Mexican
agriculture, seeking to contribute to the country's food security.
2.1.1 Solar drying technologies.
Solar dryer tunnel. The tunnel dryer is hermetically sealed, is composed of 3 front gates and contains 2 trays in
each section which have a metallic mesh with the intention of supporting the flow of hot air evenly, each tray has
a separation of 20 cm. The drying chamber is connected to a solar water heater by means of a hopper, which drives
preheated air inside, supported by a heat exchanger; additionally, the dryer has a solar air collector installed at the
top, this collector consists of a fan that extracts the ambient air through its interior and directs it, with an increase
in temperature, to the interior of the drying chamber. Figure 1 shows the technical specifications of this dryer.
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Fig. 1: Technical specifications of solar tunnel dryer

Solar direct dryer. In this case, the solar drying process was carried out in a direct solar dryer cabinet (figure 2)
built using transparent plastic material with a 0.5 m 2 surface for raw material. The side, bottom and rear have
perforations to allow hot and humid air circulation and extraction. The DSD can be operated with natural air
circulation or forced convection using a fan placed at the back with a maximum air velocity of 2.9 m/s. Two direct
solar dryers were used to dry the leaves, one with natural air flow and the other with forced convection).

Fig. 2: Direct solar dryer cabinet

Greenhouse solar dryer. The measures of this dryer are 2x2x2 m, the structure is steel PTR (square section tubing),
the envelope is made of polyethylene plastic with UV protection, has ventilation to improve the drying system
and is portable and disassembled (figure 3).

Fig. 3: Greenhouse solar dryer

In each case, the indoor temperature, weight and size of the samples, solar irradiance, relative humidity and air
temperature were measured. In all cases we worked with photovoltaic technology.
2.1.2 Instrumentation
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Humidity. A moisture analyser, Boeco BMA150, with an accuracy of ± 1 mg (0.001%) was used to determine
the humidity of the leaves. The leaf sample of approximately 1.5 g and was cut and placed in the analyser. This
procedure was performed for each condition before and after the drying process.
Water activity (aw). Water activity is a parameter that determines the stability of the food with respect to the
ambient humidity. It was measured for both fresh and dried leaves before and after the drying process using
portable water activity meter, Rotronic HygroPalm, with an accuracy of ± 0.01% mg. The mean of three
measurements was reported at a room temperature of 24.5 ± 1 °C.
Temperature. The temperature and humidity inside the drying chambers were measured using a thermohygrometer Brannan with temperature and relative humidity accuracy of ± 1 °C and ± 3%, respectively.
Weight. The weight of the samples was measured using a Boeco balance, model BPS40plus, with an accuracy of
± 0.001 g.
Colorimetric analysis. The colour measurement tests in fresh and dehydrated samples used a Huanyu digital
colorimeter, model SC-10, repeatability ≤ 0.03 ΔE * ab.
Climatic parameters. During the trial period, climatic parameters including temperature, humidity, air velocity
and global solar irradiation were recorded by means of a meteorological station installed just in the experimental
area. The specifications of the measuring instruments used in the experiments were considered from the data
provided by the manufacturer (Table 1).
Tab. 1: Specifications and description of measuring instruments from the weather station

VARIABLE

DESCRIPTION

MODEL

ACCURACY

Global solar irradiance

LI-COR Pyranometer

LI-200R

Azimuth: < ± 1 % on 360° to
45° of elevation

Relative humidity

NRG Systems

RH-5X

±3%

Ambient temperature

NRG Systems

110S

± 1.1 °C

Wind velocity and direction

NRG Systems
Wind sensor

Series #200P
P2546C-OPR

± 3°
± 0.3 m/s

3. Results and Discussion
3.1. Weather conditions
Figure 4 shows the change in the weather parameters during the test period with three sunny days. As can be seen,
a maximum solar global irradiance of 952 W/m2 was achieved, with the average maximum values ranging between
874 and 962 W/m2. The average ambient temperature they varied of 30 °C y 33.3 °C, whereas the average
maximum ambient temperature was 35.7 °C. On the other hand, the minimum RH ranged between 44 % and 46
%, the maximum average on the test days ranged between 60 % and 81 %.
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Fig. 4: Solar irradiance, ambient temperature, and relative humidity in one day during test period

3.2. Solar drying of medicinal plants
The dehydration of medicinal plants that are grown in the State of Campeche, Mexico through direct and indirect
solar technologies is presented in order to evaluate the influence of air flow and temperature on the colour of the
final product through the L* a* b* scale. The activity of water and humidity is analysed during the drying process.
Curves of drying kinetics, moisture content in dry basis and drying rate are presented in order to corroborate the
process control.
The initial and final humidity and water activity values of the fresh and dried leaves are listed in Table 2 for each
solar drying technology studied. The initial and final humidifies presented values within the ranges reported in
the literature as normal. The final aw values indicate that there is no possibility of microbial growth in the
dehydrated product obtained.
Table 2. Initial and final humidity and water activity obtained by different drying methods (average)

DSD Natural Convection
Planta medicinal

Initial humidity (%)

Final humidity (%)

Aw initial

Aw final

Cymbopogon

73.63

8.64

0.99

0.33

Mentha spicate

79.58

8.73

0.96

0.43

Annona muricata L

68.2

10.49

0.98

0.49

DSD Forced convection
Cymbopogon

73.63

9.54

0.99

0.42

Mentha spicate

79.58

11.02

0.96

0.4

Annona muricata L

68.18

10.43

0.98

0.44

Solar dryer tunnel
Cymbopogon

73.632

8.27

0.99

0.46

Mentha spicate

79.581

11.11

0.96

0.4

Annona muricata L

68.177

10.03

0.98

0.42

Greenhouse solar dryer
Cymbopogon

73.63

8.53

0.99

0.45

Mentha spicate

79.58

9.86

0.95

0.51

Annona muricata L

68.18

10.53

0.98

058

3.2.1 Thermal characterization of solar dryers
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The figure 5 shows the effect of solar irradiation and ambient temperature of the drying chamber of the tunnel
dryer, as can be seen, the first section (the preheated air intake area from both the solar water heater and the air
collector) reaches a higher temperature (51 °C) that the two remaining sections, however, temperatures are very
similar, the maximum temperatures in the 3 cases vary between 48 °C and 51°C.
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Fig. 5: Solar irradiance
and ambient
temperature, Comparison of climatic parameters and temperatures reached in the indirect solar tunnel dryer, one sunny day
during test period

In the case of the greenhouse dryer, figure 6 shows the change in the received solar irradiance, the ambient
temperature and the temperature variations inside the drying chambers. It was also measured the internal
temperature generally ranged between 50 °C and 55 °C, with a maximum value of 59.4 °C.
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Fig. 6: Variation in solar irradiance and temperature inside the drying chamber under greenhouse dryer

Figure 7 shows the temperatures reached inside the drying chambers of the dryers that work with natural
convection and forced convection as well as the irradiance during the day as an example. As can be seen in this
graph, the temperatures in the drying chamber of the dryer with natural convection are higher than those presented
by the dryer with forced convection, which is normal due to the low convection that occurs in the first case.
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Fig. 7: Behaviour of solar irradiance and temperatures inside the drying chambers for the different operating modes of the cabinet
dryer

3.2.2 Drying kinetics
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In figures 8, 9 and 10, shows the variation of the drying rate as a function of moisture content (db), obtained in
the three medicinal plants studied.
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Fig. 8: Variation of moisture content with respect to the drying rate in Cymbopogon

0.080
0.070
0.060
0.050
0.040
0.030
0.020
0.010

Fig. 9: Variation
of moisture content with respect to the drying rate in Mentha spicate
0.000
0.0

1.0

2.0

3.0

4.0

5.0

6.0

Moisture content (g water/ g dry matter)
TUNNEL

NATURAL CONVECTION

FORCED CONVECTION

GREENHOUSE

Drhying rate (g water/g dry mattter
min)

In figures 8, 9 and 10 very important aspects can be observed when relating the moisture content and the drying
rate as a function of time in each medicinal plants studied. In all three cases the drying kinetics of both the tunnel
and the greenhouse are very similar, the drying times in these two cases vary between 300 and 350 minutes. The
drying rate with natural convection in all cases is faster, varying between 0.06 and 0.08 g water/g dry matter•min,
in the different plants. Forced convection is slower in all cases, although it is important to mention that the drying
time of dehydrated plants by this method was more uniform than in the rest, this can be observed in the three
graphs since the curves follow a trend very even, in this drying method the final time varied between 400 and
450 minutes.
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Fig. 9: Variation of moisture content with respect to the drying rate in Annona muricate L.

Table 3 shows the results of △E obtained in the study of colorimetry performed on medicinal plants in each of
the solar drying technologies analysed (Mendoza, Dejmek, & Aguilera, 2006):
∆𝑬 = ⟦(∆𝑳𝟐 ) + (∆𝒂𝟐 ) + (∆𝒃𝟐 ⟧

𝟏⁄
𝟐

(1)

The results obtained indicate that in the case of the dryer that worked with natural convection, there was a
significant increase of a* in the leaves, which reveals a tendency towards reddish colours and therefore, a decrease
in the green colour; the luminosity decreased on all three floors in a very similar way. The conservation of the
green colour in both forced convection and the tunnel was very remarkable, but it was conserved much more in
the greenhouse (see table 4). Regarding b*, in all three cases this value decreased, this indicates a tendency
towards grey colours.
It is important to highlight that the greatest colour change occurred in the solar cabinet dryer with natural
convection, and the colouring of the leaves in the greenhouse solar dryer was further preserved. The solar dryer
conserved more the green colour in the Cymbopogon and in the Annona muricata L, degrading of important
form the leaf of Mentha spicate.

Table 2. Colour variation ΔE as a function of drying time, considering the three modes of drying operation of the medicinal plants
studied

Medicinal
plant
Dryer
operation mode

Annona muricata
L.
△E

Cymbopogon
△E

Time

Mentha spicate
△E

Time

Time

Natural
Convection

16

250

15

250

18

200

Forced
convection

8

450

10

400

9

400

Greenhouse

7

350

7

300

13

300

10

330

11

300

14

300

Tunnel

Table 2. Visual result of the colorimetry study carried out in dehydrated medicinal plants by different solar technologies
Medicinal
plants
Drying method

Annona muricate
L

Cymbopogon

Mentha spicate

Tunnel

Greenhouse
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Natural
convection

Forced
convection

4. Conclusions
By introducing hot air in the indirect tunnel type dryer, average temperatures up to 55 °C are obtained, these
temperatures are similar at the reached in the greenhouse dryer. The DSD cabinet type with natural convection
reached temperatures close to 60 ºC, and an average of 45 ºC is obtained when forced convection is implemented.
The best drying time was achieved with the direct dryer with natural convection, but lower quality was found in
terms of changing the colour of the leaves. The tunnel dryer was very efficient since the introduction of hot air
into the drying chamber decreased drying times. Nevertheless, the best solar drying technology was the
greenhouse solar dryer; the green coloration was better conserved and shorter drying times were obtained in all
the experiments conducted. In all the cases studied, a final moisture was obtained in the products according to
the commercial standards, therefore, it is guaranteed that the proliferation of microorganisms that degrade the
dehydrated product is avoided; in the same way, the temperatures reached in the solar dryers in which greater
quality was achieved in terms of colouring of the dehydrated leaves, the range of maximum temperatures reached
varied between 45 ºC and 55 ºC, therefore the quality of the final product was also optimal with regard to this
parameter, these results are in accordance with (Müller & Heindl, 2006). For Mexican producers, these results
are very important since is demonstrated the feasibility of use solar energy and the drying technologies evaluated,
to dehydrate agricultural products. The use of this technologies is possible to reduce energy costs and at the same
time, contribute to environmental care.
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Abstract
In Chile, energy demand is projected around 34%, to the year 2030 respect of the actual demand. Which
implies an increase in CO2 emissions released into the atmosphere. Because of this, the Atacama desert
presents itself as the main focus for the implementation of solar concentration technologies to satisfy the
energetic solicitations of the country. For this reason, we focused to study, characterization and compare the
surface of the solar field of three parabolic trough solar thermal power plants with nominal powers 30 MW,
50 MW and 100 MW with a solar multiple equal 1, in 16 locations of the Atacama desert. In addition,
equipment was selected and established standard design conditions obtained the operational values of the
most recognized plants in operation worldwide. For other hand, the solar resource of the Atacama desert was
estimated using the Boland-Ridley-Lauret model (BRL), and as input data the global horizontal irradiation
acquired of the solar explorer of the University of Chile, estimating the value of direct normal irradiation at
the design point, the monthly and annual value for the 16 locations. In this way, the performance of two heat
transfer fluids, such as, Therminol VP-1 and Syltherm 800 were analysed under the design conditions. As
well as, the economic impact of these thermal oils in the solar field and LCOE were estimated. Similarly, full
load operation hours, the annual electrical generation per location and its average per nominal power were
estimated. As a consequence of this work, it is possible now to make a more accurate decision about the
design of parabolic trough solar thermal power plants in the Atacama desert, proving to be an important
contribution to make up for the lack practical/operational about this subject matter in Chile.
Keywords: Renewable Energy, Solar Energy, Solar Plant, Chile, Atacama desert, parabolic trough collector,
heat transfer fluid

1. Introduction
The design of parabolic trough solar thermal power plants has received much attention in recent
years due to their capabilities to provide clean energy to supply the nowadays growing demand of electricity.
According to International Energy Agency (IEA), in 2017 the global demand of energy grew up 2.1% respect
to the year 2010, which is equivalent to a rising of 14050 million of tons of petroleum equivalents (Mtoe)
[1], and for 2035 such rising in petroleum equivalents is expected to be of 18608 Mtoe [2].
Due to the accelerated increase in the electric energy demand, the global warming, and the climate
compromises established among the countries to reduce their own carbon footprint, parabolic trough solar
thermal power plants have been investigated as a feasible alternative for dealing with the aforementioned
requirements. However, it has been found that current methodologies available for the design of parabolic
trough solar thermal power plants might lead to practical/operational issues, particularly in the Atacama
Desert. Due to the solar resource of the Atacama Desert that registers an average daily global horizontal
irradiation that exceeds 7,5 kWh/m2 and 9 kWh/m2 respect to the direct normal irradiance [3] and a surface of
105000 km2, it becomes an appealing alternative to partially/totally supply the electric energy demand of
Chile estimated in 97074 GWh by 2035 (an increase of 30.6% in the demand of electric energy with respect
to the year 2020) [4].
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Worldwide, the methodologies used in the solar field design of plants depend on parameters such as
geographical location, direct normal irradiance at the design point and the characteristics of the equipment
selected, such as the aperture area of each solar collector assembly, solar receiver and the physical - chemical
characteristics of the heat transfer fluid used, since, the latter determines the maximum permissible operating
temperature of each loop. Typically, plants located in Europe and India, such as Andasol I, Extersol II,
Manchasol I, Astexol II and Megha, have a typical configuration of 4 SCA/loop with a design radiation that
varies from 800 W/m2 to 900 W/m2 [5]. The methodologies used for the design of parabolic trough solar
thermal power plants usually define an assembly of four solar collectors per loop, for plants designed for
Europe or United States. Nevertheless, in the case of the Atacama Desert such a result cannot be directly
applied, since, the use of Syltherm 800 and Therminol VP-1 with four solar collectors per loop supplemented
with the high indexes of solar irradiation in the Atacama desert drives the heat transfer fluids towards the loss
of its thermal properties and its denaturation temperature.
The present paper presents a comparative analysis between the use of two heat transfer fluid in
parabolic trough solar thermal power plants located at the Atacama Desert. In this comparative analysis,
three and four solar collectors per loop are considered in both cases. But, for the Therminol VP-1 a
pre heating stage was considered. Moreover, in the analysis 16 different locations in the Atacama Desert
were considered. The solar resource was estimated, and three parabolic trough solar thermal power plants
were assessed with nominal power 30 MWt, 50 MWt and 100 MWt. For comparison purposes, the economic
impact in terms of the levelled cost of energy, the performance in terms of the full load operating hours, and
the expected generation, were used as indicators. It is important to remark that, the analysis developed here
considered parabolic trough solar thermal power plants without thermal energy storage. Thus, the present
research is an important contribution to make up for the lack of practical/operational information regarding
the design of parabolic trough solar thermal power plants under high indexes of solar irradiation in the
Atacama desert, which could incentives the introduction of this technology for the high powered generation
to National Electric System (SEN).
Nomenclature
D
Diffuse fraction
DNI
Direct Normal Irradiance, W/m2
GHI
Global Horizontal Irradiance, W/m2
Ac
Aperture area of the solar collector
Direct Normal Irradiance in the
Ed
design point, W/m2
Incident angle, °
𝜃
Zenith Angle, °
𝜃𝑧
Declination angle, °
𝛿
Hour angle, °
𝜔
Incidence angle modifier
𝑘 (𝜃 )
Tamb
Ambient Temperature
Heat Transfer Fluid output
Tout
temperature
VW
Wind speed, m/s
Mass flow rate of the heat transfer
𝑚̇𝐻𝑇𝐹
fluid, kg/s
𝑁°𝑆𝐶𝐴/𝑙𝑜𝑜𝑝 Number of SCA per loop
∆𝑇𝑙𝑜𝑜𝑝
Increasing temperature per loop
Increasing temperature per SCA
∆𝑇𝑆𝐶𝐴

𝑓𝑠ℎ𝑎𝑑𝑖𝑛𝑔
𝐿𝑆𝑝𝑎𝑐𝑖𝑛𝑔
W
A
CO&M

Shading factor
Spacing between loop
Collector width, m
Area, m2
Operating and maintenance costs

CFR

Recuperation factor of capital

𝐶𝑖𝑛𝑣
𝐶𝐹
Ge
CFR
Kd
N

Cost of investment factor per kWh
Annual cost of fuel
Annual electric generation
Recuperation factor of capital
Discount rate
Horizon of the economic analysis

𝑃𝑏𝑟

Gross electric power

𝑁°𝑙𝑜𝑜𝑝

Number of loops of the solar field

PTSTPP

𝐶𝑝 (𝑇)
𝑄̇𝑢
𝑄̇𝑠
𝑄̇𝑙𝑜𝑠𝑠𝑒𝑠

Specific heat of water, kJ/kgK
Useful thermal power, W
Useful radiant solar power, W
Thermal losses, W

SCA
LCOE
TES
SGS

Abbreviations
CSP

Concentration Solar Power

HTF
FLH
PTC

Heat Transfer Fluid
Full Load operating Hours
Parabolic Trough Collector
Parabolic Trough Solar Thermal
Power Plant
Solar Collector Assembly
Levelized Cost of Energy
Thermal Energy Storage
Steam Generation System

301

L. Cornejo et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2. Parabolic Trough Solar Thermal Power Plant (PTSTPP)
The current section is devoted to explain what is a PTSTPP and how it works. Furthermore, the
details included in the design of these power plants are introduced. Particular attention is paid in this section
to the solar field, since it constitutes the main focus of this research. Nowadays, there are many CSP
technologies, highlights the central tower, lineal Fresnel and parabolic trough collector. The last technology
mentioned, leads the world market, because it is the technology with more development and maturity [6, 7],
where Spain is the country with the largest number of this type of plants worldwide [8]. Indeed, PTC
technology leads the world market of CSP, since, comprise around 85% of cumulative installed capacity [9].
Among the benefits of the parabolic trough collector technology are the abundant operational experience, a
profitable and promising investment and the possibility to complement the solar resource with fossil fuels
and other sources of renewable energy in uncomplicated ways [10].
The parabolic trough collector typical plant concentrates the DNI, using a series of parabolic
mirrors that direct the beam of light to a receiver tube, where the HTF circulates [9]. The HTF more used on
the industry are the thermal oils that limit the operation temperature of the solar field in lathe to 400°C. The
lasts advance of the technology work are the molten salts, which allow a better efficiency of the plant.
However, the molten salts must be over to 220°C due to avoid solidification [11].
PTSTPPs work through the Rankine cycle. Principally a field of PTCs and a power block composes
them. Some PTSTPPs have auxiliary systems consisting on boilers of fossil fuels. Some of them have a TES,
that generally utilises molten salts [12]. The power block has a SGS, condenser, feed-water heat exchangers
and finally a steam turbine. Once the heat is collected by the HTF in the solar field, it is passed to the power
block (Rankine cycle) through a series of heat exchanger. This power block is in charge of transforming the
mechanic energy of the steam in electrical energy that is injected to the main grid [6].

Figure 1. Diagram SEGS VI, United States [11]

2.1 Parabolic Trough Collector
The collector is a parabola shaped mirror in charge of capturing solar radiation and focusing it into
the collector tube so that the solar radiation is converted in thermal energy. It is necessary to emphasize that
how much collectors are placed on each assembly depends on the solar resource and the HTF used. A solar
collector field is comprised by a series of solar PTCs, which automatically follow the sun position. Each
collector is also known as SCA, and they are hydraulically connected first in series (loops) and then in
parallel to other loops. To optimize the performance of the solar field and of this form avoids the optical
losses of the system, its loops must be aligned North-South axis, following the sun East-West. These
parameters are valid for systems that are in a latitude less than 46.06°, in the contrary case, each system of
SCA must be aligned East-West axis [13]. Table 1 shows the principally parameters of the ET150, which is
the parabolic trough collector selected in this research.
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Table 1. Technical characteristics solar collector ET 150 [14]

Parameter
Focal Length
Absorber Radius
Aperture Width
Aperture Area
Collector Length
Number of Modules per Drive
Number of Glass Facets
Number of Absorber Tubes
Mirror reflectivity
Weight of steel structure and pylons, per m2 aperture area

ET150
1.71
35
5.76
828
148.5
12
336
36
94
18.5

Unit
m
mm
m
m2
m
%
kg

2.2 Receiver tube
The receiver is a tube located at the focus of the parabolic shaped mirrors. This tube allows that the
HTF flow through it to capture the thermal energy provided by the solar radiation. Normally, the tube is
designed with materials that maximise its absorbing covering properties, which indeed imply that the tube
has special optical and thermal properties. These properties are important because the tube must support
temperatures over the 400ºC. The second feature is of very high interest because, in the case of using molten
salts as HTF, thermal losses might drive the salts towards their solidification state causing high impact
damages in the infrastructure of the solar collector field. In this research we work with the receiver tube
Schott PTR70, some typical values of the properties of this receiver tube are shown in Table 2 [15, 16].
Table 2. Technical Characteristics of the solar receiver Schott PTR70 [15]

Parameter
Dimension
Absorber

Glass envelope
Thermal losses

Operating pressure

Schott PTR70

Unit
mm
mm

Thermal emittance
Outer diameter
Solar transmittance

4060
70
DIN 1.4541
αISO ≥ 95.5
αASTM ≥ 96
≤ 9,5
125
≥ 97

A 400°C
A 350°C

< 250
<165

W/m
W/m

A 300°C
A 250°C

<110
70
≤ 41

W/m
W/m
Bar

Length (20°C)
Outer diameter
Steel type
Solar absorptance

%
%
%
mm
%

2.3 Heat transfer fluid
The HTF is a fluid in charge of transforming the energy of the solar radiation into thermal energy.
Often thermal oils, like Therminol VP-1 and Syltherm 800. The Therminol VP-1 is a synthetic heat transfer
fluid, made by a eutectic mixture of 73.5% of diphenyl oxide (C12H10O) and 26.5% biphenyl (C12H10). It has
a high evaporation temperature and was designed to satisfy the heat necessities of systems of high power of
steam or liquid phases. This HTF combines an exceptional thermal stability and low viscosity properties. In
fact, Therminol VP-1 has a low viscosity at its crystallization point (12°C) [12] and a maximum operational
point of about 400°C (750F).
By contrast, the Syltherm 800 is a stable and durable fluid fabricated of silicone, which is based on
dimethyl polysiloxane (C2H6OSi)n [12]. It was designed to work in liquid state when subject to high
temperatures. The Syltherm 800 has a low crystallization point that preserves its thermal properties in a
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range of temperatures of -40°C to 400°C (750°F). But, such range could be extended to 425°C, although this
is not recommended. In comparison with the Therminol VP-1, the Syltherm 800 does not require a preheating stage, at locations with low environmental temperatures, to maintain its liquid state [17]. But, since it
is more viscous than the Therminol VP-1, the convective heat transfer is lower affecting the heat transfer
velocity from the radiation to the HTF. Consequently, the use of Syltherm 800 might require using more
energy for its pumping [12], especially in the start-up of the plant. In spite of that fact, Syltherm 800 is a
fluid that has a low pollution potential, is colourless and has a low oral toxicity, nevertheless, it is more
expensive with a cost of 12 €/kg compared with the 4 €/kg of the Therminol VP-1. Table 3 presents a
comparison of the main properties of the Syltherm 800 and the Therminol VP-1.
Table 3. Technical characteristics of heat transfer fluids [18, 19]

Properties
Composition
Appearance
Flash point ASTM D92
Flash point ASTM D93
Autoignition point
Crystallizing point
Maximum film temperatura
Density (25°C)
Viscosity (25°C)
Specific Heat (25°C)
Specific Heat (300°C)

Therminol VP-1

Syltherm 800
Dimethyl polysiloxane

Biphenyl and
Diphenyl Oxide

As Supplied

After extended use

Clear, water-white liquid
124°C
110°C

Clear yellow
160°C
177°C

Darkened
≥ 35°C
≥ 58°C

621°C
12°C

385°C
-40°C

385°C
-40°C

430°C
1060 kg/m3
3.79 mPa*s

427°C
936 kg/m3
9.1 mPa*s

427°C
936 kg/m3
≥ 6 mPa*s

1.56 kJ/kgK
2.314 kJ/kgK

1.62 kJ/kgK
2.086 kJ/kgK

1.62 kJ/kgK
2.086 kJ/kgK

3. Design conditions
The particular features of the HTF used in the PTSTPP mainly determined these conditions. For
example, to maximise the energy transfer from the solar radiation to the HTF, the heat transfer fluid must
flow in a turbulent regimen throughout the receiver tube [20]. Such a regimen is obtained, in the case of
Therminol VP-1, considering a Reynolds number of about 8x105 and in the case of Syltherm 800,
considering a Reynolds number of 4x105. The difference between the two thermal oils arises from the fact
that at the same operating conditions (temperature), the Syltherm 800 has a lesser density and dynamic
viscosity than the Therminol VP-1. The main objective of this, is to maintain a flow mass fully developed
and a velocity in the range of 0.5 m/s to 4 m/s [21]. Moreover, mass flow that circulates per each SCA must
be in the order of 7.5 kg/s per loop, which are the optimal operating ranges for the Therminol VP-1 and the
Syltherm 800 [7, 22]. Additionally, independent of the thermal oil used as HTF, the increasing temperature
in each loop must be 100°C, where the input and output temperature must be around 293°C and 393°C
respectively [5, 22]. It is important to point out that, currently worldwide PTSTPP already installed and
designed with similar considerations can be found, such as, SEGS VI in United States with a nominal power
of 30 MW, Agua Prieta ll in Mexico with a nominal power of 400 MW and Helioenergy 2 in Spain with a
nominal power of 50 MW. All these power plants do not consider thermal energy storage systems, as the
ones assessed in this paper.
The solar resource must be evaluated so that determinate the number of SCA per loop in the solar
field. This must be made, ideally, at the exact location at which the plant will be placed. According to the
international criterions, this value corresponding to the DNI at 12 o’clock (solar time) of the summer solstice
in the southern hemisphere [23]. Furthermore, in this work no TES was considered, hence, the solar multiple
will be 1, because no excess solar energy can be used for the power block. On another matter, the thermal
performance of the Rankine cycle is considered as 38%, the steam generator efficiency 98% [5, 24] and the
parasitic load consumption was established as 14% of the nominal power [25].
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4. Methodology
The current investigation consisted in estimating the effect of high indexes of solar irradiation
presents in the Atacama desert, in the design point in PTSTPPs that make use thermal oils as HTF, such as,
Therminol VP-1 and Syltherm 800. For quantify the effects in the aperture area of the solar collector field,
using ET150 and Schott PTR70. First, the solar resource must to be obtained and calculated for sixteen
locations selected. Then, for each of those locations, the solar field was optimised. Finally, an economic
analysis is realized. The Fig 2 shows the methodology used throughout this research.

Figure 2. Methodology

Sixteen locations were selected over 1000 m above sea level along Atacama desert, so as to avoid to
locate these places under the cloud layer. Due to above, the analysis is focused on the places that currently
are more prone to become candidates for the implementation of parabolic trough solar thermal power plants.
Table 4 shows the geographical coordinates of 16 locations selected.
Table 4. Geographical coordinates of selected locations

Location Region Latitude Longitude Altitude
1
XV
-18,754
-69,766
2107
2
XV
-18,774
-70,024
1243
3
XV
-18,132
-69,715
3760
4
XV
-19,464
-69,523
2146
5
I
-20,282
-69,284
2093
6
I
-20,456
-69,817
1142
7
I
-19,939
-69,298
2531
8
I
-20,604
-69,186
2238
9
II
-22,869
-69,140
2130
10
II
-23,633
-70,133
1034
11
II
-23,541
-68,225
2301
12
II
-24,640
-69,376
2247
13
III
-28,597
-70,402
2100
14
III
-27,235
-70,469
1006
15
III
-26,973
-69,769
2329
16
III
-27,764
-69,984
2091
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4.1 Mathematical model for the characterization of the solar field
To obtain data of the solar irradiance, as well as other meteorological parameters of each location
showed in the Table 4, the solar explorer of the University of Chile was used. For each location, the hourly
profile was obtained in Typical Meteorological Year (TMY) format of GHI for the years 2004 to 2016. The
estimation of the daily profile of fraction diffuse was done through the Boland-Ridley-Lauret model (BRL)
[26]. The orientation of this type of plants depend its geographical location, where the cosine of the incident
angle respect to the area of aperture of the solar collector depends of the rotation axis orientation. For plants
oriented north-south with a tracking east-west [27], the cosine of incident angle is:
𝑐𝑜𝑠𝜃 = √cos 2 (𝜃𝑧 ) + cos2 (𝛿) ∗ sin2 (𝜔)

(eq. 1)

The incident solar energy over each parabolic trough in the design point was determined by Eq. (2).
[28]. To determinate the useful power over each SCA, is very important determine the incident angle
modifier, it was determined with Eq. (3), which is specific to Schott PTR 70 solar receiver. For other hand,
because of that each location has different weather conditions, it is indispensable to estimate the thermal
losses of the solar receiver of each SCA taking into consideration these parameters. So, the thermal losses of
the solar collector selected in the design point can be determined by Eq. (4), suggested by NREL [16].
Additionally, useful power per SCA and the number of SCA per loop was modeled by Eq. (5) and Eq. (6).
𝑄̇𝑠 = 𝐴𝑐 ∗ 𝐸𝑑 ∗ cos(𝜃)

(eq. 2)
𝜃2

𝜃

𝑘(𝜃) = 1 − 5,25097 ∗ 10−4 ∗ (cos(𝜃)) − 2,859621 ∗ 10−5 ∗ (cos(𝜃))
𝑄̇𝑙𝑜𝑠𝑠𝑒𝑠 = 𝐴0 + 𝐴1 ∗ (𝑇𝐻𝑇𝐹 − 𝑇𝑎𝑚𝑏 ) + 𝐴2 ∗ 𝑇 2 𝐻𝑇𝐹 + 𝐴3 ∗ 𝑇 3 𝐻𝑇𝐹 +
𝐴4 ∗ 𝐸𝑏 ∗ 𝑘(𝜃) ∗ 𝑇 2 𝐻𝑇𝐹 + √𝑉𝑊 ∗ (𝐴5 + 𝐴6 ∗ (𝑇𝐻𝑇𝐹 − 𝑇𝑎𝑚𝑏 ))
𝑇
𝑄̇𝑢 = 𝑚̇𝐻𝑇𝐹 ∗ ∫𝑇 𝑜𝑢𝑡 𝐶𝑝 (𝑇) ∗ 𝑑𝑇

(eq. 4)

(eq. 5)

𝑖𝑛

𝑁°𝑆𝐶𝐴/𝑙𝑜𝑜𝑝 =

(eq. 3)

∆𝑇𝑙𝑜𝑜𝑝

(eq. 6)

∆𝑇𝑆𝐶𝐴

To determine the total extension of the solar field must be consider the separation between the loops
that compose it. For that the shader factor per row of solar collectors must be defined by Eq. (7). Where,
𝑓𝑠ℎ𝑎𝑑𝑖𝑛𝑔  ∈ [0,1]. The value of 𝑓𝑠ℎ𝑎𝑑𝑖𝑛𝑔 = 0 , represent that the solar collector is fully shaded, in contrast, if
𝑓𝑠ℎ𝑎𝑑𝑖𝑛𝑔 = 1 represent that the solar collector is not shaded. Of this form the total area of the solar collector
field can be estimate with the Eq (8).
𝑓𝑠ℎ𝑎𝑑𝑖𝑛𝑔 = min [𝑚𝑎𝑥 [0,

𝐿𝑆𝑝𝑎𝑐𝑖𝑛𝑔
𝑊

∗

𝑐𝑜𝑠(𝜃𝑧 )
𝑐𝑜𝑠(𝜃)

] , 1]

𝐴 𝑇 = 𝐴𝑚𝑖𝑛 + 𝐿𝑙𝑜𝑜𝑝 ∗ 𝐿𝑆𝑝𝑎𝑐𝑖𝑛𝑔 ∗ (𝑁°𝑙𝑜𝑜𝑝 − 1)

(eq. 7)
(eq. 8)

4.2 Economic analysis
The LCOE is the economic factor of the plants of electrical generation, because it reflects the
minimum cost that the electricity must have for will be profitable. This economic indicator involves
parameters as the Ge, CO&M, Cinv, CFR, as well as the annual costs associate to the use of fossil fuels. Of
this form the LCOE was defined by Eq. (9) [29].
𝐿𝐶𝑂𝐸 =
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Where the recuperation factor of the capital is expressed by Eq. (10) [30].
𝐶𝐹𝑅 =

𝑘𝑑∗(1+𝑘𝑑)𝑁

(eq. 10)

(1+𝑘𝑑)𝑁−1

For determine the annual electrical generation is necessary estimate the quantity of FLH. This
parameter depends directly of the annual DNI value and the solar multiple, it was defined by Eq. (11) [31].
𝐹𝐿𝐻 = (2,5717 ∗ 𝐷𝑁𝐼 + 694) ∗ (−0,0371 ∗ 𝑆𝑀 2 + 0,4171 ∗ 𝑆𝑀 − 0,0744)

(eq. 11)

Of this mode the annual electricity generation is determine in function of the gross electric power
injected on grid and the quantity of annual hours of operation to full load.
𝐺𝑒 = 𝐹𝐿𝐻 ∗ 𝑃𝑏𝑟

(eq. 12)

5. Discussion and Results
Of the equations underlying the calculation methodology of section 4, for each location that shows
in the Table 4, The radiation in the design point was estimated, as well as other parameters involved to the
design of solar field.
Table 5. Characterization per SCA of the solar field in the design point

Location
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Annual
Desing
Tamb
DNI
radiation
°C
2
kWh/m
W/m2
990
947
971
976
955
942
987
975
1000
1000
1000
1000
1000
961
1000
1000

2.977
2.925
3.087
2.984
3.105
2.912
3.058
3.153
3.297
3.194
3.296
3.392
3.260
2.834
3.392
3.301

15
15
15
15
15
15
15
15
15
15
15
15
15
15
15
15

Vw
m/s

Cosθ

K(θ)

𝑸̇ s
W

𝑸̇ losses
W

𝑸̇ useful
W

3.4
3.4
3.6
3.3
3.9
4.6
3.8
3.6
4.2
4.7
3.4
3.7
3.6
3.8
3.6
3.9

0.996
0.996
0.996
0.996
0.999
0.999
0.999
0.999
0.9999
0.9999
0.9999
0.9999
0.996
0.998
0.998
0.998

1
1
1
1
0.99609
0.99386
1
0.99206
0.99480
0.99455
0.99579
0.99579
1
1
1
1

806683
772075
790839
795076
779509
769345
805476
796366
817483
817481
817489
817489
813931
784082
815767
815767

34833
34758
34825
34793
34801
34861
34863
34802
34921
34972
34829
34860
34874
34821
34868
34907

578874
552597
565843
569093
549598
540622
571751
559817
577149
576945
577856
577826
582027
560203
582669
582630

It is necessary to emphasize that, when the solar resource was evaluated, to each location showed in
the Table 5 that presented DNI values in the design point over 1000 W/m2, these values was normalized to
1000 W/m2. This discernment was used because choose values of radiation of design over this value, means
work most of the hours useful of sun with an auxiliary boiler of fuel fossil. As shown in Table 5, the estimate
annual value of DNI of the locations selected is over 2000 kWh/m2, this result attractive since an economic
perspective. Also, the monthly values of DNI do not present differences substantial on the year, it favours the
use of CSP technology. For other part, the annual daily average of DNI of all locations are between
7.5 kWh/m2 and 10 kWh/m2 [30]. Of the data shown in Table 5, through the Eq. (5) and Eq. (6) were
determined the increasing temperature of each SCA and the number of SCA to obtain an increasing
temperature of 100°C in each loop of the solar collector field. Obtaining the Fig. 3 and Fig 4. For other hand,
the incidence angle modifier tends to 1 at the noon of the 21 December (summer solstice for the southern
hemisphere), since, the zenith angle is in the highest point of the year. This phenomenon happens in places
nearby to Ecuador as north of Chile.
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Figure 3. Comparison between the design radiation, increasing temperature per SCA and number of SCA per loop

Figure 4. Comparison between the design radiation and outlet temperature of each loop

In Fig. 3 (a) and Fig. 3 (b) are possible observe that, if the design radiation increases, the output
temperature in each SCA increasing, whereas the number of SCA per loop is reduced. This value is not an
integer number and in the case of the thermal oil Therminol VP-1, is in the range of
3 SCA/loop – 3.25 SCA/loop. For other hand, for the thermal oil Syltherm 800 the value is in the range of
2.5 SCA/loop – 2.8 SCA/loop. However, the Fig. 4 (a) shows the effect on the output temperature of each
loop for the thermal oil Therminol VP-1 when the number of SCA per loop is approximated to the top and
bottom integer value. When this value is normalized to 4 SCA/loop is obtained output temperature over
400°C, which implies get out of focus large part of the solar collector field to prevent that the HTF works
over its limit of operation temperature. Hence, the number of SCA per loop was normalized to 3 SCA/loop,
obtaining output temperatures of each loop in the range of 386°C – 393°C. Whereas, the Fig. 4 (b) shows the
effect on the output temperature of each loop for the Syltherm 800, in the case of this HTF was not necessary
approximate to the bottom integer value. Since, the performance of each loop would not be optimum. Using
Eq. (7) the shading hourly factor of each region was computed, obtaining the Fig. 5.

Figure 5. Hourly shading factor to different regions of the Atacama desert

According to results obtained, 15 meters of separation are enough to work more than 90% of useful
hours of sun without shadow. Using this separation only 23% of the useful hours of sun will have partial
shading. Due to above, between 07:30 hrs and 16:30 hrs there will not thermal losses respect to shading
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between rows. Hence, using Eq. (8) the total area of the solar collector field was estimated for each nominal
power and region.

Figure 6. Percentage in the reduction of the solar collector field area using 3 SCA/loop instead of 4 SCA/loop

Fig. 6 shows the reduction percentage to use 3 SCA/loop instead of 4 SCA/loop. This reduction
percentage is between 23% to 25% for all the nominal powers. Is necessary emphasize that, the Arica –
Parinacota and Tarapaca regions were the places with most reduction percentual of solar collector field area,
which on average is 24%. Of this mode, using equations underlying in the subsection 4.2, the average value
of LCOE in USD/kWh of each parabolic trough solar thermal power plant was estimated. [32, 33].
Table 6. Parameters to analysis of LCOE
Parameter
Value
Investment Cost SM=1
Lower limit
4500
Upper limit
Horizon analysis
Discount rate
CFR
Percent of CO&M of Investment cost

Units
USD/kW

7150

USD/kW

30
10

Years
%

0.106

-

1

%

Table 6 shows the main parameters to compute the LCOE for each PTSTPP. On the other hand, by
incorporating the cost associated to use GNL to maintain out of the crystallization point to HTF Therminol
VP-1 was not obtained a significative variation on the value of LCOE. Consequently, considering the
economic factors of the inversion according to International Renewable Energy Agency (IRENA) [34] for
parabolic trough solar thermal power plants without TES, the value of LCOE to each plant was computed
and are in the range of 0.23 USD/kWh - 0.37 USD/kWh.

6. Conclusion
Solar radiation magnitude influences directly in the extension of the solar collector field, due to that,
use 4 SCA/loop would be not recommendable, since the increasing temperature of each SCA would be more
than the operational limit, being a deficient distribution. Consequently, use 3 SCA/loop would be
recommendable, since this decision brings with it a reduction of aperture area of the solar collector field for
each nominal power of 20% to 25%, however, the hypothetical use of 3 SCA/loop would makes it difficult
the operation and maintenance of the plants. In the current market, there are only central configurations, with
an even number of SCA/loop. Therefore, it is suggested to study the design of a PTC with less length than
solar collector ET150 according to the climatic conditions of the Atacama desert.
Respect to the sixteen locations selected, 87% has values over 950W/m2 of design radiation and
only 12.5% has values in the range of 900 W/m2 - 950 W/m2 of design radiation. On average, the annual
electrical generation of the PTSTPPs of 30 MW, 50 MW and 100 MW correspond to 77018 MWh, 128364
MWh and 256727 MWh respectively. Additionally, values of LCOE obtained are in the range to the
international standard shown by IRENA, hence, the implementation of PTSTPPs in the Atacama desert is
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economically viable. However, even though these technologies can compete with the conventional electrical
generation in the energetic market, these are still in disadvantage with the conventional electrical generation
whose LCOE is in the range of 0.05 USD/kWh to 0.17 USD/kWh depending of fossil fuel used.
Finally, we can conclude that is necessary approximately 1260, 756 and 378 plants of 30 MW,
50 MW and 100 MW respectively, to satisfy the energy demand forecast of Chile to the year 2030. Which
means using around 612 km2 to 617 km2, representing approximately the 0.6% of the total extension of the
Atacama desert using PTC. This research is expected to be a contribution to make an exponential leap in the
use of this type of technology in the north of Chile.
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Abstract
Solar hot water (SHW) systems are viable and sustainable devices for hot water domestic and industrial energy
needs. Nevertheless, the efficient operation of these systems can be compromised if the necessary maintenance
measures are not implemented. Degradation of components and malfunction in SHW systems may undergo
unnoticed when coupled to traditional auxiliary energy sources. Detailed and continuous monitoring to counter
this, however, elevates the overall cost of the system and thus, other methods have been explored for
performance assessment and fault detection. Data-driven techniques became popular as Prognosis and Health
Management approaches in mechanical components for detection, diagnostics and prognostics of complex
systems. In this article, Deep Learning algorithms, such as ANN, RNN and LSTM, are analyzed as alternatives
for performance prediction and anomalous behavior detection in a solar hot water system. TRNSYS simulation
software is used to generate synthetic operation data for the system for nominal operational and fault-induced
conditions. Similar results were obtained for the temperature predictions, with the LSTM models obtaining a
lowest combined RMSE of 1.27°C, MAE of 0.55°C and variance 0.52 °C2, as well as the lowest relative
prediction errors of 3.45%, indicating a more reliable performance. Using this model, the prediction-based
anomaly detection was tested under different meteorological conditions, where overheating and heat
underproduction anomalies were detected with a mean accuracy of 85% and 82%, respectively.
Keywords: Solar hot water systems, performance forecast, anomaly detection, Deep Learning.

1. Introduction
Improving the performance and reliability of renewable energy systems, aiming to reduce the associated
investment and operational costs, is a high priority for scientists and engineers since it represents the biggest
entry barrier to a market currently dominated by fossil-fuel based energy sources (IRENA, 2018). Fault
detection and diagnostics can be achieved through various techniques, from simulation and model-based
approaches to data-driven methods. During the past decade, several Machine Learning (ML) applications have
been explored in Prognosis and Health Management (PHM) focused on increasing the availability and
performance of complex systems, as well as assisting maintenance and other decision-making analysis (Niu,
2017). Based on the available information, a ML algorithm can learn from the data, extracting abstract
relationships within the studied variables to classify or predict future values. Within these, the growing success
and popularity of Deep Learning (DL) techniques for reliability and maintenance in mechanical systems have
led, for instance, to successful fault detection in rotary machinery (Janssens et al., 2016) and the estimation of
Remaining Useful Life (RUL) in lithium-ion batteries (Lui et al., 2017), among others.
Solar hot water (SHW) systems are commercially mature applications of solar thermal technologies for
domestic and low temperature industrial uses. These are frequently coupled to conventional electrically-driven
or fossil-fueled back-up systems, as well as thermal storage, which extend the availability of thermal energy
limited by the solar radiation’s daily profile. Thus, failures or anomalous behavior may not be visible in SHW
systems, as the auxiliary sources supply the required energy to fulfill the nominal heat load. Therefore,
component failure may go unnoticed since nominal periodical maintenance procedures are not complex enough
to take into account degradation issues and replacement needs in specific components. For this reason, frequent
inspection and monitoring are important factors in extending the useful life of SHW systems, as well as
reducing the energy consumption of conventional heat sources (de Keizer et al., 2013). In this context,
performance prediction is also a fundamental tool to assess the state of health of the system and assisting in
maintenance scheduling tasks.
In previous literature, the task of performance prediction in solar thermal systems has been addressed with ML
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algorithms. A thorough review was presented by Ghritlahre and Prasad, referencing over 30 papers regarding
the use of different variants of Artificial Neural Networks (ANN) (Ghritlahre and Prasad, 2018). Performance
prediction and efficiency analysis under different meteorological conditions are studied in SHW systems, solar
assisted heat pumps and thermal storage systems with different neural network models such as Multi-Layered
Perceptron (MLP), Radial Basis Functions (RBF) and Adaptive Network-Based Fuzzy Inference System
(ANFIS). Fault detection has also been investigated by applying ANN in thermal systems. Kalogirou et al.
proposed a fault diagnosis system in which the monitored data is compared to the predicted values, allowing to
identify faults in solar collectors with outstanding results (Kalogirou et al., 2008). However, specialized DL
architectures, developed for specific tasks, have not yet been tested in SHW systems. For instance, the
advantages of implementing solutions based on Recurrent Neural Networks (RNN) for timeseries replication
and analysis of temporal relationships, as well as Long Short-Term Memory (LSTM-RNN) implemented for
analyzing long-term temporal dependencies have not been thoroughly analyzed in SHW systems (Lipton et al.,
2015).
A comparative study of LSTM neural networks in forecasting day-ahead global horizontal irradiance with
satellite data was presented in 2018 (Srivastava and Lessmann, 2018). The authors highlight that shallow ML
algorithms (Support Vector Machine (SVM), Random Forest, among others) and standard ANN (Feed-Forward
Neural Networks (FFNN), RBF, MLP) have been frequently used for radiation forecast, but at the time, no
specialized models such as LSTM had been explored for this purpose. This work aimed to obtain an accurate
forecast for photovoltaic (PV) based energy plants, since PV power production, stability, and storage
dimensioning is strongly influenced by instantaneous meteorological conditions. Predictive features are a critical
issue for the electrical grid management and for smart-grid applications: planning, storage system sizing and
market participation of variable renewable energy sources (Leva et al., 2017). However, as mentioned,
applications of these architectures are scarce in solar thermal systems. Even though thermal systems present a
natural inertia which generally reduces the need for high accuracy and precision for temperature predictions,
time series-focused algorithms such as RNN and LSTM may lead to better and more precise forecasts than the
previous ANN results.
In this work, ANN, RNN and LSTM architectures are analyzed for temperature prediction in a SHW system;
and compared under similar conditions to highlight their strengths and shortcomings. Their accuracy and
precision are compared for the prediction of future instantaneous values, as well as for short sequences based on
the RMSE and MAE scores obtained. The methodology and results of this analysis is thoroughly detailed in
(Correa-Jullian et al., 2019). The trained models are used in a further application for detection of anomalous
behavior within the system, allowing an early identification of heat underproduction or overheating conditions
based on the obtained predictions. By comparing the prediction errors of the model produced when using
nominal and fault-induced data, an error-based threshold is determined to classify the health state of the system.
Three cases with induced faults are studied under different meteorological conditions. The accuracy, precision,
recall, F-1 and specificity scores are reported for this anomalous scenario. Aiming to apply the algorithms to an
actual system, the solar-assisted heating loop located at the University of Chile is used as a case of study.
Synthetic data is generated in TRNSYS under nominal and anomaly-induced conditions as suggested in
(Kalogirou et al., 2008; Souliotis et al., 2009). For building and validating the TRNSYS simulation, the nominal
data from the manufacturer was employed, introducing design temperatures, equipment sizes and capacities and
the control scheme, of each subsystem.
The following sections of this article are organized as follows. Section 2 briefly describes the configuration of
the SHW system, its components, and operation logic. Section 3 presents the methodology used for data
recollection and the Deep Learning framework for temperature sequence prediction. Results regarding both
temperature prediction and anomaly detection are discussed in Section 4. Finally, Section 5 concludes and
highlights the future challenges for the proposed anomaly detection framework.

2. SHW System Description
The SHW system analyzed herein is currently installed at Universidad de Chile, located in Santiago, Chile; and
serves as a heat source for supplying hot water to showers, among other sanitary hot water needs. A schematic
representation of the system is shown in Fig. 1, where the red and blue lines represent hot and cold-water flows,
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respectively. The nominal daily demand is estimated as 24,000 L at 40°C for 12 hours and is provided by two
separate heating circuits. The preheating section consists on the SHW system, excess heat from heat-recovery
chiller and two intermediate 4 m3 storage tanks (Pre-Heat Tank 1-2) designed to store water at 30-40°C
throughout the year. The storage tanks also receive the returning hot water not dispatched to the system.
Subsequently, when hot water is required, both tanks deliver the demand to the heating circuit, where heat
pumps complements the heat load to reach 60°C and later stored in four final storage tanks (Hot Tank 1-4).
These circuits are connected to the mains water distribution system, used to regulate output temperature and as
make-up water in the preheating section. Temperature and operation status are monitored in the SHW system,
taking into consideration the tanks, heat-recovery chiller and heat pumps, as well as the heat exchangers and
centrifugal pumps. Hitek Solar NSC 58-30 heat-pipe collectors are considered, as well as a Thermocold CWC
Prozone 1320 Z C heat-recovery chiller. Table 1 presents the Incidence Angle Modifiers (IAM) reported by the
solar collector manufacturer for transverse 𝜃𝑇 and longitudinal 𝜃𝐿 incidence angles. Relevant thermal properties
of the heat-pipe collectors used in this installation are detailed in Table 2.

Fig. 1: Schematic process flow diagram of the SHW system.
Tab. 1: Incidence Angle Modifiers values for Hitek Solar NSC model.

IAM Values

10°

20°

30°

40°

50°

60°

70°

𝐾𝜃 (𝜃𝑇 )

1.010

1.019

1.056

1.151

1.452

1.462

1.261

𝐾𝜃 (𝜃𝐿 )

0.999

0.994

1.018

0.974

0.952

0.913

0.833

Tab. 2: Thermal capacities of Hitek Solar NSC model.

Parameter

Value

𝜼𝟎

0.618

𝒂𝟏𝒂 [𝑾⁄𝒎𝟐 𝑲]

1.377

𝒂𝟐𝒂

[𝑾⁄𝒎𝟐 𝑲𝟐 ]

Effective Thermal Capacity [𝒌𝑱⁄𝒎𝟐 𝑲]

0.018
5.684

3. Methodology
The purpose of the Deep Learning-based framework is to predict future values of the solar collector’s outlet
temperature based on the generated data from the TRNSYS simulation. In this section, a brief description of the
simulation approach in TRNSYS software and the methodology to design the prediction framework is
presented. Data recollection is assessed in Section 3.1, including the generation of anomalous temperature
profiles. Design decisions regarding the DL models, the training process are detailed in Section 3.2
3.1 Data recollection
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Technical data and nominal operating conditions are used as inputs to construct a TRNSYS deck (Klein, 2018),
as well as meteorological data from a complete measuring station located close to the solar field. This
meteorological station includes measurements of solar radiation (Global, Beam and Diffuse components),
ambient temperature, wind speed and wind direction. The following simplifications were considered in the
simulation:
• Mains water temperature is estimated based on numeric correlations presented in (Burch and
Christensen, 2007).
• Heat pumps are modelled as auxiliary water heaters with the same nominal heating capacities. It must be
noted that the temperature setpoint of the four heating water tanks is 60°C to control Legionella growth.
• Nominal conditions are kept constant for returning flows to the heat-recovery chiller which have not
been simulated. These returning flows enter the evaporator at 12.7°C and the returning temperature from the
secondary heat load at 44.5°C.
•

The temperature control systems are simplified as the following:
o

If the temperature registered at the outlet of the solar collector field is higher than the average preheating tank temperatures, Pumps 1-2 are activated.

o

Mixing valves are activated if the outlet temperature of the heat tanks is higher than 45°C, in which
case mains water is introduced before being dispatched.

• The system operates for 14 hours on weekdays, between 7 AM and 9 PM. During weekends the
operation hours are reduced to 11, from 8 AM to 7 PM.
• As no real-time measurements of the hot water demand profile were available, a weekly profile was
drawn from estimations of user experience and the design conditions.
Although the model is not experimentally validated due to technical difficulties in the installed system, a
comparison between the main temperatures obtained with the simulation and the design temperatures is
presented in Table 3. Here, the overall difference accounts temperatures 19.5% higher in the simulation. This is
an average difference of 7.7 °C, mainly caused by the higher participation of the solar field. In addition to that,
TRNSYS has been applied and validated in different solar thermal studies, such as pool heating, hot water
storage tanks, and both flat plate and evacuated tube solar collectors (Ayompe et al., 2011; Kalogirou et al.,
2019; Ruiz and Martínez, 2010). Thus, the thermal behavior of the system estimated by TRNSYS constitutes an
acceptable approach to explore the DL techniques for performance prediction. The simulation is carried out
considering actual radiation data from April 7th to September 22nd, 2018. Resulting temperatures are monitored
and extracted at sampling frequency of a minute.
Tab. 3: Comparison of design and simulated temperatures in the SHW system.

Temperature °C

Design

Simulated

Difference

Pre-Heat Tank

35.0

45.2

29.3%

HR Ch. Outlet

50.0

54.5

9.0%

Solar Inlet

37.0

45.0

21.7%

Solar Outlet

45.0

53.2

18.2%

Average

19.5%

Additionally, anomalous scenarios regarding pump failure and solar collector degradation were simulated,
inducing overheating or unexpected reduced heat production, represented as faulty water-draw forcing function
and the reduction of incident radiation, respectively. Overheating may be caused by low hot water demand or
pump failure. This is mainly due to the logic with which the control system activates the circulation pumps
connecting the solar field and the heat exchangers, as well as the lack of other heat-dampening methods to
prevent this behavior and reduce the heat delivered. From operational experience, the biggest issues arise from
overheating due to lower demand profiles than expected, especially during the summer season. On the other
hand, heat underproduction may be associated with unexpected meteorological conditions, degradation, or
failure in one or more of its components (de Keizer et al., 2011).
Special interest is devoted to monitoring the solar field outlet temperature, since the traditional sources (heat-
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recovery chiller and heat pumps) mask the effect of the anomalous behavior and possible damages in the SHW
system. The effect of the anomalous water-draw profiles and the reduction of the collector’s efficiency on the
outlet temperature of the solar field are shown in Fig. 2. These plots show the difference between healthy and
anomalous temperature values caused by the induced fault. Fluctuations in the system with a cycle life shorter
than an hour and lower magnitudes cannot be categorically defined as anomalous, since might be explained by
the natural variation of the incoming solar radiation.

Fig. 2: Anomalous temperature profiles for (a) water-draw anomaly and (b) collector operation anomaly.

3.2 Deep Learning Framework
The prediction of future values from historic operational fault-free data is explored by using DL algorithms. As
mentioned, ANN has been frequently used for performance prediction in many different systems. A trained
model can extract abstract relationships within the data, interpreting new samples and subsequently replicating
the learnt behavior. Model’s performance depends on the architecture, the nature of the data, the selected
hyperparameters and the training process, which is stochastic in nature.
The basic representation of a single-layered ANN is presented in Fig. 3 (a), in which the output value 𝑦 is
calculated by applying a non-linear transfer function 𝜎 to a weighted sum of the input data 𝑋. In multiplelayered ANN or Deep Neural Network (DNN), a series of weight matrices (𝑊) and bias (𝑏) vectors represent
the transitions between the layers, as shown in eq. 1, in which the input data is the output value from the
previous layer (eq. 2). For regression tasks, the final output layer applies a linear function to yield the predicted
future value of a time-series.
𝑦 = 𝜎(𝑊 𝑡 𝑋 + 𝑏)

(eq. 1)

ℎ𝑖 = 𝜎(𝑊𝑖𝑡 ℎ𝑖−1 + 𝑏𝑖 )

(eq. 2)

Fig. 3: Basic structure of (a) MLP or ANN (b) Unfolded RNN.

In the case of Supervised Learning methods for regression tasks, the training of the ANN model consists on the
adjustment of the weight and biases to properly predict an output. This value is then compared with the original
label, and through the minimization of the Mean Squared Error (MSE), the parameters of the network are
updated through backpropagation (Rumelhart et al., 1988). A usual metric to describe the performance of the
model is the Root Mean Squared Error (RMSE) shown in eq. 3.
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2

(𝑦
−𝑦
)
RMSE = √∑𝑛𝑖=1 𝑟𝑒𝑎𝑙,𝑖 𝑝𝑟𝑒𝑑,𝑖

(eq. 3)

𝑛

Similar processes are applied to the training of RNN and LSTM architectures, in which the data is cyclically
analyzed to extract temporal relationships. In an RNN, each layer will receive the current input data 𝑥𝑡 and the
previous hidden state ℎ𝑡−1 per timestep. The output 𝑦𝑝𝑟𝑒𝑑,𝑡 will depend on the hidden value of the current time
step ℎ𝑡 shown in eq. 4 and eq. 5. The graphical representation of the unrolled temporal structure of an RNN is
presented in Fig. 3 (b), where each timestep shares weights for the input, hidden and output data through
𝑊𝑥 , 𝑊𝑟 , 𝑊𝑦 and biases in the hidden and output layers 𝑏ℎ , 𝑏𝑦 , as follows.
ℎ𝑡 = 𝜎(𝑊𝑥 ⋅ 𝑥𝑡 + 𝑊𝑟 ⋅ ℎt−1 + 𝑏ℎ )

(eq. 4)

yt = 𝜎(𝑊𝑦 ⋅ ℎ𝑡 + 𝑏𝑦 )

(eq. 5)

LSTM architectures are constructed from the same concept for timeseries analysis. However, this model is
equipped with an internal memory cell, which selectively updates depending on the new input values for each
timestep (Hochreiter and Schmidhuber, 1997). This allows the model to retain and replicate behavior for longer
sequences than RNN models. The Vanilla LSTM is composed of three gates: forget, input and output gates,
representing each an individual RNN, shown left to right in Fig. 4 which use logistic sigmoid activation
functions to regulate how much information is passed through these gates, between [0,1]. Each cell has three
inputs of data for each timestep: from the previous cell state 𝑐𝑡−1 , previous hidden output ℎ𝑡−1 and the new
input 𝑥𝑡 . As the new data inputs the memory cell, the forget gate (eq. 6) selects which values from the previous
state will be erased from the memory cell, while the input gate (eq. 7) selects the information with which the
state will be updated with.

Fig. 4: Basic structure of Vanilla LSTM.

𝑓𝑡 = 𝜎(𝑊𝑓 𝑥𝑡 + 𝑈𝑓 ℎ𝑡−1 + 𝑏𝑓 )

(eq. 6)

𝑖𝑡 = 𝜎(𝑊𝑖 𝑥𝑡 + 𝑈𝑖 ℎ𝑡−1 + 𝑏𝑖 )

(eq. 7)

A new cell state candidate is constructed from the input data (eq. 8). By combining the input and forget gates
with the previous state of the cell and the new candidate, the updated cell state is calculated with eq. 9.
𝑎𝑡 = 𝑡𝑎𝑛ℎ(𝑊𝑐 𝑥𝑡 + 𝑈𝑐 ℎ𝑡−1 + 𝑏𝑐 )

(eq. 8)

𝑐𝑡 = 𝑓𝑡 ⋅ 𝑐𝑡−1 + 𝑖𝑡 ⋅ 𝑎𝑡

(eq. 9)

Finally, the output gate defines which information from the cell state will construct the hidden state of the cell
through eq. 10 and eq. 11.
𝑜𝑡 = 𝜎(𝑊𝑜 𝑥𝑡 + 𝑈𝑜 ℎ𝑡−1 + 𝑏𝑜 )

(eq. 10)

ℎ𝑡 = 𝑜𝑡 ⋅ 𝑡𝑎𝑛ℎ(𝑐𝑡 )

(eq. 11)

Parametric models, such as DNN, RNN and LSTM, are defined by trainable parameters called hyperparameters.
An adequate choice for these values significantly impacts the performance of the models. Depending on the
nature of the data and the required task, the number of layers and units per layers, activation functions, learning
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rates, optimizers, batch size and training epochs must be selected. An important aspect of these hyperparameters
is impact that present on the abstract representation of the data within the latent space of the model. From the
learned latent space, the performance of the model will depend on how similar or dissimilar the new input data
is compared to the training set used to construct that latent space. For instance, for complex data mapping, such
as physical phenomena, it has been reported that architectures with more layers and less units per layer are
preferred (Graves et al., 2013; Levine et al., 2017). Adam and RMSProp are assessed as optimizers (Kingma
and Ba, 2014; Tijmen and Geoffrey E., 2012), while the hyperbolic tangent (eq. 12) and the Rectified Linear
Units functions (eq. 13) are used as activation functions.
𝑡𝑎𝑛ℎ(𝑥) =

2
1+𝑒 −2𝑥

−1

(eq. 12)

0 𝑓𝑜𝑟 𝑥 < 0
𝑅𝑒𝐿𝑈(𝑥) = {
𝑥 𝑓𝑜𝑟 𝑥 ≥ 0

(eq. 13)

The ANN, RNN and LSTM models were tested under different conditions regarding the length of the
temperature sequence they were required to learn and replicate. One, three and seven days of continuous
previous data sequences and their effect on the performance of the models was tested. The size of the datasets
for each sequence length is detailed in Table 4. Models were compared with the RMSE metric, as well as the
relative prediction error for single temperature predictions. Furthermore, their ability to predict longer sequences
was analyzed.
Tab. 4: Number of samples per time-window length.

Dataset
Solar
Collector
Outlet T°

N° Previous Days
1
3
7

Time-window Size
240
720
1680

Train Set
5836
17510
23654

Validation Set
1460
4378
5919

Test Set
1824
5472
7393

4. Results and Discussion
This section presents the results obtained when assessing the DL architectures applied for temperature
prediction and anomaly detection. Initially, various potential candidate DL models are trained and tested with
data in nominal operational conditions. From this assessment, one trained model is selected for anomaly
detection purposes. This selected model is tested with fault-free and fault-induced data and the prediction errors
will be compared. From this, a threshold is determined to separate and classify the health state of the system
between nominal and anomalous conditions.
Simulated data from the TRSNSYS model is processed through sliding windows, generating the sequences
which the DL models are trained. The predictions of the solar collector field’s outlet temperature considered the
following variables of the system as inputs: ambient temperature, inlet temperature of solar field, control signal
of solar pumps and inlet temperature of the heat exchanger connected to the pre-heating tanks. Datasets are
normalized and separated into training (20%), validation (16%) and test sets (64%).
The following hyperparameters were assessed for DNN, RNN and LSTM architectures: number of units and
layers, activation functions, optimizer, training epochs; and batch sizes, as seen in Tab. 5. These different
configurations were trained, validated and tested with each independent dataset; and their performance is
compared, seeking for accurate and precise predictions.
Tab. 5: Tested hyperparameters and architectures.

Model
Data Length
Number of layers
Number of RNN units
Number of MLP units
Activation Function
Optimizer
Epochs
Batch Size

318

DNN, RNN, LSTM
1-3-7 Days
1-2-3
16, 32, 64, 128, 256
128, 256, 512, 1024
Tanh, ReLU
Adam, RMSProp
50, 75, 100, 150, 200
32, 64, 128
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4.1 Temperature Prediction
The criteria used to assess the performance of trained models is low RMSE values and low variance for both
single time-step ahead value and sequence predictions obtained over the test sets. The best results for single
value predictions were obtained with an RNN-based model, but LSTM achieved more precise predictions for
temperatures sequences; and both outperform ANN architectures.
In Table 6, the obtained test errors and their related statistical metrics are presented for different configurations,
in which those models with a variance below 1°C have been highlighted in bold font. Here, the effect of the
prior data sequence’s length used to train the model can be visualized as follows: for DNN and RNN, the use of
the whole previous day as input data is enough to predict the following timesteps’ output accurately. However,
LSTM requires longer sequences to reach comparable results. The improvement of the LSTM’s performance
with a three day-length temporal matrix reaches an RMSE below 1°C, but the difference is not significant to
when a seven-day sequence is analyzed.
Tab. 6: Test errors and statistical metrics for trained models.

Model

Num. Days

Units

Test Error

Variance

R2

Explained Variance

DNN
RNN
DRNN
LSTM
DNN-1
DNN-2
DNN-3
DRNN-1
DRNN-2
DLSTM-1
DLSTM-2
DLSTM-3
DNN
DRNN
DLSTM

1
1
1
1
3
3
3
3
3
3
3
3
7
7
7

64-32
64
64-32
64
64-32
64-32-16
128-64
64-32
64-32-16
64-32
128-64
128-64-32
64-32-16
64-32
64-32

1.74
1.68
1.28
2.5
1.43
1.29
1.66
0.92
0.89
1.42
1.47
1.66
1.26
0.94
1.38

2.910
2.460
1.221
3.410
1.587
1.502
2.425
1.516
0.619
0.618
0.520
0.898
1.550
0.644
1.510

0.986
0.987
0.993
0.982
0.988
0.990
0.984
0.991
0.996
0.996
0.997
0.993
0.991
0.996
0.991

0.986
0.988
0.993
0.984
0.991
0.991
0.986
0.991
0.996
0.996
0.997
0.995
0.991
0.996
0.991

The performance of the three top-performing models under similar conditions was compared in Table 7 for
MAE and RMSE scores. While the DNN model is consistently outperformed by the RNN and LSTM models,
the latter yields a lower variance for more than half of the samples tested. This result may explain the reason for
more extensive use of DNN models compared to more complex models which require significant efforts to
select adequate hyperparameters and training conditions, as well as longer training times. However, the results
yielded by the LSTM model suggest that sequence predictions can effectively benefit from the use of this
architecture, given the availability of long enough previous data sequences.
Tab. 7: Sequence reconstruction error trained with a three-day time-window.

Sample
1
2
3
4
5
6
7
8
9
10
Average
STD
MAE

Mean
3.39
2.55
0.74
0.90
-0.49
0.62
0.86
1.40
1.17
0.62
1.18
1.27

DNN-2
STD
5.35
0.92
0.50
0.31
0.67
1.57
0.40
0.73
0.56
0.69
1.17

RMSE
6.33
2.71
0.89
0.95
0.83
1.68
0.95
1.58
1.29
0.92
1.81
1.60

Mean
2.11
1.66
-0.10
0.28
-0.13
-1.36
0.49
-0.32
0.16
-0.20
0.16
0.41

DRNN-2
STD
4.28
0.94
0.59
1.53
0.40
2.59
0.69
1.06
0.41
0.36
1.28

RMSE
5.46
1.77
2.55
1.29
0.04
2.89
0.65
0.30
0.26
0.60
1.58
1.68

Mean
0.57
0.46
-0.75
0.08
0.03
1.09
1.40
0.12
0.80
0.17
0.40

DLSTM-2
STD RMSE
3.99
4.03
0.49
0.67
0.36
0.83
0.43
0.43
0.55
0.55
2.13
2.39
0.36
1.45
0.88
0.89
0.43
0.91
0.50
0.53
1.01
1.27
1.07

0.55

319

C. Correa Jullian et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

The best performing model obtained was the two layered LSTM with an output hidden layer, obtaining a mean
RMSE of 1.27°C, MAE of 0.55°C with a mean standard deviation of 1.01 over ten random sequence samples
during operating hours of the solar field. The selected architecture is presented in Table 8.
Tab. 8: Selected Deep Learning model.

Hyperparameter
Architecture
Units & layers
Activation function
Optimizer
Learning rate
Batch size
Epochs
Length of time-window
MLP hidden units

Value
LSTM
128-64
Tanh
RMSProp
10-3
64
150
3 days
512

4.2 Anomaly Detection
The generated healthy and anomalous sequences were fed to the LSTM model and then the prediction errors
were analyzed. By training the algorithms with fault-free data, it is expected to perform worse when presenting
them with fault-induced temperatures. Fault-induced data profiles are generated by the TRNSYS deck: an
anomalous water-draw profile and the reduction of the solar collector’s efficiency are studied in detail for
samples extracted at different meteorological conditions.
The discrepancy between predicted and observed values is then classified as anomalous behavior by defining a
proper threshold. This threshold depends on the performance of the trained model with each new time series
presented and is not dependent of a manually selected value. The response of the system to the induced fault is
recorded for two hours, in which at least have an hour is needed to correctly identify unexpected behavior. This
limits the real-time implementation of the model, which needs to be assessed with each system’s thermal inertia.
The proposed method to identify anomalies consists of using the trained model’s prediction values variance as a
threshold to classify health states of the system. This yields accurate results for the water-draw anomalous
behavior, in which the system’s temperatures rise over expected trends. This scenario is recognized with a mean
accuracy of 86% and precision, recall, F-1 score and specificity of 85%. Case 1 and 3 present favorable results,
however, Case 2, occurring during mid-winter, present additional difficulty to recognize anomalous behavior.
Fig. 5 shows how the anomalous profile generates higher prediction errors, indicating that the model’s latent
representation of the healthy data is different enough to be recognized as an anomaly. As the LSTM model uses
previous predictions to construct the whole temperature sequence, it is expected that the reconstruction errors
increase when in predicting a larger horizon. However, as the prediction error increases during the 20 future
timesteps for the anomalous profiles, the healthy reconstruction errors are consistently lower. Additionally, the
anomalous predictions tend to constantly overestimate the anomalous-induced temperatures. That effect allows
defining a separation between healthy and anomalous data by selecting a threshold based on the variance of the
reconstruction errors. Classification metrics, such as precision, recall, accuracy, F1 and specificity scores are
presented for this scenario in Tab. 9.

Fig. 5: Anomalous water-draw detection threshold.
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Tab. 9: Anomaly detection classification metrics for overheating scenario.

Precision
0.85

Recall
0.85

Accuracy
0.85

F1
0.85

Specificity
0.85

Regarding the collector efficiency anomaly, the reconstruction errors sequence is shown in Fig. 6, which
presents higher prediction errors for the healthy input data than the anomalous profile, overestimating the
sequence of temperatures. Since the threshold is based on the variance of the prediction’s errors, as discussed
above, the detection logic is inversed as the anomaly corresponds to lower temperatures than expected. In that
context, any datapoint which is within the dispersion of the anomalous predictions is recognized as an
anomalous state. The higher number of false positives reduces the overall confidence of the detector, indicating
that heat underproduction is harder to capture and recognize as an anomaly from the characteristics learned by
the model. From the perspective of the thermal model, the effect of the lower radiation absorbed is reduced by
the constant heat influx from the heat-recovery chiller and the returning flow from the heat pump circuit. This
may also reflect that the representation of the data in the latent space of the LSTM-based model requires other
inputs which can indicate the presence of low anomalous temperatures in the system. This result is reflected on
the lower scores obtained for this scenario, presented in Tab. 10.

Fig. 6: Anomalous collector behavior detection threshold.
Tab. 10: Anomaly detection classification metrics for heat underproduction scenario.

Precision
0.82

Recall
0.63

Accuracy
0.68

F1
0.71

Specificity
0.76

A significant difficulty in detecting anomalies is found when the temperatures are lowered. This is due to the
operation of the auxiliary sources which maintain a regular temperature throughout, even though the solar
field’s heat input is insignificant. Both results indicate the need to integrate temporal criteria into the detection
algorithm. Additionally, the constant input from the auxiliary sources and the restrictions of the control system
limit the number of operating hours of the system. This may unnecessarily induce bias on the results, toward
lower temperatures and thus reducing the model’s performance toward lower heat input scenarios.

5. Conclusions
The present work aims to assess the application of DL algorithms for performance prediction in SHW systems,
as well as exploring its usefulness as an anomaly detection tool. The system analyzed is based on a SWH
installation built in TRNSYS, which allows generating large amounts of synthetic data. This approach results
useful since it allows to adapt the model to the physical configuration of the system, disregarding the commonly
high uncertainties related to the sensors used in thermal systems.
In addition, different configurations of frequently used architectures such as DNN, and specialized algorithms
for timeseries analysis as RNN and LSTM, were trained as potential candidates for temperature prediction and
their performance compared. Low RMSE and MAE values were obtained, suggesting that a successful
implementation is possible. Among the different architectures analyzed, the trained LSTM model yielded more
accurate predictions than DNN model; and more precise values than RNN for temperature sequence predictions.
However, further work is required when analyzing non-favorable operating scenarios of the solar field. A crucial
step to develop a robust fault detection algorithm is to obtain a reliable latent representation of the data,
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considering an implementation of a real-time monitoring and prognosis of the SHW system. For this, other preprocessing techniques and architectures will be explored.
The limitation of this framework is that the synthetic data was generated with a simulation platform. TRNSYS is
a validated physics-based model which allows the incorporation of the real SHW installations technical
specifications and quality meteorological measurement. Yet, the simplifications established in the simulation
program, such as the restrictions on the control system and the ideal conditions of the auxiliary heat inputs,
reduce the number of hours in which the solar field is operational.
The results show the strengths and shortcomings of an initial approach for anomaly detection in a SHW system.
The use of synthetic data allowed to isolate and study specific behaviors and anomalies without temporal
limitations and measurement uncertainties. However, data recollection is a vital step for developing DL-based
algorithms and the use of synthetic data also allows time-saving strategies to explore different alternatives
before actual implementation in a real system. That approach is highly useful for conducting field assessments
when the historical information is not available; however, its representativity of the thermal system is limited for
anomalous scenarios.
While further tuning of the model’s hyperparameters is required, specialized architectures for time-series
analysis, such as RNN and LSTM have proven to capture and replicate temperature sequences better than DNNbased models. Finally, other data-based metrics can be explored for anomaly and fault detection in systems by
quantifying the uncertainty of the experimental measurements, the simulation’s results, and the model’s
predictions.
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Seasonal Accumulation of Solar Energy in Aquifer for Thermal Conditioning
Summary
The present work aims to analyze the accumulation of thermal energy in aquifers, using the summer to
season to heat water by solar collector and inject hot water into the aquifer, and using it for building heating
during cold season. The first approach to model the behavior of the aquifer is made by analytical model and
then an experimental arrangement is designed and built. The thermal and hydraulic parameters of the aquifer
must be known in order to apply accurately analytical and numerical models. In the site of study, the
behavior of the aquifer to an injection of hot water, heated by solar collectors is studied. These measures are
used to compare, and as inputs to analytical and numerical models.
Key-words: UTES, ATES, energy storage, geothermal energy, solar energy

1. Introduction
As the energy demand increases, the conservation and efficient use of energy becomes crucial. Throughout
the world, applications of the thermal energy storage system (TES) have proven to be economic and
ecological solutions to energy problems and more and more attention has been paid to their use, [Paksy et al.
(2004), Dincer and Rosen (2007)]. According to Cruickshank (2009), thermal systems are typically two to
four times more efficient than photovoltaic (PV) systems. On the other hand, home heating and water heating
are responsible for a large part of the energy needs of residential buildings: around 80% in Canada [NRCan
(2011)] and 82% in Europe [Linder and Bahr (2007)]. Therefore, there is great potential in the use of solar
thermal technologies to convert solar radiation into sensible heat.
When energy storage is carried out in an aquifer environment it is called (ATES) or "open" systems, where
groundwater is extracted or injected into the aquifer through the use of wells to carry thermal energy in and
out of the aquifer [Novo et al. (2010)]. Typically, the configuration of the system consists of using two wells
to separate the extraction and injection of water, for its storage in the aquifer and its subsequent use in
cooling and/or heating processes. These systems have been used successfully and are in operation in Sweden,
Germany, the Netherlands, Belgium and other European countries. In Uruguay there are no experiences of
this type, so there is potential for development and application of these widely used technologies.
2. Project description
The accumulation of thermal energy in aquifers (ATES) is based on the use of the heat capacity of water and
solid media to accumulate heat and cold. The heat transfer occurs with the extraction of water from the
aquifer through one well and re-injecting it in another at a modified temperature.
For the prediction of the thermal behavior of an aquifer accumulation installation, hydrogeological and
thermal measurements on site and also modeling must be carried out [Paksy et al. (2004)].
An essential part of an ATES project is the characterization of the aquifer that will act as a medium for the
storage of thermal energy. It is necessary to determine properties such as porosity, hydraulic, thermal
transmissivity, etc. It is equally important to understand and know the hydraulic behavior of the aquifer in
terms of magnitude and direction of the hydraulic gradient, the existence of preferential flow zones, etc.
This project aims at developing and using numerical models for the performance prediction and design of
ATES systems, as well as designing and conducting experimental tests for their validation. Moreover, the use
of the models in the evaluation of applicability in Uruguay of such systems is proposed, mainly for seasonal
accumulation of solar energy, to be used for thermal conditioning of buildings.
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3. Experimental setup
The experimental facility is located above the Raigón aquifer in the town of Colonia Wilson, San José,
Uruguay. Raigón is a sedimentary aquifer, composed mainly of sand and gravel, with an area of
approximately 2300 km2. In the zone where the experimental essay is installed, the aquifer behaves as free
surface and is highly productive, with specific flows of the order of 15m 3/h/m. The transmissivity of the
medium is in the order of 200m2/day, the saturated thickness is approximately 15m and the Darcy velocity of
the underground flow in the area is 0.013m/day. Figure 1 shows a map of the area.

Fig. 1. Location of the experimental facility over Raigón aquifer.

The experiment consists in extracting water from one zone of the aquifer, passing it through a set of solar
collectors in order to increase its temperature, and injecting it back into another zone of the aquifer, in the
summer season. Inlet and outlet temperatures of the solar collectors, temperatures at different points of the
heated aquifer, fluid flow, piezometric level and solar radiation are measured.
In winter, the inverse process is performed, with the aim to measure the temperature of the heated water and
the amount of recoverable thermal energy.
Figure 2 shows schematically the experimental set up.
The extraction well is located far enough from the injection zone to avoid recirculation effects. Based on the
characteristics of the aquifer, the extension of the land available for the implementation of the experiment
and the operating flow, the extraction well was located 70 m from the injection well. Figure 3 shows a map
in which the location of the wells and solar collectors is indicated.
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Fig. 2. Schematic of experimental array.

Divers are used to sense the temperature of the water and the height of the aquifer. One is placed in the
injection well, and other six are placed in the monitor wells around the injection, specifically perforated to
make these measurements. A pyranometer and flow meter complete the measurement instrumental. The
system is monitored and controlled with a telemetry system, which allows seeing the measurements in real
time, keeping the measurement history and modifying the control logic that operates on the system. The
control logic takes temperatures and radiation as inputs and commands the variable speed drive (VSD) to
actuate on the submersible water pump.
The system operates at a nominal flow rate of 1m3/h, passing through 35m2 of uncovered plastic solar
collectors, to achieve a temperature of approximately 40ºC at the outlet when the solar radiation is around
1000 W/m2 in a summer day. With the variation of solar radiation and ambient temperature, the flow rate is
adjusted in order to assure that the temperature of the injected hot water is inside an acceptable range around
the set point (40ºC).
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Fig. 3. Installation overview and component scheme

All recorded data allow analyzing the behavior of the aquifer against the injection of hot water, and later,
during the winter season, the thermal behavior of the aquifer when extracting the accumulated hot water for
use in heating. Moreover, the injected and extracted energy can be calculated, and with these, the efficiency
of the thermal storage.
4. Analytical model
Stauffer et al. (2014), analyses several models for the thermal use of underground water systems. Applying
the moving source theory to a two-dimensional model that considers advection and conduction, yields the
analytical solution for the response of a constant line source of infinite length along the vertical direction
with a continuous heat flow rate 𝑞𝑡𝑏 = 𝐽/𝐻 per unit length of the borehole (injection well). This is called
MILS model and can be used to compute the variation in temperature in a plane perpendicular to the infinite
line of energy injection/extraction for a given time, 𝑡. This model is used to represent temperature variations
in a 2D cut of the aquifer, without considering the top and bottom edge effects. The model results in the
following equation:
𝑇(𝑥, 𝑦, 𝑡) = 𝑇0 +

𝑞𝑡𝑏
4𝜋𝐶𝑚√𝐷𝑡,𝐿 𝐷𝑡,𝑇

𝑡

∫0 𝑒𝑥𝑝 [

−[𝑥−𝑢𝑡.(𝑡−𝑡 ′)]
4𝐷𝑡,𝐿 .(𝑡−𝑡 ′)

2

−

𝑦2
4𝐷𝑡,𝑇.(𝑡−𝑡 ′)

]×

𝑑𝑡 ′
(𝑡−𝑡 ′)

(eq. 1)

where 𝐷𝑡,𝐿 and 𝐷𝑡,𝑇 are the longitudinal and transversal thermal diffusivity coefficients, respectively, which
include thermal dispersion effects ( 𝛽𝐿 and 𝛽𝑇 ) and the thermal velocity of the acuifer 𝑢𝑡 .
𝐷𝑡,𝐿 = 𝐷𝑡 + 𝛽𝐿 𝑢𝑡

(eq. 2)

𝐷𝑡,𝑇 = 𝐷𝑇 + 𝛽𝑇 𝑢𝑡

(eq. 3)

The thermal velocity of the aquifer is defined from the discharge vector of the aquifer (mean aquifer velocity
or Darcy velocity, 𝑞) and the ratio between the volumetric thermal capacity of the water and the aquifer (𝐶𝑤
and 𝐶𝑚 ).
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𝑢𝑡 = 𝑞𝐶𝑤 /𝐶𝑚

(eq. 4)

In this work, this model is used to predict the thermal behavior of a plane section of the aquifer, when hot
water coming from solar water heaters is injected. The results are used to design the experimental array that
is built in the Raigón aquifer.
For the hot water to be injected, a maximum of 40ºC is stablished to ensure that the aquifer will not suffer
unwanted environmental effects. Then, several configurations with different flows are simulated using this
analytical model and the response of the aquifer is observed. With the hot water flow and its temperature, the
heat rate injected is calculated and used as an input (J) in the model.
The model returns the temperature increments in the extension of the aquifer. This is used for selecting the
position of the boreholes to be perforated for temperature monitoring. Fig. 4 shows a map of the temperature
increments of the aquifer for an injection flow rate of 1m3/h with a temperature of 40ºC. It is observed that
after three months of injection, the aquifer can be considered to reach steady state, and the temperature
ceases to rise. Furthermore, temperature increments of around 10ºC at a distance of one or two meters from
the injection well are obtained. This temperature rise is well suited to be measured with the available
instruments (Divers), and perforating monitor wells separated around two meters from the injection well is
feasible.
Figure 2 shows the temperature increment map for a 2D slice of the aquifer, where the natural flow is from
west to east.

Fig. 4 Temperature increase 2D profile of the aquifer.

5. Results and discussion
The experimental arrangement is currently being adjusted and improved. It has been operative for a part of
the summer season in Uruguay, and an increase in the temperature of the aquifer has been observed. In some
of the measured points, a temperature increases up to 5ºC is observed. The temperature in the injection well
is very sensitive to the flow rates and temperatures injected at each moment.
Figure 5 shows the behavior of temperatures in one day of operation. It is observed that at the beginning of
the day the temperatures oscillate, which is due to the behavior of the system at starts up. When the pump is
turned on, the system seeks that the outlet temperature, tempOut, rise to an acceptable minimum value by
lower its flow rate. If at minimum flow rate, this temperature is not reached, the system stops to start again
after a set period of time.
The difference between tempIn and tempOut is the result of solar energy captured by the solar collectors.
Then, the temperature in the injection well is represented by t3 in Fig. 5. It is observed how it responds
almost immediately to the injected water, and when the system stops, it slowly decreases indicating that the
energy disperses, heating the aquifer in the surrounding area. The temperatures of the monitoring wells are
between 20 and 22ºC. The unaltered temperature of the Raigón aquifer is 17ºC.
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Fig. 2. Temperature measurements for a day of operation.

The data presented in Figure 5 correspond to a day in May (mid-autumn), where, using the measured flow
values, a total energy of 16.4 kWh was injected, and a solar collector efficiency of 18% is reached. It is
expected that the energy injected on a summer day will far exceed the calculated for this autumn day.
Moreover, the efficiency of the collectors increases significantly when the ambient temperature is higher. An
efficiency of 58% was measured in a summer day.
To project the operation of the system during the summer season, we consider the radiation data presented in
figure 6, obtained directly from the “Laboratorio de Energía Solar” in Uruguay (LES). These radiation data
in the place of interest arise from the work [Alonso-Suárez, 2014], where the methodology is detailed.
Radiation in the month of May is two to three times less than radiation in summer. With this, it is projected
that the energy to be injected through the system will be close to 100 kWh per day in the hot season.
Assuming a storage efficiency of 50%, and the same amount of days of heating in winter as of injection in
summer, 50 kWh of heat per day could be obtained from this setup, which would mean around 6-7 kW
during 8 hours of operation.

Fig. 3. Mean dayly radiation for each month at the site of the experimental facility (LES, 2019).

The system worked intermittently in the summer period, because it was still in the period of set-up and
adjustments. The arrangement is neither conventional from hydraulic point of view, nor from its electrical
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installation and data-logging system, which resulted in the occurrence of several unforeseen problems, and
delays with respect to the initial schedule. To effectively determine the operation and accumulation capacity
during the summer period, the system must be operated in the next season in order to achieve a complete
evaluation of the system. Afterwards, in the winter season, water must be extracted from the hot zone of the
aquifer to finally determine the accumulation capacity and the performance of the seasonal accumulation of
solar energy in the aquifer.
6. Further work
Since the installation has been made fully operational, a full summer season test has not been completed yet.
It is necessary to achieve an injection of hot water throughout the whole season to assess sufficient
temperature increases in the aquifer.
In parallel, we are working with the use of numerical models to simulate the behavior of the system, with the
intention to use the experimental measurements for comparison and calibration. Aquifer relevant properties
are being determined both by experimentation and the use of analytical correlations.
Once an injection summer cycle is completed, an extraction cycle will be carried out in winter, in order to
quantify the energy that can be extracted and determine the efficiency and viability of the system.
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Abstract
Less acceptance and penetration of solar concentrating technology due to its high cost has inspired the research for
alternative low-tech technologies and reflecting-materials. This paper aims to model and experimentally investigate
optical characteristics of cost effective reflecting-materials on low-tech concentrators, which are easily available in
the local market for wide low to medium temperature applications. Ray-tracing methods were employed to model
and adjust the solar-concentrator position and geometry of reflecting-material. From the ray-tracing simulation,
optimum glass mirror sizes of 1.5cm, 3cm, 4.5cm, and 6cm were selected to be tested at the optimum tracking
position. Validation of the model was done by artificial laser-beam and ground radiation tests. Results gathered from
the simulation and experimental tests were in a number of rays received and reflected back as well as temperature
level at the focal point. The study from the simulation and laser beam test yields intercept ratio varied from 56.06%
to 51.4% and 51.21% to 45.61% respectively. The respective results from the thermal test range between 52% and
31%. These results together with the observed image sizes indicate that the use of small sized glass mirror reflector
at 00 incidence angle best fits the curvature of low-tech off-axis concentrator and attains higher efficiency.
Keywords: Image, Intercept ratio, Mirror facet, Ray-tracing, Solar-concentrator

1. Introduction
Various solar thermal concentrators (STC) have been widely used to collect solar radiation and convert it into high
temperature heat using heat transfer medium. The main types of STC are stationary concentrating collectors (nonimaging concentrators), parabolic trough, linear Fresnel with mirror or lens, parabolic dish, and power tower. The
STC consists of mainly two components, as reflector and receiver (Senthil et al. 2017). The high reflective, low
absorptive, and low transmissive properties of the reflector are important for solar concentrating surfaces (Pavlovic
et al. 2015).
The solar reflector designs are almost matured at this stage due to the exhaustive studies on the mirror and highly
polished or coated metal surfaces (Arancibia-bulnes et al. 2017). From the several optical materials investigated as
reflectors for STC, a parabolic mirror is the ideal optical configuration for solar parabolic thermal concentrators.
However, the fabrication of parabolic mirror is very expensive and its cost increases rapidly with increase of
aperture area (Pavlovic et al. 2015). Thus, the use of commonly available or recycled materials as the solar reflector
in low-tech parabolic dish is assumed to be cost-effective in future reflector designs.
Analytical, optical, and experimental methods are used to study the characteristics of solar concentrators and
receivers. Ali et al. (Saleh et al. 2013) have demonstrated the use of ray-tracing software to predict the optical
performance of a static 3-D Elliptical Hyperboloid Concentrator (EHC). The concentrator profile and geometry
optimization was carried out to improve overall system performance. Pujol-Nadal et al. (Pujol-Nadal et al. 2015)
characterizes solar concentrators by combining both ray-tracing tool and thermal experimentation in the field.
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Coefficients of energy, optical, and thermal efficiency were determined at normal incidence angle. Rafeeu et al.
(Rafeeu and Kadir 2012) have introduced simple procedures for design, construction, and test of small laboratory
scale parabolic concentrators. Three experimental models with different geometrical features were used to examine
the geometry effect on solar radiation concentration. Using ray-tracing tool to determine an appropriate geometry,
José Ruelas et al. (Ruelas, Palomares, and Pando 2015) studied concentrating capacity of Stirling engine coupled
Scheffler type solar concentrator. Validation of the focal image-geometry from ray-tracing was executed by
visualizing thermo-graphic images of the concentrators. Zhiqiang et al. (Liu, Lapp, and Lipiński 2012) designed
mirror facets for a parabolic concentrator. Ray-tracing tool was used to optimize size and shape of mirror facets. In
addition to positioning of mirror facets, flux density was analysed by applying Monte Carlo ray-tracing method.
Aránzazu et al. (Fernández-García et al. 2017) investigated an optical characterization of solar reflectors using raytracer tool. Literatures were reviewed and discussed for different ways of measuring reflector materials performance
and creating reflectance models.
The primary significance of ray-tracing simulation is that it is quite simple to compute shadows and reflections.
However, the main limitations are assuming radiation source as a uniform disk with equal power and perfect
alignment of reflecting surface on the curvature of solar-concentrator (Bode, Gauché, and Griffith 2014). The
significance of different aspects of experiment following simulation is, therefore, to predict the optical efficiency
considering misalignments and sensitivities that enable validation of the model (Aguilar et al. 2014). Such studies
are used to predict the performance of solar-concentrator at different operating conditions and reflector designs. The
optical characteristics depend on the number and geometry of focal image as well as the temperature level of the
receiver. In general, efficient reflection has a high concentration of irradiation and low absorption of heat radiation.
The study aims at optimization and comparison of multi-size tiled glass mirror facets in addition to positioning of
the solar-concentrator. It envisages achieving low to medium temperature for typical domestic applications using
locally available low-tech concentrator and reflector. To achieve the objectives of the study, quantitative and
qualitative analysis are implemented. Offset parabola calculator, Simsun target ray-tracer, and different optical and
thermal tests that determine and validate the optical characteristics of the reflecting facets are used. Through the
implementation of recommended materials and construction measures, the study will have significant importance in
promoting low-tech and cost-effective STC.

2. Materials and Methods
2.1. Description of the STC
In this study off-axis type parabolic dish concentrator with a large diameter of 90cm, smaller diameter of 82cm, and
depth of 7cm were used. As the feed is positioned outside the area of the beam, the purpose of this design was to
increase the aperture efficiency of the receiver by increasing its gain. It is also due to the less curved parabolic shape
that has the possibility of using cost-effective crystal type reflectors.
Glass mirror with reflectivity up to 0.88 were selected as a reflecting-material depending on its cost and availability.
Glass mirrors have good durability in terms of reflective layer corrosion. The big limitation of using glass mirrors is
their none-flexible physical property. Since these glass mirrors are crystal in structure, it is very difficult to have a
big curved parabolic shape (García-Segura et al. 2016)(Sark et al. 2008). Flat steel sheet metal covered by a thin
coat of black paint having absorption coefficient close to 0.9 was placed in the focal area (Pavlovic et al.
2015)(García-Segura et al. 2016).

2.2. Geometric Design
Parabola calculator portable 2.0 Freeware program was used to calculate the focal length, arc length, aperture area,
and rim angle of the specified solar-concentrator. The geometric concentration ratio is defined as the effective area
of the concentrator aperture divided by the area of the receiver (Ngo 2012)(Eccher et al. 2013). This can be given as:
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(1)

Where Aa is aperture area of the parabolic dish, Ar is receiver area, R is radius of parabolic dish, d is diameter of
receiver.

2.3. Ray-tracing Modeling
The geometry of the solar-concentrator was modeled to scale in Simsun target ray-tracing tool. The sun and
boundary box within the modeled solar-concentrator are placed to carry on the ray-tracing simulation. The sun is
user-defined and the boundary box is fixed to the size of the sun. Sun points of 100cmx100cm on a square grid are
used to cover the diameter (90cm) of the dish. The surface of the solar-concentrator was covered with multi-size
tiled crystal structure (glass mirror). Tracking system is the most important condition in solar concentrating system,
since the sun tilts. On Simsun target ray-tracing tool it is possible to rotate the sun or the dish. Tilt angle in each hour
as well as yearly minimum and maximum angle and position of the sun was chosen. Sun rotation is chosen at every
15º and the parabolic dish is at a fixed position. After all, rays towards the reflector were simulated to get a result in
quantities of rays reflected back to the focal area (Nydal 2014).
The models were created by selecting the type of concentrators and absorbers at the taskbar depending on the
objective of the simulation. Below the taskbar there were input dimension pads, which enabled to insert the
dimensions to the specified reflector or receiver (Nydal 2014)(Ruelas et al. 2014). The modeled objects are
displayed in the view workbench as shown in Figure 1.

(a)

(b)

Figure 1: Simsun software models (a) Reflector integrated dish (b) Boundary box, reflector integrated dish, and sun

The next step was tracing the rays towards the model depending on the tracing options and other control buttons.
Finally, the numbers of rays released and reflected were displayed on the result pad to determine the intercept factor
(Nydal 2014)(Ruelas et al. 2014).
In this study, the academic version Simsun target ray-tracing software was used to determine the intercept factor for
the given concentrator position and reflector sizes. Depending on the input parameters, the Simsun target ray-tracing
optimizes the concentrator position and reflector size. The main equation in the software is the law of specular
reflection and it uses forward sequential ray-tracing approach. The computational method of the software is Monte
Carlo ray tracing. The main limitation of the software is that it assumes all rays incoming from the sun have equal
amount of power despite the fact that power depends on the wavelength and solar radiant power which is distributed
between 0.3μm to 3μm of the electromagnetic spectrum. In optical engineering, the error introduced by such
assumption is considered to be very small and the optical efficiency mainly depends on facet spatial shape,
alignment and a total number of rays released and reflected (Nydal 2014)(Ruelas et al. 2014).
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2.4. Experimental Setup and Instrumentation
To study and validate the simulation results, practical integration of multi-size tiled mirrors were done. Based on the
simulation output, four sizes of tiled mirrors were selected at 1.5cm interval for comparison. Ray-tracing simulation
was followed by validation in two aspects of experiment. While conducting indoor artificial laser beam tests, rays
were released to the prepared solar-concentrator through a grid structure apparatus. The outdoor test were carried out
on March 28, 2018 using solar radiation in Mekelle, Ethiopia (latitude: 13° 28' 31.19" N, longitude: 39° 29' 9.59" E,
altitude: 2208m) (Mahmud et al. 2014)(Kahsay et al. 2014).
Appropriate size of square shaped tiled glass mirror was cut using a small cutting wheel 5 mm in diameter made
of hardened steel with a 120° V - shaped profile. Essentially, as small size mirror could be broken, preparing
mirror size bigger than one cm is recommended (Fernández-García et al. 2017). Once the facet is cut to size,
assembling is the easiest task but may take a long time and require accuracy (Ren et al. 2014). Glass mirrors were
mounted to attain the curvature of the dish by the procedures in Figure 2 (a ,b).

(a)

(b)

(c)
Figure 2: Assembling procedures of glass mirror facets on the parabolic dish (a) Drawing the row guidelines on the dish (b) Mounting
the mirror on the specified dish with glue (c) Artificial laser beam ray tracer apparatus

Equal sized parabolic dishes with different tile size glass mirrors were prepared to be tested under the two
experiments. Following this, simple experimental setups were developed. In manual laser beam ray tracing structure
(Figure 2 (c)), there are grids to guide the laser beam from the top side. The parabolic dish integrated with different
sized glass mirrors and aluminum foil was kept below the grid at the dish poisoner. The principle is similar to how
the Simsun software works but with a different way of releasing artificial laser beam.
In doing this, the artificial beam focused on the receiver through each grid one by one were marked and counted to
determine the intercept factor. The intercept factor (γ) is expressed as a quotient of the rays intercepted by the
receiver (Duffie 2013). This can be given as:
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(2)
The experimental tests described above, to count the number of rays and observe image size of the reflected rays.
Regarding to this observations, the issue was determining: whether the glass property, the surface geometry, and the
wave length of incoming ray greatly impact the collector efficiency or not.
To address the concern, additional experiment to test the thermal performance of the solar-concentrator model
without load were designed and conducted. For the performance test, simple structure was developed as shown in
Figure 3. The test setup adjusts k-type thermocouples in the place where the temperature reading is needed, such as
the surface of the receiver. The thermocouple is made of +/- conductors of Nickel Chromium/Nickel Aluminum with
a sensitivity of -200 to 1250 0C. The accuracy of the thermocouple is ± 0.18%. The temperature of the experimental
period was logged using PicoLog Technology TC-08 with an accuracy ± 0.5%. The solar radiation was measured by
connecting SPN1 sunshine Pyranometer sensor with an accuracy of +/-5% to a GP1 data logger in order to convert
the voltage signal to an equivalent reading in W/m2. It is then connected to a laptop computer where the data was
recorded and saved in order to get the reading of temperature for every 10 minutes. .

(a)

(b)

(c)
Figure 3: Thermal performance test setup (a) Apparatus (b) Instrumentation (c) Tracking method

As the sun tilts every 10 - 15 minutes, tracking was done manually by moving the support structure to the sun’s
direction, maintaining the center of the circular shadow of the parabolic dish under the support structure as shown in
Figure 3 (c).
Performance analysis using steady state heat balance of the receiver and reflector was made. This determined the
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characteristics of the solar-concentrator such as the collector efficiency using equations 3.

(

)

(3)

Where ηcon is collector thermal efficiency, ηopt is concentrator optical efficiency, Ia is insolation incident on the
concentrator aperture, Aa is aperture area, mr is mass of receiver, Cp is specific heat capacity Tf is final temperature
of receiver, Ti is initial temperature of receiver (Duffie 2013).
The thermal efficiency is directly related to the optical efficiency and the useful heat. In turn, the useful heat is
related directly to the temperature of the receiver at a given time.
The equations to estimate the optical efficiency are given as:

( )

( )

(4)
(5)

,

Where ρ is reflectance, τ is transmittance, α is absorptance, γ is intercept factor, Af is geometric factor, θ is angle of
incidence, Co is optical concentration ratio, Cg is geometric concentration ratio, So is cross sectional area of parabolic
dish, Sa is the lighted area of the receiver (Ngo 2012)(Eccher et al. 2013)(Duffie 2013).
The optical efficiency is related directly to γ and inversely to Sa; these are the most complex parameters involved in
determining the optical efficiency. Thus, in determining γ, the temperature of the receiver for a specified time was
measured. The Sa was measured qualitatively looking in to the size of the marked image from the indoor and
outdoor tests . In addition, the brightness on the receiver was used as a qualitative measure of optical efficiency.

3. Results and Discussions
The geometric concentrator and receiver parameters identified by the parabola calculator and geometric design
analysis are summarized in Table 1.
Table 1: The geometric design values of parabolic dish and receiver

Focal length [m]

0.72

Aperture area [m2]

0.64

0

Dish rim angle [ ]

0.80

Arc length [m]

1.27

Concentration ratio (Cg)

20.25

Receiver diameter [m]

0.02

2

Receiver area [m ]

0.0314

Using the geometrical parameters obtained for the collector, the effect of position on the performance of the
concentrator shown in Figure 4 indicate the need for continues or an interrupted tracking mechanism.

337

Y. Hiben et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

At 15º

At 0º

At 45º

At 60º

At 30º

At 75º

Figure 4: Effects of solar tracking mechanism with tilting sun (view workbench)

The smallest possible tile size (mirror facet of 1cm x 1cm) showed 5664 hits out of 10000 incoming rays at the
receiver as depicted in Figure 5. Similar simulations for the intercept factor against different mirror facet sizes
showed a decreasing trend (Figure 5), the intercept factor gradually decreases for small sized tiles and drops sharply
for larger sized tiles between 0.08m and 0.09m. Once it covers the upper diameter of the parabolic dish the intercept
factor becomes constant.

Intercept factor

At 0º
0.6
0.5
0.4
0.3
0.2
0.1
0

y = -0.006x + 0.5762
R² = 0.9289

Mirror facet size in meters
Figure 5: Glass mirror facets versus intercept ratio

For comparison, counts of the rays for all samples of the mirror tile from Simsun simulation and laser beam
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experiment are shown in Table 2. In general, both the Simsun simulation and laser beam test showed a decreasing
trend of the intercept factor/optical efficiency. Also, lower values were observed by laser beam test relative to the
estimated results by Simsun simulation. However, the experimental test reveal 4.5 cm mirror facet attains lowest
error. This is could be mainly due to its best reflector alignment (fit).
Table 2: Ray-tracing results from simulation software and laser beam test

Reflector

No. of rays
received

No. of rays
reflected

No. of rays
reflected

(Sim.)

(Test)

Intercept
Ratio (Sim.)

Intercept
Ratio

Error

(Test)

1.5 cm mirror
facet

10, 000

5, 552

5, 121

0.5606

0.5121

0.0485

3.0 cm mirror
facet

10, 000

5, 424

4, 978

0.5424

0.4878

0.0546

4.5 cm mirror
facet

10, 000

5, 226

4, 754

0.5226

0.4754

0.0472

6.0 cm mirror
facet

10, 000

5, 140

4, 561

0.5140

0.4561

0.0579

To see the effect of beam strength (wave length), the receiver surface temperature after 30 minutes for all samples
were measured as presented in Table 3. The corresponding thermal and optical analysis showed the general
decreasing trend and higher deviation from Simsun results of intercept factor for large sized tile mirrors.
Table 3: Results from thermal performance test

Reflector

Surface Temperature in
30 min (0C)

Intercept Ratio

1.5 cm mirror facet

157.17

0.52

3.0 cm mirror facet

127.13

0.35

4.5 cm mirror facet

125.78

0.33

6.0 cm mirror facet

119.20

0.31

The glass mirrors with small tile size were observed to reflect the laser beam and solar radiation on a smaller area
compared to the large tile size glass mirrors. The image sizes of small and large tile size mirrors using laser beam
are shown in Figure 6 (a). While conducting the thermal performance test, the concentrated solar radiation on the
bottom surface of the receiver is depicted in Figure 6 (b). The glass mirrors with small tile size are observed to have
relatively brighter light at the receiver. Knowing rays reflected on smaller area and half of the solar radiant energy is
contained in the visible region, this was a good qualitative confirmation for the concentration characteristics of the
reflecting materials.
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(a)

(b)
Figure 6: Light image (a) artificial laser beam (b) solar radiation

Overall, there were two distinct observations from the comparisons. First, the initial collector model predicted
higher collector efficiency than the measurements. This discrepancy was created mainly due to the tile size of the
reflecting surface for the mirror facet. The effect is apparently much higher for large size tiles significantly
impacting the concentrator intercept factor, decreased to 0.31 from 0.514. The other inconsistency for 4.5 cm tile
mirror facet was created due to its best parabolic alignment. Relatively small error was observed 0.0472. After the
geometric factor for large tile sized mirrors and the curvature fit adjustment, the deviation between the experimental
data and the model could be minimized for the initial solar-concentrator model. This is result in agreement with
Nydal et al. (Nydal 2014) study that showed two sensitivities of the reflectors, as smooth and tiled. The study
demonstrated the preference of small sized tile to get higher temperature result.

4. Conclusions
The aim of this paper was to demonstrate the use of low-tech concentrator and cost-effective reflectors, which are
easily available in the market, for wide low to medium temperature applications. Results gathered from the Simsun
simulation nd and laser beam test showed a higher intercept ratio of 56.06% and 51.21% for the small sized (1.5cm)
glass mirrors. The outdoor test came up with a higher receiver temperature of 157.17 0C and corresponding 52%
intercept ratio for the small sized glass mirrors. These values together with the qualitative observations on reflected
image size, resulted in higher concentration of the off-axis parabolic dish using small sized glass mirror tiles.
Further updates are possible in the Simsun simulation model according to the requirements. It can be useful and be
improved by subjecting it to detailed experiments on effects of misalignments while assembling and other
manufacturing and operation sensitivities as well as beam strength, which are very difficult to quantify numerically.
The methodology developed can be applied for such actual working models.
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Abstract
Energy consumption and CO2 emissions in residential sector plays an important role to face the climate change.
Technologies and strategies which allow the reduction of fuel consumption and CO2 emissions in energy supply
systems for residential buildings are required. This work analyses the integration of different renewable energy
and energy storage technologies for a residential building located in Zaragoza, Spain. It is selected a standalone
energy system in order to study in a systematic way how different technologies interact and affect the optimal
design, from conventional to polygeneration systems. A Mixed Integer Linear Programming (MILP) model was
developed to optimize the system from the economic point of view whereas CO2 emissions are calculated
simultaneously. Results show that photovoltaic technology provides a remarkable reduction of costs and along
with cogeneration allow a significant CO2 emissions reduction as well. In addition, it was determined the synergies
of different technologies, e.g. batteries capacity is reduced when cogeneration and thermal energy storage are
considered. Furthermore, a sensitivity analysis of the number of cycles of the Ion Lithium batteries was carried
out to show its competitiveness with respect to lead acid batteries.
Keywords: Polygeneration, MILP, Energy storage, Renewable Energy, Energy systems integration.

1. Introduction
Residential sector plays an important role in the policies to face the climate change since this sector represents
about 27% of world energy consumption and about 17% of world CO2 emissions (Nejat et al., 2015). Several
studies have demonstrated the advantages of integrating energy systems in order to obtain a more efficient use of
natural resources as well as a significant reduction of CO2 emissions in residential buildings applications
(Mancarella, 2014; Serra et al., 2009). To achieve it, the design of energy systems must be addressed taking into
account the synthesis of the system (installed technologies and capacities, etc.) and the operational planning
(strategy concerning the operational state of the equipment, energy flow rates, etc.); however, finding the optimal
configuration is a complex task, given the wide variety of technologies option available and great diurnal and
annual fluctuations in energy demands, among others (Tapia-Ahumada et al., 2013). Other factors that increase
even more the complexity are: i) the incorporation of renewable energy technologies which are characterized by
intermittent behaviour and non-simultaneity between consumption and production, and ii) the integration of
energy storage, either electrical and/or thermal, which allow to decouple production from consumption.
The aim of this work is to carry out a systematic economic and environmental evaluation of the impact of the
integration of different energy and energy storage technologies in the energy supply system of residential buildings
located in Zaragoza, Spain. The approach is based on standalone energy systems in order to identify clearer the
interactions of different technologies, e.g. batteries, allowing a deeper understanding of their effect on the optimal
design of the energy system, from conventional to polygeneration systems. To do this, a MILP (Mixed Integer
Linear Programming) model has been developed to obtain the optimal design of energy systems based on different
conditions and restrictions.
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2. Methodology
MILP model is used to design the energy system for a residential building located in Zaragoza, composed of 40
dwellings with 102.4 m2 of surface area and an average occupancy of 3 people per dwelling. To do this, energy
demands and natural resources must be defined beforehand. Ideally, whole year data should be used to evaluate
the energy systems; however, this can be intractable computationally, therefore, representative days are used.
Superstructure which considers candidate technologies is defined and finally MILP model is developed.
2.1 Energy demands and renewable energy production
Space heating and Cooling demands are estimated from annual data (IDAE, 2009). Daily data are obtained by
using degree days method and hourly data by applying hourly profiles (Ramos, 2012). To apply the degree days
method, base temperature for space heating and cooling is set in 15ºC and 21ºC respectively. Domestic Hot Water
(DHW) is calculated considering the reference temperature 60ºC and the mean monthly temperature of the net
water (AENOR, 2005). Monthly distribution is carried out by applying a monthly consumption factor (Viti, 1996).
It is assumed that every day of each month have the same consumption. An hourly profile (Ramos, 2012) is applied
to obtain the hourly demand. In the case of electricity demand, annual electricity demand for appliances according
to IDAE (2011a) is monthly distributed by applying a distribution factor, which is divided by the days of the
month and distributed by an hourly distribution function (Marín-Giménez, 2004), that considers different hourly
consumption for each season. Procedures briefly described above provide the hourly demand data series of heating
𝑄𝑄𝑑𝑑 , cooling 𝑅𝑅𝑑𝑑 and electricity 𝐸𝐸𝑑𝑑 , where heating demand consists of space heating and DHW.

Hourly photovoltaic energy production per square meter, EPV, is calculated following the procedure described by
(Duffie and Beckman, 2013) as a function of the solar radiation over a tilted surface 36º and azimuth angle 0º
(Meteotest, 2017).

Hourly solar thermal energy production per square meter, EST, is calculated as a function of the solar radiation
over a tilted surface 36º and azimuth angle 0º as well, the mean difference temperature between the collector
temperature 60ºC and ambient temperature, and the collector parameters (Salvador Escoda S.A, 2017).
The electrical production of a wind turbine, is calculated based on the production curve of the turbine with nominal
capacity of 30 kW (Aeolos, 2006) and the wind speed (Meteotest, 2017), following the procedure described by
(Manwell et al., 2009).
Tab. 1. Annual and peak values for energy demands and renewable energy production

Attribute
Heating demand (Qd)
Cooling demand (Rd)
Electricity demand (Ed)
Photovoltaic production (EPV)
Wind energy (EW)
Solar Thermal Production (EST)

Annual Value
69985 kWht
14008 kWht
35268 kWh
285 kWh/m2
6397 kWh/ud
995 kWht/m2

Peak Value
65.6 kWt
70.3 kWt
7.2 kW
0.16 kW/m2
3.42 kW/ud
0.79 kWt/m2

2.2. Representative days
The optimization of polygeneration systems should be carried out by using whole year data but this can become
intractable computationally, mainly when integer variables are involved. Therefore, representative days are
selected to tackle this issue. In this case, it was applied a method based on the combination of k-medoids
(Dominguez-Muñoz et al., 2011) and OPT (Poncelet et al., 2017) methods to obtain the set of 12 representative
days with their respective weights ω presented in Tab. 2. Two additional days corresponding to peak energy
demands are considered in the optimization process with ω=0. Therefore, the number of days Nrep used in the
optimization process is 14.
Tab. 2. Set of representative days used for the optimization of the energy system

Month
January
February
April
May
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d
21
37
116
136

ω
6
47
21
16

Month
May
June
June
June

d
147
158
166
175

ω
51
62
15
34

Month
August
October
November
December

d
240
300
339
352

ω
15
41
48
9
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2.3 Superstructure, technical, economic and environmental data
The superstructure, depicted in the Fig. 1, considers the candidate technologies and the feasible connections
between them in the energy system. It is made up for an electrical and thermal part. The electrical part considers
a generator GE to produce electricity from gasoil; photovoltaic modules PV; wind turbines WT; inverter Inv,
which converts the direct current to alternating current; Lead acid LA or Ion Lithium Ion Batteries Bat, which can
store electric energy; and inverter-charger Inv-Ch, which converts alternating current to direct current and
conversely. The thermal part considers conventional boiler GB that consumes gasoil to produce heat; solar thermal
collectors ST; a single-effect absorption chiller ACH that uses heat and a small quantity of electricity to produce
cooling; and finally thermal energy storage for heating TSQ and cooling TSR, which can charge/discharge thermal
energy. Other components such as cogeneration module CM, converting gasoil into electricity and heat, and
reversible heat pumps HP, converting the electrical energy into thermal energy either heating or cooling, allow
the integration of electric and thermal parts. When HP only produces cooling, it is considered as a mechanical
chiller.
Gasoil

PV

ST

CM

GE

GB

Inverter

TSQ

E

Electricity

PW
Inverter-Charger

HP

QHP
[OR]
RHP

Q

Heating

R

Cooling

Bat
ACH

TSR

Fig. 1. Superstructure. Nodes are represented by circles

Technical data
Heat pump operates in heating mode assuming a constant coefficient of performance COP, or in cooling mode
assuming a constant Energy Efficiency Ratio EER with a constant cooling/heating capacity ratio β. Both COP and
EER have been estimated considering the operational temperature of the reservoirs expected for Zaragoza (Spain).
In the case of engines GE and CM, they can modulate up to partial load of 15%. For CM, the electrical and thermal
productions are proportional to αw and αq factors respectively. Single effect absorption chiller operates with a
constant COPACH. The performance ηGB of conventional boiler is assumed constant. Regarding thermal energy
storage tanks, the stored energy 𝑆𝑆𝑞𝑞 and 𝑆𝑆𝑟𝑟 for heating and cooling respectively, are calculated in each time step
taking into account the energy loss by applying a 𝜆𝜆 factor. In the case of batteries, the round trip efficiency 𝜂𝜂𝑟𝑟𝑟𝑟 ,
determines the energy loss during the charging and discharging process in each time step. Further, maximum deep
of discharge 𝐷𝐷𝐷𝐷𝐷𝐷 is defined for batteries to avoid premature failures. During the batteries lifetime operation, the
number of charge-discharge cycles has to be lower than the maximum number of cycles that provoke the failure
𝑁𝑁𝑐𝑐,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 , indicated by the manufacturer. This is verified by applying the equivalent full cycle to failure ageing
method described by Dufo-López et al. (2014). There are two technologies for batteries proposed for this study,
ion lithium and lead acid, but in the optimal configuration, only one of them is selected. Models of capacity 𝑞𝑞, are
applied to calculate their dynamic behaviour in the equipment. Ion lithium batteries capacity 𝑞𝑞𝑖𝑖𝑖𝑖𝑖𝑖 , are modelled
according to DiOrio et al.(2015), taking into account both, the maximum charge current Imax,c stablished by
manufacturer and the charge ratio 𝛼𝛼𝑐𝑐 in A/Ah described by Homer Energy (2016). For lead acid batteries, the
technology used for this study is the OPz batteries applying the KiBaM model (Manwell and McGowan, 1993),
which requires three parameters, calculated on the basis of manufacturers’ data catalogues: 𝑘𝑘, the rate constant; 𝑐𝑐,
the fraction of the capacity that may hold available charge; and the maximum capacity of the battery 𝑞𝑞𝑚𝑚𝑚𝑚𝑚𝑚 , as a
function of 𝑘𝑘 and 𝑐𝑐. Taking into account that this study is based on representative days, for both, thermal and
electrical storage, the energy stored at the beginning of each representative day must be equal to the energy stored
at the end of each representative day. Technical data are shown in Tab. 3.
Economic data
The investment cost of every component is calculated from the unit cost 𝐶𝐶𝐶𝐶 and the installed capacity Cap.
Installation and maintenance costs are considered by applying the factor 𝐹𝐹𝑚𝑚 . In order to calculate the fixed annual
cost, a Capital Recovery Factor 𝐶𝐶𝐶𝐶𝐶𝐶=0.082 yr-1 is applied based on a lifetime of the installation of 20 years and
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an interest rate = 5% . However, some components have different lifetime 𝑛𝑛𝑟𝑟 , hence, a net present value factor
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 is calculated for every component to consider the total repositions carried out during the lifetime of the
installation. The indirect costs are considered by applying a factor 𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 of 0.2. For all investments, the ValueAdded Tax 𝑉𝑉𝑉𝑉𝑉𝑉, is applied, whose value for Spain case is 0.21. All economic data are shown in Tab. 3.
Regarding fuel F, two types of gasoil have been considered in the energy system: Gasoil A which is used in the
GE and CM and gasoil for heating used in the GB. The price of gasoil A and gasoil for heating is 0.1174 €/kWh
and 0.0678 €/kWh respectively (IDAE, 2018).
Environmental data
In order to evaluate the environmental impact of the polygeneration system, it has been considered the unit CO2eq
emissions embodied CO2U in every component of the superstructure based on the life cycle assessment LCA of
every component (Tab. 3). The CO2 emissions released due to the fuel combustion (gasoil) are calculated
considering a constant value of CO2 emissions associated to gasoil CO2fuel of about 0.294 kgCO2eq/kWh (Carbon
footprint, 2016).
Tab. 3. Technical, economic and environmental data of components

Technical data

PV

ηPV= 15.66%

WT

Manufacturer
curve

ST
GB
HP

Fm

nr
[Years]

Environmental
data
CO2U
[kgCO2eq/*]

113.4 €/m2

0.9

20

161 kgCO2eq/m2

51230 €/ud

0.7

20

21600 kgCO2eq/ud

254 €/ m2

1.5

20

95 kgCO2eq/m2

80 €/kWt

0.5

15

10 kgCO2eq/kWt

500 €/kW

0.5

20

160 kgCO2eq/kWt
165 kgCO2eq/kWt

Economic data

Component
j

Cu [€/*]

𝜂𝜂𝑜𝑜 = 0.801
𝑎𝑎1 =3.188 W/m2K
𝑎𝑎2 =0.011
W/m2K2
ηb: 0.96
COP=3.0, EER=
4.0, β=0.9

ACH

COPACH= 0.7

485 €/kWt

1.5

20

GE

αw= 0.28

600 €/kW

0.2

10

References

(Fu et al., 2017)(Atersa,
2017)(Frischknecht et al., 2015)
(Aeolos, 2006)(Orrell and
Poehlman, 2017)(Tremeac and
Meunier, 2009)
(Guadalfajara, 2016; IDAE, 2011b;
Salvador Escoda S.A, 2017)
(BAXI, 2017; Pina et al., 2017)
(Beccali et al., 2016; ENERTRES,
2017; Pina et al., 2017)
(Beccali et al., 2016; Pina et al.,
2017; U.S. Department of Energy,
2017)
(Ayerbe, 2018)

65 kgCO2eq/kWe

(Darrow et al., 2017; Pina et al.,
2017; Yanmar, 2017)
(ENERTRES, 2017)(Beccali et al.,
2016)

CM

αw= 0.28,αq= 0.56

1150 €/kWe

0.7

10

TSQ
TSR

λ= 1%
λ= 3%
k=0.11, c=0.53
ηrt=82%;
DOD=50%;
Nc,failure =1500
ηrt=90%; αc=0.4
DOD=90%;
Nc,failure =2000

212 €/kWh
257 €/kWh

0.1

15

31 kgCO2eq/kWht
62 kgCO2eq/kWht

129 €/kWh

0.25

9

60 kgCO2eq/kWh

(IRENA, 2017)(Hiremath et al.,
2015; McManus, 2012)

370 €/kWh

0.25

12

160 kgCO2eq/kWh

(IRENA, 2017)(Peters et al., 2017)

Bat LA

Bat Ion

2.4 Optimization Model
MILP model is developed by using the software LINGO (LINDO Systems Inc, 2013). The objective function is
to minimize the total annual cost. At the same time, environmental cost which encompasses CO2 emissions
embodied in the equipment 𝐶𝐶𝐶𝐶2𝑓𝑓𝑓𝑓𝑓𝑓 and release due to the fuel combustion during the operation 𝐶𝐶𝐶𝐶2𝑜𝑜𝑜𝑜𝑜𝑜 is also
calculated.
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𝑀𝑀𝑀𝑀𝑀𝑀 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝑔𝑔

(eq. 1)
(eq. 2)

𝐶𝐶𝐶𝐶𝐶𝐶 = (1 + 𝑉𝑉𝑉𝑉𝑉𝑉) ∙ (1 + 𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖 ) ∙ 𝐶𝐶𝐶𝐶𝐶𝐶 ∙ ∑𝑗𝑗=𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐶𝐶𝐶𝐶𝑗𝑗 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗 ∙ �1 + 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝑗𝑗 � �1 + 𝐹𝐹𝑚𝑚 𝑗𝑗 �

𝐶𝐶𝑔𝑔 =

𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟
∑𝑑𝑑=1
𝜔𝜔𝑑𝑑

∙ �∑24
ℎ=1 𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∙ 𝐹𝐹(ℎ)�𝑑𝑑 ∙ (1 + 𝑉𝑉𝑉𝑉𝑉𝑉)

(eq. 3)
(eq. 4)

The objective function is subject to the next constraints:
Balance equations:
An energy balance is carried out in each node 𝑚𝑚 (Intersection points of energy fluxes) of the superstructure:
𝑚𝑚
𝑚𝑚 )
∑𝑚𝑚(𝐸𝐸𝑖𝑖𝑖𝑖
− 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜
=0
(eq. 5)
Equipment efficiency:
GB: 𝜂𝜂𝐺𝐺𝐺𝐺 ∙ 𝐹𝐹𝐺𝐺𝐺𝐺 − 𝑄𝑄𝐺𝐺𝐺𝐺 = 0
(eq. 6)
HP: 𝑄𝑄𝐻𝐻𝐻𝐻 − 𝐸𝐸𝐻𝐻𝐻𝐻 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶 = 0
(eq. 7)
HP: 𝑅𝑅𝐻𝐻𝐻𝐻 − 𝐸𝐸𝐻𝐻𝐻𝐻 ∙ 𝐸𝐸𝐸𝐸𝐸𝐸 = 0
(eq. 8)
GE: 𝛼𝛼𝑤𝑤 ∙ 𝐹𝐹𝐺𝐺𝐺𝐺 − 𝑊𝑊𝐺𝐺𝐺𝐺 = 0
(eq. 9)
CM: 𝛼𝛼𝑤𝑤 ∙ 𝐹𝐹𝐶𝐶𝐶𝐶 − 𝑊𝑊𝐶𝐶𝐶𝐶 = 0
(eq. 10)
CM: 𝛼𝛼𝑞𝑞 ∙ 𝐹𝐹𝐶𝐶𝐶𝐶 − 𝑄𝑄𝑐𝑐 = 0
(eq. 11)
ACH: 𝑅𝑅𝑎𝑎𝑎𝑎ℎ = 𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎𝑎𝑎ℎ ∙ 𝑄𝑄𝑎𝑎𝑎𝑎ℎ
(eq. 12)
For thermal energy storages for heating q and cooling r:
𝑆𝑆𝑞𝑞,𝑟𝑟 (𝑡𝑡) = 𝑆𝑆𝑞𝑞,𝑟𝑟 (𝑡𝑡 − 1) ∙ 𝜆𝜆𝑞𝑞,𝑟𝑟 + 𝐸𝐸𝑖𝑖𝑖𝑖 𝑞𝑞,𝑟𝑟 − 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 𝑞𝑞,𝑟𝑟
(eq. 13)
Equipment’s capacities:
For renewable energy production components:
PV: 𝑊𝑊𝑃𝑃𝑃𝑃 = 𝐸𝐸𝑃𝑃𝑃𝑃 ∙ 𝐴𝐴𝑃𝑃𝑃𝑃
(eq. 14)
ST: 𝑄𝑄𝑆𝑆𝑆𝑆 = 𝐸𝐸𝑆𝑆𝑆𝑆 ∙ 𝐴𝐴𝑆𝑆𝑆𝑆
(eq. 15)
WT: 𝑊𝑊𝑊𝑊 = 𝐸𝐸𝑃𝑃𝑃𝑃 ∙ 𝑁𝑁𝑊𝑊𝑊𝑊
(eq. 16)
For each component j, the energy production is equal or lower than its nominal capacity. Thus, for heating 𝑄𝑄,
cooling 𝑅𝑅 or electricity 𝑊𝑊 production:
𝑄𝑄𝑗𝑗 ≤ 𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗
(eq. 17)
𝑅𝑅𝑗𝑗 ≤ 𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗
(eq. 18)
𝑊𝑊𝑗𝑗 ≤ 𝐶𝐶𝐶𝐶𝐶𝐶𝑗𝑗
(eq. 19)
Stored energy S is equal or lower to nominal capacity of the energy storage.
𝑆𝑆 ≤ 𝐶𝐶𝐶𝐶𝐶𝐶𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛
(eq. 20)
𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 𝐶𝐶𝐶𝐶2𝑓𝑓𝑓𝑓𝑓𝑓 + 𝐶𝐶𝐶𝐶2𝑜𝑜𝑜𝑜𝑜𝑜
(eq. 21)
𝐶𝐶𝐶𝐶2𝑓𝑓𝑓𝑓𝑓𝑓 = ∑𝑗𝑗 𝐶𝐶𝐶𝐶2 𝑈𝑈(𝑗𝑗) ∙ 𝐶𝐶𝐶𝐶𝐶𝐶(𝑗𝑗) ∙ �1 + 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑗𝑗 �/𝑛𝑛𝑛𝑛𝑛𝑛
𝐶𝐶𝐶𝐶2𝑜𝑜𝑜𝑜𝑜𝑜 =

𝑁𝑁𝑟𝑟𝑟𝑟𝑟𝑟
∑𝑑𝑑=1
𝜔𝜔𝑑𝑑

∙ �∑24
ℎ=1 �𝐶𝐶𝐶𝐶2 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∙ 𝐹𝐹(ℎ)��

𝑑𝑑

(eq. 22)

(eq. 23)

3. Results
In order to evaluate the economic and environmental impact of different technologies, seven systems were defined,
from conventional to polygeneration systems. Tab. 5 shows the 6 different energy systems studied, in which the
different technologies are progressively incorporated as candidates. System 0 represents the reference system in
which electricity is produced in an electric generator GE supported with a battery Bat either lead acid (LA) or ionlithium (Ion), heat is produced in a conventional boiler GB, and cooling is produced in a mechanical chiller.
System 1 further includes the option of producing heat in a reversible heat pump HP. System 2 incorporates the
possibility of including a cogeneration module CM and a single effect absorption chiller ACH, which combination
is well known as combined cooling, heating & power CCHP. System 3 considers all previous candidate
technologies as well as thermal energy storage, both for heating and cooling. Systems 4, 5 and 6 incorporate
progressively the possibility of installing renewable energies as follows: solar thermal ST, in system 4; ST and
wind turbine WT, in system 5; and all candidate technologies (Fig. 1), including photovoltaic modules PV in
system 6.
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Tab. 4 Different energy system from conventional to polygeneration systems with their respective candidate technologies.
: Candidate technology. : Technology not considered as a candidate in energy system.

System
GE
System 0
System 1
System 2
System 3
System 4
System 5
System 6









Different technologies
Conventional system
CCHP
Bat
Heat Pump
GB
LA Ion
Cooling
Heating
CM ACH


















































Thermal
Renewable
Energy storage
energy
TS
ST WT PV





























3.1 Optimization of energy systems: Impact on system design
Tab. 5 presents the capacity of every component considered in the optimal configuration of energy systems. It can
be observed the influence of each technology in the sizing of the energy system. From reference system to system
1, GB capacity is reduced to the half when reversible HP is taken into account. System 2 considers CCHP
technology as a candidate; however, it is not selected in the optimal configuration which is equal to the previous
one. System 3 considers TS, in this case the optimal configuration changes by selecting CCHP and TSR whereas
Bat is not selected. Reversible HP and GB capacities reduce in about 70% and 17% respectively. The optimal
configuration does not change when ST is considered in the system 4, so it is equal to the previous one. In system
5, the optimal configuration selects CCHP, HP, GB, TSR, WT and LA Bat. CM capacity reduces in about 6%,
HP capacity increases about 56% whereas ACH and TSR capacity reduce about 24%. In system 6, optimal
configuration is composed of CM, HP, GB, PV, WT, TSR and LA Bat. CM capacity reduces in about 47%, HP
and GB capacities increase in about 43% and 66% respectively. TSR and LA Bat capacities increase in about 40%
and 403% respectively. WT capacity reduces in about 81% due to selection of PV technology.
According to the results, LA Bat technology is required in the optimal configuration from system 0 to 2 as auxiliary
component due to the partial load of the prime mover and it is avoided when CCHP and TSR are selected in the
optimal configuration. On the other hand, batteries start to play an important role, beyond the auxiliary component
when renewable energy technologies such as PV and WT are considered in the optimal configuration. It performs
as storage management to take advantage the renewable energy production.
The cost of the CM is approximately the double of GE cost, therefore, CM starts to be feasible as a prime mover
in the optimal configuration when its installed capacity is approximately the half of the GE in previous system, as
can be observed in system 3. Moreover, the presence of PV and/or WT reduces the prime mover capacity even
more.
Due to the presence of PV and/or WT, HP capacity increases whereas ACH capacity decreases up to be not
considered in the optimal configuration of system 6. On the other hand, TSR allows to reduce the capacity of
cooling production components as well as battery capacity, besides, it increases the flexibility of the system to
manage the electricity from PV and/or WT. Note that in systems 3 and 4 the availability of relatively cheap thermal
energy combined with TS allows to remove the batteries, e.g. electric energy storage. This fact shows a close and
deep integration between thermal and electrical energy, showing its strong interaction when energy conversion
systems, such as reversible HP, converting electrical energy into thermal energy are available.
Tab. 5. Results of installed capacity in the design of energy systems
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Technologies
GE [kWe]

System 0
67

System 1-2 System 3-4 System 5 System 6
67
0
0
0

CM [kWe]
Mechanical Chiller [kWt]
Rev HP [kWt]

0
260
0

0
0
260

33
0
78

31
0
122

16
0
174

GB [kWt]
ACH [kWt]
TSQ [kWht]

219
0
0

102
0
0

85
91
0

85
69
0

141
0
3
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TSR [kWht]
Bat LA [kWh]
Bat Ion [kWh]

0
19
0

0
18
0

152
0
0

116
13
0

162
66
0

ST [m2]
WT [kWe]

0
0

0
0

0
0

0
21

0
4

PV [kWe]

0

0

0

0

52

The investment and operational cost of each system are presented in Tab. 6. From system 0 to system 2, the total
annual cost reduction is due to the reduction in GB investment cost, on the other hand, from system 2 to system
6, the total annual cost is reduced because of the significant operational cost savings, despite the total investment
cost increases, for instance, comparing system 6 with respect reference system, it is possible to reduce the total
annual cost up to 22% with an increasing in the investment cost of about 41%.
Tab. 6. Investment and operational annual cost [€/yr]

Investment cost [€/yr]

Technology
GE
CM
Mechanical
Chiller
HP
GB
ACH
TSQ
TSR
Bat LA
Inv-Ch
ST
WT
PV
Inv
Total cost

System 0
9038
0

System 1-2
9061
0

System 3-4
0
11955

System 5
0
11276

System 6
0
5983

18197

0

0

0

0

0
4531
0
0
0
744
1118
0
0
0
0

18197
2122
0
0
0
713
1081
0
0
0
0

5448
1768
12899
0
7439
0
0
0
0
0
0

8515
1760
9797
0
5648
507
592
0
7044
0
1725

12181
2918
0
131
7912
2552
1626
0
1305
8341
4613

33628

31175

39509

46865

47560

Operational annual cost [€/yr]

71143

71380

59284

48527

34044

Total annual cost [€/yr]

104771

102555

98793

95392

81604

The investment cost breakdown of each system is shown in the Fig. 2. The weight of the mechanical chiller and
reversible heat pump on the total investment cost is above 50% in the reference system and system 1-2. The weight
of HP decrease drastically in subsequent systems. In systems 3-4 the CCHP technology investment cost is above
60% on the total investment cost. However, in the systems 5 and 6, none of the technologies exceed the 50% of
the total investment cost, in fact, in system 6 the highest investment cost is 26% corresponding to HP technology.
From the point of view of reliability, this shows an advantage of the use of polygeneration systems, which avoid
a high dependency on a specific device to produce one product, and reduce the operational and economic impact
on the system when a replacement of a component must be carried out.
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Reference Scenario
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Inv-Ch
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1%
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HP
58%

TIC0 =33628 €
Inv
4%

CM
30%

GE
29%

CM
13%

PV
17%
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GB
4%

TSR
17%

WT
15%

GB
6%

HP
18%

TIC5 =46865 €

WT
3%

HP
26%

TIC6 =47560 €

Fig. 2. Investment cost breakdown of each energy system evaluated. TICi: Total annual Investment Cost of the system i.

3.2 Economic and environmental impact of energy system integration
The integration of energy systems allows to obtain economic savings or CO2 emissions reductions, or both of
them. Fig. 3 shows the economic and environmental impact of energy systems integration respectively. From
system 0 to 2, there is a reduction in total annual cost of about 2% only when considering a reversible heat pump
for cooling and heating instead of a mechanical chiller, whereas any change in CO2 emissions can be neglected.
From system 2 to 4, there is a total annual cost reduction of about 4% as well as a remarkable CO2 emissions
reduction of about 22% due to the selection of CCHP and TSR technologies in the optimal configuration. From
system 4 to 5, there is a total annual cost reduction of about 3% and CO2 emissions reduction of about 14% because
WT technology is selected. Finally, from system 5 to 6, both total annual cost and CO2 emissions have a
remarkable reduction of about 14% and 22% respectively, when PV technology is selected in the optimal
configuration.
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Fig. 3. Economic (left) and environmental (right) impact of energy system integration
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3.3 Lead Acid Vs Ion Lithium batteries technology
According to the result, when batteries appear in the optimal configuration, Lead acid technology is the most
suitable from the economic point of view. However, this is a mature technology which is hardly to improve its
performance or reduce its cost. On the contrary, Ion-Lithium technology has a high potential of performance
improvement and reduction cost. Actually, the performance and unit cost used in this work were based only on
the NMC (Nickel Manganese Cobalt) technology; however, there is a wide range of Ion-Lithium technologies
which improve its performance. In addition, although their cost is higher than Lead acid batteries nowadays, they
have a perspective of reduction in a near future (IRENA, 2017). Based on these facts, a sensitivity analysis has
been carried out varying the number of cycles to failure Nc,failure for ion lithium batteries from 2000 to 10000,
which is the current available range in the market, in order to obtain the optimal configuration of the system 6.
The considered lifetime for the batteries is 12 years. Fig. 4 shows the battery capacity, the total number of executed
cycles during the operation and total annual cost as a function of the number of cycles to failure. It is observed
that above 4000 cycles there is no change in the total annual cost, which means that the optimal configuration
remains beyond this value. The maximum number of operation cycles is about 3500, therefore, when Nc,failure
increases beyond this value, lifetime should be increase as well, and the total annual cost must decrease.
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4000 6000 8000 10000
Nc,failure [cycles]

Bat Capacity [kWh]

Total operation cycles

82400
82300
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82100
82000
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81700
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0
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y
30
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2500
2000
1500
1000
500
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3000 4000 6000 8000 10000
Nc,failure [cycles]

Bat Capacity [kWh]

Total cost [€/yr]

Fig. 4. Ion- Lithium battery capacity as a function of Nc,failure. Total number of executed cycles during the operation as a
function of Nc,failure (left) and total annual cost of the system as a function of as a function of Nc,failure (right).

This is an iterative process which is depicted in the Fig. 5. By applying this procedure, it was found that, at current
cost, Ion-Lithium technology could be feasible when Nc,failure is about 6000 cycles which allows to increase the
lifetime battery up to 20 years approximately in this case of study. It is worthy to say that the total number of
cycles executed is below 6000, which means that increase the Nc,failure does not implies improve the objective
function. Therefore, this could be considered the optimal design of the Ion-Lithium battery for this application.

Fig. 5. Iterative process to calculate the lifetime battery as function of Nc,failure
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4. Conclusions
By using MILP it was possible to evaluate the economic and environmental impact of the integration of energy
systems for a residential building in Zaragoza. A systematic integration of different technologies was carried out
from conventional to polygeneration systems. Results show that reversible HP allows to reduce the GB capacity
as well as to take advantage the electricity production from renewable energy technologies, leading to high CO2
emissions reduction. Energy storage permits to decouple the energy production and energy demand. In this sense,
both thermal and electric energy storage allows to manage the renewable energy production. In particular, by
using TSR it is possible to reduce the capacity of cooling production components such as HP, leading to reduce
the investment cost as well. Batteries can be used as an auxiliary component to support the partial load operation
of the prime mover, but they are not required in system 3, being displaced by CCHP and TSR technologies.
Nonetheless, batteries become necessary when renewable energy technologies such as PV or WT are considered.
It was demonstrated the saving costs and CO2 emissions reduction achieved by integrating different technologies,
being remarkable in the maximum level of integration when PV technology is selected.
As regard batteries technology, it was carried out a sensitivity analysis in which different number of cycles of Ionlithium battery were evaluated in order to show their competitiveness with respect to Lead acid technology.
Results have shown that, for the studied case, at current cost, Ion-lithium batteries could be competitive when the
maximum number of cycles to failure is about 6000 cycles.

5. Acknowledgments
This work was developed in the frame of the research project ENE2017-87711-R, partially funded by the Spanish
Government (Energy Program), the Government of Aragon (Ref: T55-17R), Spain, and the EU Social Fund
(FEDER Program 2014-2020 "Building Europe from Aragon"). The authors also want to acknowledge the
mobility program for Latin-Americans offered by Unizar-Santander Universities.

6. References
AENOR, 2005. Instalaciones solares térmicas para producción de agua caliente sanitaria-UNE 94.002.
Aeolos,
2006.
Aeolos
Wind
Turbine
30kW
Specification
[WWW
http://www.windturbinestar.com/30kwh-aeolos-wind-turbine.html (accessed 5.28.19).

Document].

URL

Atersa, 2017. Specifications of photovoltaic module A-255P [WWW Document]. URL
http://www.atersa.com/Common/pdf/atersa/manuales-usuario/modulos-fotovoltaicos/Ficha_Tecnica_A-255P-A265P_Ultra.pdf (accessed 1.6.18).
Ayerbe, 2018. Catálogo de grupos electrógenos 2018 [WWW Document]. URL http://www.ayerbe.net/AYERBECATALOGO-2018.pdf (accessed 10.3.18).
BAXI,
2017.
Catálogo
tarifa
[WWW
Document].
/media/websites/baxies/files/catalogo-2017-bajaress.pdf (accessed 1.6.18).

URL

https://www.baxi.es/-

Beccali, M., Cellura, M., Longo, S., Mugnier, D., 2016. A Simplified LCA Tool for Solar Heating and Cooling
Systems. Energy Procedia 91, 317–324. https://doi.org/10.1016/J.EGYPRO.2016.06.226
Carbon
footprint,
2016.
2016
Carbon
conversion
factors
[WWW
Document].
https://www.carbonfootprint.com/2016_carbon_conversion_factors.html (accessed 2.14.19).

URL

Darrow, K., Tidball, R., Wang, J., Hampson, A., 2017. Catalog of CHP technologies.
DiOrio, N., Dobos, A., Janzou, S., Nelson, A., Lundstrom, B., 2015. Technoeconomic Modeling of Battery Energy
Storage in SAM. NREL Technical Report.
Duffie, J.A., Beckman, W.A., 2013. Solar Engineering of Thermal Processes, 4th ed. John Wiley & Sons.
Dufo-López, R., Lujano-Rojas, J.M., Bernal-Agustín, J.L., 2014. Comparison of different lead–acid battery
lifetime prediction models for use in simulation of stand-alone photovoltaic systems. Appl. Energy 115, 242–253.
https://doi.org/10.1016/j.apenergy.2013.11.021

352

A. Lazaro et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

ENERTRES, 2017. Catálogo tarifa 11E [WWW Document]. URL https://enertres.com/aerotermia/ (accessed
5.2.19).
Fu, R., Feldman, D., Margolis, R., Woodhouse, M., Ardani, K., 2017. U.S. Solar Photovoltaic System Cost
Benchmark: Q1 2017. https://doi.org/10.2172/1395932
Guadalfajara, M., 2016. Economic and environmental analysis of central solar heating plants with seasonal storage
for the residential sector. Ph. D. Thesis. Universidad de Zaragoza.
Hiremath, Mitavachan & Derendorf, Karen & Vogt, T., 2015. Comparative Life Cycle Assessment of Battery
Storage Systems for Stationary Applications. Environ. Sci. Technol. https://doi.org/10.1021/es504572q
Homer Energy, 2016. HOMER® Pro Version 3.7 User Manual.
IDAE, 2018. Estudios, informes y estadísticas [WWW Document]. URL http://www.idae.es/estudios-informesy-estadisticas (accessed 1.30.19).
IDAE, 2011a. Consumos del Sector Residencial en España - Resumen de Información Básica.
IDAE, 2011b. Plan de Energías Renovables (PER) 2011-2020.
IDAE, 2009. Escala de calificación energética para edificios de nueva construcción.
IRENA, 2017. Electricity storage and renewables: Costs and markets to 2030. https://doi.org/ISBN 978-92-9260038-9 (PDF)
LINDO Systems Inc, 2013. Lingo-Optimization Modeling Software for Linear, Nonlinear, and Integer
Programming.
Mancarella, P., 2014. MES (multi-energy systems): An overview of concepts and evaluation models. Energy 65,
1–17. https://doi.org/10.1016/J.ENERGY.2013.10.041
Manwell, J.F., McGowan, J.G., 1993. Lead acid battery storage model for hybrid energy systems. Sol. Energy 50,
399–405. https://doi.org/10.1016/0038-092X(93)90060-2
Manwell, J.F., McGowan, J.G., Rogers, A.L., 2009. Wind Energy Explained, 2nd ed. WILEY.
Marín Giménez, J.M., 2004. Evaluation of alternatives for the energy supply of a residential building in Zaragoza.
Universidad de Zaragoza.
McManus, M.C., 2012. Environmental consequences of the use of batteries in low carbon systems: The impact of
battery production. Appl. Energy 93, 288–295. https://doi.org/10.1016/J.APENERGY.2011.12.062
Meteotest, 2017. Meteonorm Software.
Nejat, P., Jomehzadeh, F., Taheri, M.M., Gohari, M., Muhd, M.Z., 2015. A global review of energy consumption,
CO2 emissions and policy in the residential sector (with an overview of the top ten CO2 emitting countries).
Renew. Sustain. Energy Rev. 43, 843–862. https://doi.org/10.1016/j.rser.2014.11.066
Orrell, A., Poehlman, E., 2017. Benchmarking U.S. Small Wind Costs With the Distributed Wind Taxonomy.
Peters, J.F., Baumann, M., Zimmermann, B., Braun, J., Weil, M., 2017. The environmental impact of Li-Ion
batteries and the role of key parameters – A review. Renew. Sustain. Energy Rev. 67, 491–506.
https://doi.org/10.1016/J.RSER.2016.08.039
Pina, E.A., Lozano, M.A., Serra, L.M., 2017. A Multicriteria Approach for the Integration of Renewable Energy
Technologies and Thermal Energy Storage to Support Building Trigeneration Systems, in: International
Confenerence on Solar Heating and Cooling for Buildings and Industry.
R. Frischknecht, R. Itten, F. Wyss, I. Blanc, G. Heath, M. Raugei, P.S., A. Wade, 2015. Life Cycle Assessment
of Future Photovoltaic Electricity Production from Residential - scale Systems Operated in Europe Life Cycle
Assessment of Future Photovoltaic. https://doi.org/10.1016/j.jamda.2016.12.070.
Ramos, J., 2012. Optimization of the design and operation of cogeneration systems for the residential and
commercial sector. Ph. D. Thesis. Universidad de Zaragoza.

353

A. Lazaro et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Salvador
Escoda
S.A,
2017.
Tarifa
de
precios
http://www.salvadorescoda.com/tarifas/index.htm (accessed 1.6.18).

[WWW

Document].

URL

Serra, L.M., Lozano, M.-A., Ramos, J., Ensinas, A. V., Nebra, S.A., 2009. Polygeneration and efficient use of
natural resources. Energy 34, 575–586. https://doi.org/10.1016/J.ENERGY.2008.08.013
Tapia-Ahumada, K., Pérez-Arriaga, I.J., Moniz, E.J., 2013. A methodology for understanding the impacts of largescale penetration of micro-combined heat and power. Energy Policy 61, 496–512.
https://doi.org/10.1016/J.ENPOL.2013.06.010
Tremeac, B., Meunier, F., 2009. Life cycle analysis of 4.5 MW and 250 W wind turbines. Renew. Sustain. Energy
Rev. 13, 2104–2110. https://doi.org/10.1016/J.RSER.2009.01.001
U.S. Department of Energy, 2017. Absorption Chillers for CHP Systems.
Viti, A., 1996. DTIE 1.01 Preparación de agua caliente para usos sanitarios. ATECYR.
Yanmar, 2017. Combined Heat & Power [WWW Document]. URL http://www.yanmar-es.com/products/mchp/
(accessed 1.6.18).

354

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Towards a sustainable bioclimatic approach for the Peruvian high
Andean rural area: Evaluation of the thermal contribution of a
greenhouse attached to a dwelling

Juan O. Molina, Martin Ponce, Manfred Horn and Mónica M. Gómez
Faculty of Sciences/Universidad Nacional de Ingeniería, Av. Tupac Amaru 210, Rimac, Lima (Peru)
Abstract
This study includes the evaluation and validation of two experimental housing modules built in Imata, Arequipa,
Peru, at 4500 meters above sea level (masl) and with a very cold climate. The modules are similar, differing
only in that one of them has a greenhouse attached to the north wall. The design and materials used in the
module envelopes are similar to what is mostly used locally. For the simulation work and the validation of the
energetic behavior, both modules were equipped for the acquisition of the temperatures in the interior, and for
the simulation, the EnergyPlus software was used. The exchange of air between the module with the greenhouse
and its greenhouse was controlled by means of opening and closing the door and window that connected them,
using different configurations. When the door and the window are open during daytime, the temperature inside
the module can increase 5.7 °C with respect to the module without the greenhouse, and in relation to the external
temperature, up to 12.1 °C during the day and up to 16 °C during the night. The data obtained with simulation
are in excellent agreement with the data measured inside the two modules for all the proposed configurations.
These results strengthen the proposal to use attached greenhouses to obtain sustainable heating for rural high
Andean homes which, for the most part, do not have any heating.
Keywords: thermal comfort, solar energy, energy efficiency, attached greenhouse

1. Introduction
In recent years, attention has been prioritized in Peru on the most vulnerable population sectors (due to their
social status, age, nutritional status and geographical location) (Presidency of the Council of Ministers, 2019). A
particular case is the population settled in the south of the country in the high Andean region located more than
4000 meters above sea level (masl); the health of this population is at risk due to the very cold climate, which
has caused the deaths of hundreds of inhabitants. Given this problem, pilot projects of bioclimatic housing
construction have been carried out from the government, academia and the private sector to improve the
habitability conditions by applying a series of bioclimatic techniques and strategies, prioritizing heat isolation
and the use of passive solar systems for heating, such as attached greenhouses (GIZ-MVCS, 2015). Passive solar
heating is particularly advantageous when considering that in these areas, the solar resource is abundant (above
6 kWh m-2 day-1) (SENAMHI, 2003). These projects focused the studies on determining the temperature inside
the house, as a result of the whole envelope, but did not quantify the thermal or energy contribution of each
implemented technique. The present study is based on the determination of the thermal energy contribution of a
greenhouse attached to an experimental housing module in an Altoandina area.
Although greenhouses are better known in agriculture for the production of vegetables in regions where open
field production is not possible because of the climate (Theurl et al., 2017; Li et al., 2017), greenhouses attached
to homes are also used in cold climates as a passive heating system with the objective to reduce the demand for
active heating. Some studies made in Europe are given here: A comparison of different technological options
evaluated in the winter season (Chiesa et al., 2017); a determination of the thermal efficiency of a greenhouse
(Schoenau et al., 1990; Bataineh and Fayez, 2011); a determination of solar gain from environments adjacent to
an attached greenhouse (Oliveti et al., 2012); contribution to energy efficiency as an efficient strategy for saving
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energy (Ignjatović et al., 2015); a contribution to thermal comfort in the main spaces (Bakos and Tsagas, 2000);
use of dynamic simulation software to determine its energy efficiency (Asdrubali et al., 2012; Mihalakakou,
2002); and a validation of results calculated using simulation software with registered experimental data
(Mottard and Fissore, 2007).
In the Latin American region, similar studies have also been developed as part of the design and strategies of
passive solar homes, similar to the case study in Chile where by comparison, using simulations for complete
houses with and without an attached greenhouse, the positive effect of the greenhouse was inferred in the
interior environments of the houses (Müller, 2008). In Andean Patagonia, in a cold climate, the temperature was
measured over a year in an attached greenhouse during the winter, spring and autumn (González, 2012).
Regarding Peru, some work was done with attached greenhouses in the design of bioclimatic houses to
determine their thermal contribution using dynamic simulations (Ramos et al., 2013). These studies were done
mostly at the National University of Engineering (UNI), mainly in the framework of undergraduate and graduate
thesis, summarized in the thesis of Molina (2016), and focused on solving and looking for alternatives to
improve thermal conditions in houses located at more than 3000 masl, with very cold climates (Molina et al.,
2019a; Gómez et al., 2016). Likewise, the dynamic simulation program EnergyPlus (U.S. Department of
Energy’s, n.d.) has been used at UNI for the last ten years as a calculation engine for the analysis of heat transfer
in a transient state (Molina, 2018). These works considered the use of solar energy, abundant in the Andean
areas, passive heating strategies and the use of local materials, such as adobe (Abanto et al., 2017),
complemented with industrial products with good thermal performance. Peru has a technical standard, EM.110:
"Thermal and light comfort with energy efficiency", which emphasizes compliance with maximum thermal
transmittance in walls, ceilings and floors (MVCS, 2014). However, this standard considers only the insulation
property of materials, but not their character as a heat storage material (thermal inertia), a consideration that
should be taken into account in climates with high solar radiation and significant daily thermal oscillations.
In the present study, two habitable experimental modules (ME) were built in the village of Imata, in the region
of Arequipa, at 4500 masl, at a latitude of 15° 50' South, and a longitude of 71° 5' West, where absolute
minimum temperatures of up to -23 °C have been recorded (SENAMHI-FAO, 2010). Prior to the construction
of the modules, a diagnosis was made of the housing typology in Imata. There was a predominance of adobe in
the construction of walls, a vernacular material of good thermal performance, which little or nothing can help
against extremely cold temperatures if the other components of the envelope are not thermally suitable, such as
the sheet metal corrugated zinc-iron (known as "calamine" in Peru) to cover the roof (Figure 1a), metal doors
and metal frames of single-glass windows (Figure 1b). Due to its high heat conductance, these metal parts of the
envelope act as thermal short-circuit, with the result that during the day, the interior of the houses will be
overheated and at night they are similar to a refrigerator. If the large infiltrations are added, as a result of badly
closing doors and windows, the interior temperature will not be very distant from the outside temperature.
The modules were built with a rectangular base of 3.8 m x 4.8 m each, and only one of them has the greenhouse
attached to its north wall that occupies an additional area of 2.4 m x 4.8 m. The construction system used was
the traditional method according to the customs of the area, using local materials complemented with other
commercial ones. In addition, skylights in the ceiling and false ceilings were implemented, which were
constructive elements not typical in the area.
To determine the thermal behavior of the modules, the EnergyPlus software was used, which is a calculation
engine based on transient heat transfer models to perform thermal and energy calculations in a house or building
(Crawley et al., 2001). The EnergyPlus software is complemented by two other software programs, the
SketchUp that provides the structure of the model, i.e., the 3D design; and OpenStudio, which defines spaces,
weather and thermal conditions, an interface that uses SketchUp tools for the use of EnergyPlus (Alghoul et al.,
2017). Subsequently, the model is validated with real data registered in situ to determine the agreement between
real and simulated data.
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(a)

(b)

Fig. 1: (a) View of a part of the village of Imata, (b) typical dwelling with a corrugated metal sheet roofing and iron window frame
and iron door.

2. Description of the experimental modules and attached greenhouse
The habitable experimental modules (ME) are located in the village of Imata, district of San Antonio de Chuca,
Caylloma province, in the Arequipa region, at 4500 masl, in the south of Peru. The modules are 18.24 m2 each
and they have the same construction elements and dimensions of their enclosure: floor, walls, ceiling, door,
window, false ceiling, and skylights in the ceiling and false ceiling. Experimental module 1 (ME1) does not
have a greenhouse and experimental module 2 (ME2) has a greenhouse attached to the north-facing wall. Each
module has 2.4 m2 of skylights in the ceiling and false ceiling, covered with 6 mm thick alveolar polycarbonate
sheets, with an UV filter of 3.12. These construction elements do not exist in typical rural houses but are
considered to be important passive elements of a bioclimatic house in this region, capable of collecting the solar
radiation with the sun at midday near the zenith. The walls are of adobe with a square base of 0.4 m and 0.12 m
height (Figure 2a shows the moment of building the walls), with 2 cm thick plaster layers inside and outside.
The window has a size of 0.7 m2 and has a simple glass and an iron frame; the door, with a wooden frame and
galvanized sheet of iron, “calamina”, has a size of 1.89 m2, and 5 cm of expanded polystyrene on the inner side;
the false ceilings consist of a 4 mm thick plywood, with 5 cm of expanded polystyrene on top. The floor is made
of earth that is levelled and rammed, and the roof is made of corrugated red fiber cement sheets, 4 mm thick.
Figure 2b shows the moment of tightening of the fiber cement sheets to the wooden structure of the ceiling.
The attached greenhouse in the ME2 occupies an area of 8 m2, and 18.68 m2 of surface with alveolar
polycarbonate sheets. Figure 2c shows the timber structure. The floor is simple concrete 0.1 m high, and the
lower part of the walls is of adobe, 0.85 m high and 0.4 m wide. The 1.63 m2 door has a wooden frame and
alveolar polycarbonate sheet.

(a)
(b)
(c)
Fig. 2: Views of part of the construction process of the experimental modules, (a) adobe walls, (b) fiber cement roofs, and (c) wooden
structure of the attached greenhouse (at ME2).
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3. Methodology
The methodology of evaluation and thermal analysis of the experimental modules, ME1 without a greenhouse
and ME2 with an attached greenhouse, begins with separately modeling both modules using the tools of the
OpenStudio installed within the SketchUp environment to create the thermal zones and geometry in 3D, as
shown at Figure 3a, with respect to the design of the constructed modules (Figure 3b).

(a)

(b)

Fig. 3: (a) The designed modules: with (ME2) and without greenhouse (ME1), (b) The constructed modules

The ME1 has one thermal zone less than the ME2, due to the attached greenhouse at ME2 (Figure 4a). The other
four thermal zones, equal for both modules, are the space of the modules below the false ceiling, (Figure 4b),
and the three spaces generated in the attic: one is in the center formed by the roof skylights, false ceiling and
sidewalls that enclose this space (Figure 4c), and the other two are at each side: at the east (Figure 4d) and west
(Figure 4e). The green line in each of the figures represents the north. Subsequently, all surfaces are configured
according to the construction element of the envelope and the file with the extension .idf, representing the data
input file to EnergyPlus, is saved. Finally, the .idf file is opened, and in the EnergyPlus subprogram EP-Launch,
the climate file is entered. In our case, that file was generated with the Elements program for the days from
December 2 to 12, 2018, as a result of the registration of data with a Davis weather station, Ventage Pro Plus,
installed on-site at Imata. Variables are entered with the IDF-Editor of the Ep-Launch subprogram.

(a)

(b)

(d)

(c)

(e)

Fig. 4: Thermal zones (in dotted cubes) created in the experimental modules ME1 and ME2.
(a): attached greenhouse at ME2; four common thermal zones: (b): interior, (c): center attic, (d): east attic, and (e): west attic.
The green line indicates north.
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The temperatures inside the experimental modules and the greenhouse were measured every five minutes with
Pt100 temperature sensors connected to a four-channel Onset Hobo data logger. To determine, experimentally,
the thermal contribution of the greenhouse to the interior temperature of the ME2, the temperature was
measured with four different configurations during the days of December 2 to 12, as indicated in Table 1. The
entrance door from the outside to the greenhouse remained closed and only opened for the data download, the
door and window of ME2 were opened or closed according to the respective configuration, from 8:00 AM to
5:00 PM. ME1 remained closed and only for data download was the door was opened. All these configurations
are introduced as input variables to the IDF-Editor of the EnergyPlus, along with the thermophysical properties
of the materials, such as density (kg m-3), specific heat (J kg-1 K-1) and thermal conductivity (W m-1 K-1); data
taken from Standard EM.110, in addition to solar absorptivity, air exchanges, and infiltrations. Once the output
variables have been defined in the IDF-Editor, the EnergyPlus is executed with the EP-Launch using the trial
and error methodology, and the results obtained from the simulation are compared hourly with the
experimentally recorded data.

Tab. 1: Measurement configurations in the experimental modules (ME) from December 2 to 12, 2018. From 8:00 AM to 5:00 PM
the door or window remained open or closed according to the respective configuration.

Measurement configuration of the experimental modules (ME)
Dates
ME1 (without greenhouse)
Dec 2 to 4

ME2 (with greenhouse)
Door and window closed

Dec 5 to 6

Door and window open
Door and window closed

Dec 7 to 9

Door open and window closed

Dec 10 to 12

Door closed and window open

4. Results
Figure 5 shows the experimental and simulated data of the indoor air temperature of ME1 and ME2 (hereinafter
black dotted line for the experimental data and black solid line for the simulated), along with the outside
temperature (hereinafter solid gray line) for the closed door and closed window configuration of the ME2
(represented in the image with black color) for the days from December 2 to 4. On the daily average, the indoor
air temperature of ME1 was 8.2 °C and of ME2, 12 °C, i.e., the temperature in ME1 was 3.8 °C lower than in
ME2. The average outside air temperature was 2.1 °C and the daily average of the difference between the
experimental and the simulated temperature was 0.3 °C. Between 9:00 AM and 6:00 PM, on average, the
temperature in ME1 is 2.8 °C higher than the outside temperature (Figure 5a), while for ME2 (Figure 5b), there
is an average difference of 7 °C between inside and outside. The most notable difference occurs between
midnight and 8:00 AM, specifically approximately 5:00 AM, where the average temperature difference between
inside and outside was 12.6 °C for ME1, and 16.3 °C for ME2.
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Fig. 5: Hourly temperature in the experimental modules (ME): indoor, simulated (solid black line) and experimental (dotted line),
and outdoor (solid gray line); (a) without greenhouse ME1, (b) with greenhouse ME2; from December 2 to 4. The black color on the
door and window of the image of ME indicate that they are closed.

Figure 6 shows the experimental and simulated data of the indoor air temperature of ME1 and ME2, along with
the outdoor temperature for the open door and window configuration of ME2 from 8:00 AM to 5:00 PM
(represented in the image with a white color), for the days from December 5 to 6. On average, the daily indoor
air temperature of ME1 was 8.4 °C and of ME2, 14.1 °C, i.e., the temperature in ME1 was 5.7 °C lower than in
ME2. The average of the difference between experimental and simulated temperature was 0.4 °C and the
average outside temperature was 2.8 °C. For ME1 (Figure 6a), between 9:00 AM and 6:00 PM, the inside
temperature was on average 2 °C higher than the outside temperature, while for ME2 (Figure 6b), there was an
average difference of 9.8 °C between inside and outside. The most notable difference occurs between 24:00 and
8:00, specifically approximately 5:00 AM, where the average temperature difference between inside and outside
was 12.1 °C for ME1, and 16 °C for ME2.
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Fig. 6: Hourly temperature in the experimental modules (ME): inside, simulated (solid black line) and experimental (dotted line),
and outside (solid gray line); (a) without greenhouse ME1, (b) with greenhouse ME2; from December 5 to 6. The black color on the
door and window of the image of ME indicate closed, and white, open.

Figure 7 shows the experimental and simulated data of the indoor air temperature of ME1 and ME2, as along
with the outdoor temperature, for the open door and closed window configuration (from 8:00 AM to 5:00 PM)
of ME2 (represented in the image, white if open, and black if closed), for the days from December 7 to 9. On
average, the daily indoor air temperature of ME1 was 10.7 °C and of ME2, 16.1 °C, i.e., the temperature in ME1
was 5.4 °C lower than in ME2, with an average daily difference of 0.1 °C between the experimental and
simulated temperature. The average outdoor air temperature was 6.5 °C. For ME1 (Figure 7a), between 9:00
AM and 6:00 PM, the indoor temperature was, on average, 1.7 °C higher than the outside temperature, while for
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ME2 (Figure 7b), there was an average difference of 9.2 °C between inside and outside. The most notable
difference was observed between 24:00 and 8:00, specifically approximately 5:00 AM, where the average
temperature difference was 9 °C for ME1, and 12.6 °C for ME2 between inside and outside.
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Fig. 7: Hourly temperature in the experimental modules (ME): indoor, simulated and experimental (solid black dotted lines), and
outdoor (solid gray line); (a) without greenhouse ME1, (b) with greenhouse ME2; from December 7 to 9. The black color on the
door or window of the image of ME indicate closed, and white, open.
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Finally, Figure 8 shows the experimental and simulated data of the indoor air temperature of ME1 and ME2,
along with the outdoor temperature for the closed door and open window configuration (from 8:00 AM to 5:00
PM) of ME2 (represented in the image with a white color if open, and black, if closed), for the days from
December 10 to 12. On a daily average, the indoor air temperature of ME1 was 12.1 °C and for ME2, 16.2 °C;
i.e., the temperature in ME1 was 4.1 °C lower than in ME2, with an average daily difference of 0.1 °C between
experimental and simulated temperatures. The average outdoor air temperature was 7.6 °C. In the case of ME1
(Figure 8a), between 9:00 AM and 6:00 PM, the indoor temperature was on average 1.8 °C higher than the
outside temperature, while for ME2 (Figure 8b), there was an average difference of 6.6 °C between inside and
outside. The most notable difference occurs between 24:00 and 8:00, specifically approximately 5:00 AM,
where the average temperature difference between inside and outside was 9.8 °C for ME1, and 13.4 °C for ME2.

Time (h:min)

Time (h:min)

(a)

(b)

Fig. 8: Hourly temperature in the experimental modules (ME): inside, simulated and experimental (solid black and dotted lines),
and outside (solid gray line) (a) without greenhouse ME1, (b) with greenhouse ME2; from December 10 to 12. The black color on
the door or window of the image of ME indicates closed, white indicates open.

The EnergyPlus software also allows the determination of the energy required for heating (Er) in the case that a
constant interior design temperature is wanted. For the case under study, a design temperature of 15 ° C had
been considered, corresponding to an adaptive thermal well-being model for an Altoandina region (Molina et
al., 2019b). The results are presented in Table 2.
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It is noteworthy that the MEs do not have an active heating facility, so no experimental validation of these
simulated data could be done. It is also difficult to compare the results of the different configurations
implemented during the evaluation period of December 2 to 12, 2018, in particular because the average outside
temperature increased from 2.1 °C to 7.6 °C during that time. In addition, ME1 is a housing module that is
improved if compared with the typical houses in Imata, which do not have a suspended ceiling with a skylight.
Nevertheless, the data clearly show that the greenhouse results in a significant reduction of the energy needed
for heating, of approximately 30 %.
Tab. 2: Required heating energy (Er) in the experimental modules (ME) without and with greenhouse (ME1 and ME2) considering
a thermal well-being design temperature of 15 ° C.

Dates

Er ME1
(kWh day-1)

Er ME2
(kWh day-1)

Dec 2-4

47.67

31.41

Dec 5-6

30.89

20.74

Dec 7-9

33.89

24.50

Dec 10-12

26.35

18.64

5. Conclusions
Taking advantage of the abundant solar radiation in the Andean areas of Peru, a greenhouse attached to a house
contributes significantly to the thermal well-being inside the house. Comparing different configurations
regarding the opening and closing of the window and the door connecting the greenhouse and the housing
module, the best results were obtained with the door and window open during the daytime. An average
temperature increase of 5.7 °C was obtained experimentally in the housing model due to an attached
greenhouse. The same result was obtained with a simulation, validating the simulation model. Energetically, if a
constant design interior temperature of 15 °C would have been required, the simulation indicates that the
greenhouse would have produced a daily energy saving for heating of approximately 30 %.
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Abstract
The Atacama Desert presents ideal conditions for the proliferation of solar projects due to the high solar resource
present in the area. However, Atacama Desert is also known to have a large amount of ultraviolet radiation due to
the scarcity of ozone and aerosols in its atmosphere. Ultraviolet radiation is harmful to the people who work under
its influence and affects the durability of the materials used in PV facilities. Two useful models for the estimation of
solar irradiance and daily solar irradiation in the ultraviolet A spectral range in the Atacama Desert are shown in this
paper. The models were generated by using artificial neural networks and use global horizontal irradiance
measurements and astronomical calculations as inputs. Results show relative errors of 6% and 3% for the estimations
of UV-A irradiance and UV-A daily irradiation, respectively. Therefore, these models show that they are reliable for
the estimation of solar radiation in the UV-A range in the Atacama Desert, being able to provide information in those
places where it is needed.
Keywords: UV-A irradiance, artificial neural network, Atacama Desert, Resource solar.

1. Introduction
Nomenclature
Abbreviations
PSDA
ANN
CDEA
LMA
MSE
MBE
RSME

Plataforma Solar del Desierto de Atacama
Artificial Neural Network
Centro de Desarrollo Energético Antofagasta
Levenberg-Marquardt Algorithm
Mean Square Error
Mean Bias Error
Root Mean Square Error

Symbol
GHI
WS
Tair
RH
Patm
UV-A
SZA
AM

Meaning
Global Horizontal Irradiance
Wind speed
Ambient Temperature
Relative Humidity
Atmospheric Pressure
Ultraviolet Type A
Solar Zenith Angle
Air Mass

Units
[W m-2]
[m/s]
[°C]
[%]
[mb]
[°]
[NU]

Ultraviolet solar radiation (UV) is part of the solar radiation that reaches the Earth's surface. Specifically, UV is
defined as the spectral range between the 200 nm and 400 nm wavelengths of the electromagnetic spectrum. This
spectral range is the one in which the most energetic photons reach the earth's surface. According to the spectral subband, it is named as UV-A, UV-B, and UV-C for the 315-400 nm, 280-315 nm, and 200-280 nm ranges, respectively.
Its intensity is influenced by several factors, such as, sun elevation, geographical parameters, clouds, and atmospheric
aerosol and ozone content. It contents the 4.6% of the energy coming from sunlight under standard conditions,
according to the standard solar spectrum (ASTM G173).
The health damage caused by ultraviolet radiation is well known, as it is highlighted in the INTERSUN program of
the World Health Organization. This program aimed urgently to undertake research into the effects on human health
of the increase in ultraviolet radiation and to study the possibility of taking appropriate corrective measures.
However, ultraviolet radiation does not only affect human health. Materials made of natural or synthetic polymers
can be affected by ultraviolet radiation when exposed to sunlight. This reduces the durability of products using these
materials, a problem known as UV degradation (Leun et al., 1995)(Kowalski, 2009)(Andrady et al., 1998).
In the context of photovoltaic (PV) technologies, UV solar radiation can affect in different ways. For instance, PV
cells are composed of a crystal that protects them from external conditions, an encapsulant and the photodiode where
the energy of the photons is transformed into electrical energy. Encapsulants are needed to provide electrical
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insulation and to protect modules from mechanical damage and environmental corrosion (Kempe, 2008). They
usually consist of polymers that are affected by UV radiation, in combination with other parameters, reducing their
transparency. A reduction in the encapsulant transparency means a reduction of the amount of solar radiation reaches
PV cells and, consequently, the efficiency of the modules (Rosenthal and Lane, 1991)(Wenger et al., n.d.)(Wenger
et al., n.d.)(Jordan and Kurtz, 2012).
However, the effect of UV radiation can also be used to favor certain processes of interest. Specifically, water
treatments, such as solar disinfection or photocatalysis, are current methods based on the use of solar UV radiation
for the treatment of drinking water (Pichel et al., 2019)(Mark D. Sobsey, 2002) (Chong et al., 2010). These water
treatment technologies are of special interest in places where drinking water is scarce and there is a high solar
resource, such as the desert areas of the planet, mainly located in the sun belt.
Due to all this, information about the amount of UV radiation in a certain place, is essential for several scientific
disciplines.
In the area of machine learning, the algorithm of artificial neural network (ANN) is divided into the important areas
of learning, are supervised learning, unsupervised learning and reinforced learning. In this work, it is focused on
supervised learning, mixing statistical indicators in order to obtain a one-layer network for a model that takes into
account the balance of few variables and a low estimation error of irradiance UV-A.

2. Emplacement and instrumentation
The Plataforma Solar del Desierto de Atacama (PSDA) belongs to the Centro de Desarrollo Energético Antofagasta
(CDEA) of the University of Antofagasta. The PSDA is a natural laboratory where solar technologies are tested
under the extreme conditions of aridity and high radiation of Atacama (Olivares et al., 2017). It is located at 24.09°S,
69.93°W and 1000 m of altitude, near the Aguas Blancas basin, at 80 km southeast of the city of Antofagasta.
Fig.1 (a) shows the PSDA geographical location and Fig.1 (c) shows an overview of the PSDA facilities. The most
relevant facility for this paper is its meteorological station, shown in Fig.1 (b). In this station, meteorological and
solar radiation parameters are measured. Instrumentation is maintained daily by PSDA operation staff. Average,
maximum and minimum values of the measurements are recorded with a time resolution of 1 minute in dataloggers
and a computer. Every night, the computer sends the data to a remote server where it is stored.

a

b

c

Fig. 1: (a) location of the PSDA. (b) Close perspective of PSDA meteorological station. (c) Global view of PSDA

The instrumentation used in this paper is described in table 1. The data used in this paper corresponds to the time
period from April 27, 2017 to January 31, 2019.
Table 1 instrumentation and variables available at PSDA and used in this paper

Variable
GHI
WS
Tair
RH
Patm
UV-A
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Instrument
Kipp&Zonen CMP22
Young 05103
Campbell Scientific HMP60
Campbell Scientific HMP60
Campbell Scientific CS106
Kipp&Zonen UVS-AB

G.M. Mondaca Cuevas et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

3. Methodology
In this paper, two artificial neural network with supervised learning were designed for the development of the two
UV-A radiation models. The first model estimates the surface density power received on a horizontal surface,
irradiance, in [W m-2]. The second model allows to estimate the radiative energy received on a horizontal surface
along a day, daily irradiation, in [Wh m-2].
An ANN consists of a set of units, called artificial neurons, connected together to transmit signals. The input
information passes through the neural network (where it undergoes several operations) producing output values.
There are two types of classification and regression, in this case the regression will be used. Fig. 2 shows a general
scheme of an ANN

Fig. 2: Generic diagram of an artificial neuronal network (Raschka, 2015)

An important criterion for the input choice of an ANN is the number of configurations. the input configuration is
described by 2^n, where n is the number of inputs. If there is no relevant input configuration in the network output,
a physical criterion is used for a new configuration.
The backpropagation algorithm of Levenberg-Marquardt (LMA) (Marquardt, 1963) Eq. 1 was used. The advantage
of this algorithm is that they converge in the fastest MSE compared to other algorithms (decreasing gradient). This
equation updates the weights of the neural network where w is the weight of each neuron, 𝛼 is the training rate, 𝑗 is
the jacobian error matrix of the output neurons, 𝑒 is the error of the vector output, 𝜇 damping factor and 𝐼 identity
matrix.
𝑤(𝑛 + 1) = 𝑤(𝑛) − 𝛼 ∗ 𝑤(𝑛 − 1) −

𝐽𝑇 ∗𝑒
𝐽𝑇 ∗𝐽+𝜇∗𝐼

(eq. 1)

Joint data (measured data and additional variables) were used in the development of the artificial neural network.
The data were separated into 2/3 (training) and 1/3 (validation). Internally, the Matlab program uses the MSE as an
indicator of learning performance of ANNs.
To evaluate the models performed by the developed neural networks, the MBE (Mean bias error) and RSME (Root
mean square error) were applied according to eq.2 and eq.3, where n is the number of data, UV-Ae estimated
irradiance and UV-Am measured irradiance. this same equation is applied for the validation of the daily UV-A
irradiation model.
1

𝑈𝑉𝐴𝑒 −𝑈𝑉𝐴𝑚

𝑛

𝑈𝑉𝐴𝑚

𝑀𝐵𝐸 (%) = 100 ∗ ∑𝑛𝑖=1
1

𝑅𝑀𝑆𝐸 (%) = 100 ∗ √ ∑𝑛𝑖=1 (
𝑛

(eq. 2)

𝑈𝑉𝐴𝑒 −𝑈𝑉𝐴𝑚 2
𝑈𝑉𝐴𝑚

)

(eq. 3)

To develop the models, measurements shown in Table 1 were used. Additionally, declination (δ), solar zenith angle
(SZA) and its cosine, air mass (AM), extraterrestrial irradiance (Iext) and clearness index (KT), we call astronomical
variables, were calculated and included as inputs for the ANN.
Declination (δ) is calculated according to Spencer (perpiñan lamigueiro, 2013), Eq. 4 and Eq. 5.
Γ = 2 ∗ 𝜋 ∗ (𝑑𝑛 − 1)/365

(eq. 4)
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𝛿 = 0,006918 − 0,399912 ∗ cos(Γ ) + 0,070257 ∗ −0,006758
∗ cos(2Γ ) + 0,000907 ∗ sin(2Γ ) − 0,002697
∗ cos(3Γ ) + 0,001480 ∗ sin(3Γ )

(eq. 5)

Where Γ is the day angle, in radians, and 𝑑𝑛 is the day number of the year, ranging from 1 on 1 January to 365 on
31 December (Muhammad Iqbal, 1983). SZA is calculated according the following expression:
𝑐𝑜𝑠 𝑆 𝑍𝐴 = 𝑠𝑖𝑛𝛿 𝑠𝑖𝑛𝜑 + 𝑐𝑜𝑠 𝛿 𝑐𝑜𝑠 𝜑 𝑐𝑜𝑠 𝜔

(eq. 6)

Being 𝜑 and 𝜔 the local latitude and the hour angle, respectively. AM can now be calculating with the following
approximation:
𝐴𝑀 =

1

(eq. 7)

cos(𝑆𝑍𝐴)

Iext is estimated according to the solar constant I0 and the eccentricity (Ε):
𝑟

2

I𝑒𝑥𝑡 = I0 ( 0) = I0 Ε
𝑟

(eq. 8)

Where 𝑟0 and 𝑟 are the average distance and the real distance between earth and sun, and Ε is calculated according
to:
𝑟0 2
Ε = ( ) = (1.00011 + 0.034221 cos Γ + 0.00128 sin Γ
𝑟
+ 0.000719 cos 2Γ + 0.000077 sin 2Γ)−1

(eq. 9)

KT can be used to classify cloudy days in three types, as clear, partially cloudy or cloudy days. The latter provides
information that can give indications of the learning trend that the artificial neural network may have.
To calculate the clearness index Eq.10 is used, where KT is the clearnessness index, GHI is the horizontal global
irradiance and Iext is the extraterrestrial irradiance (W m-2). According to Iqbal criteria (Muhammad Iqbal, 1983), the
value of 𝐾𝑇 maybe used to classify the day as clearness 0.65 <𝐾𝑇 ≤ 0.9; partly cloudy 0.3 <𝐾𝑇 ≤ 0.65; cloudy 0 ≤ 𝐾𝑇 ≤
0.3.
𝐾𝑇 =
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Fig. 3: Flow diagram of the methodology

Fig. 3 shows a diagram of data processing and the methodology applied to develop the ANN model. Each step is
explained below:
i.
ii.
iii.
iv.
v.

vi.
vii.
viii.

The measurement database (GHI, WS, Patm, Tair, RH) is processed to eliminate NAN type data that
negatively influence the model.
The astronomical variables are calculated and added to the database (δ, 𝑐𝑜𝑠 𝑆𝑍𝐴, 𝑆𝑍𝐴, 𝐴𝑀, I𝑒𝑥𝑡 , 𝐾𝑇 ).
The nocturnal data is deleted from the database. For this purpose, the data corresponding to SZA > 85° are
deleted.
The resulting database is then divided into two groups: 2/3 for ANN training and 1/3 will for ANN
validation.
In this point the ANN training is preformed, starting with 2 neurons and with the combination of selected
variables (see table 4 and 5). At this stage, the Levenberg-Marquardt learning algorithm (LMA) is used in
combination with the MSE as performance indicator. The algorithm seeks to reduce to minimum the MSE
in this learning period.
Once the training is finished, RMSE and MBE are obtained and recorded for later analysis.
This step controls whether all variable combinations (tables 4 and 5) have already been considered in the
training and validation stages. If any combination remains, then step v is started with that combination.
Finally, the optimal model is chosen, verifying the results with the values of RMSE and MBE.
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4. Results y discussion
This section presents the results obtained for ultra-violet ANN models of irradiance and daily irradiation. Before
carrying out any ANN training and validation, it is important to consider the nature of the data. For that end, KT is
used to classify the day as clear, partially cloudy and cloudy, according Iqbal criteria. For irradiance measurements,
the 81% of the measurements were performed under clear sky conditions, the 17% under partially cloudy conditions
and the remaining 2% under cloudy conditions. Therefore, the ANN will have a learning tendency towards clear
days.

4.1 Results of the ANN training and validation stages
Once the data has been processed, the RMSE and MBE are obtained. Table 2 shows the results of the different
variable combination used for the UV-A irradiance ANN model.
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Table 2 RMSE and MBE artificial neural network for instant UV-A irradiance

5.72
5.72
5.73
5.88
5.72
5.74
5.86
5.73
5.72
5.72
5.73
5.85
7.01
6.02
5.90
5.85
5.97
5.55
5.58
5.61
9.43

0.00
0.01
0.01
-0.01
-0.01
-0.01
0.00
0.01
0.01
0.00
0.00
0.02
0.02
0.00
0.01
0.01
-0.02
0.00
-0.01
0.02
0.03

On one hand, model 1 is the one that considers all the available variables. Its RMSE value was 5.72% and the MBE
was 0%. On the other hand, the models from 2 to 12, consider all variables except one of them. The RMSE results
were close to 6% while the MBE value was negligible.
Subsequently, the combinations of variables were selected by using a physical criteria. The GHI is considered in all
the following models, because the UV-A radation is a part of the GHI spectrum. Model 13 only take into account the
measurements, resulting in the highest RMSE% value, 7.01%. This indicates that the astronomical parameters and
the KT are important for the development of the model. Model 14 was performed considering the GHI, cos SZA, Iext
and KT. Models 15 and 16 were more centered on variables that maybe involved in the definition of atmospheric
conditions, such us Tair, RH, and Patm. Their RMSE and MBE values were arround 5.87% and 0.01%, respectively.
Model 17 only considers astronomical variables, where its error is close to 6%. Model 18 considers only GHI and
Iext, as well as SZA and its cosine. This model obtain the lowest RMSE with a value of 5.55%. Models 19 and 20
attempt to quantify the influence of the solar zenith angle and its cosine, demonstrating that the contribution of the
cosine is less compared to the angle. The RMSE and MBE values for model 19 and 20 were 5.58% and 5.61% and -
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0.01% and 0.02%, respectively. Finally, model 21 shows that the absence of the GHI affects the model to a great
extent by raising the RMSE to 9.43%.
From the results, model 20 was selected taking into account its RMSE and MBE values and the number of input
variables.
In the case of daily UV-A irradiation, the same criteria were considered for the choice of inputs combinations. Table
3 shows the inputs combination and its respective RMSE and MBE values. GHId and Iext, d were calculated from GHI
and Iext values. WSd, Tairc, d, RHd, Patm,d were daily averages of the measurement. SZA was considerd at noon.
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Table 3 RMSE and MBE artificial neural network for daily UV-A irradiation

2.53
2.53
2.45
2.69
2.93
3.16
2.58
2.68
2.72
2.46
2.49
2.53
2.77
3.23
2.65
2.75
2.56
2.55
2.81
2.86
2.61
5.60

0.05
-0.13
0.01
-0.09
6.89
0.24
0.12
0.03
-0.06
-0.04
1.48
-0.13
0.01
0.19
0.09
0.00
0.16
0.12
0.44
0.05
0.11
-0.40

As in the previous case, model 1 is ANN in which all available variables are used. Models 2 to 12 are those in which
only one variable is eliminated and models 13 to 17 use physical criteria, the latest model being 18 being the optimum
case. It should be noted that in this case declination plays an important role in the performance of the models, since
it is related to the angle of incidence of the sun's rays on the earth's surface.
In general, the RMSE of irradiation models has been halved compared to irradiance models. That is, from an average
of 6% for all irradiance cases, to an average of 3% for irradiation.
The best results were obtained for model 18. This model uses exclusively GHI d measurements and considers the δ,
Iext, d, SZA and cos SZA variables.
4.2 Analysis of variables of the chosen models
In order to better understand the role that these variables play in the estimation of irradiance, the data of the variables
chosen for both models are collated with respect to the values of irradiance and irradiation UV-A. The results are
presented in Figures 4 and 5, respectively.
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Fig. 4: comparison of variables with UV-A irradiance

Fig. 5: Comparison of variables with daily UV-A irradiation

Figure 4 shows the results of the variables used for the UV-A irradiance model. All three variables present linearity
with UV-A with Pearson coefficient values of 0.99 for GHI, 0.98 for SZA and 0.98 for I ext. However, the variables
SZA and Iext show some diffusion of points towards low UV-A values. This is due to the presence of a few data
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measured on partially cloudy days. In future work, the development of models based on sky conditions will be
considered in order to improve the results.
The results obtained for the variables included in the daily irradiation model are shown in Figure 5. Since these are
daily data, the amount of data available is much lower than that of the irradiance measurements. As in the previous
case, all the variables considered in the model show a linear relationship with the UV-A irradiation. The Pearson
coefficient values obtained in this case were 0.99 for GHId, -0.97 for dec, 0.97 for cos SZA, 0.97 for SZA and 0.97
for Iext,d. It is important to point out that in the case of declination its slope is negative, since the place of measurements
is located in the southern hemisphere.
4.3 Selected model validation
As explained above, the artificial neural network is constructed from the selected combination of inputs and varying
the number of hidden neurons, up to a maximum of 10. For this, the MLA is used in order to reduce MSE.
For the validation phase, 1/3 of the data not used in the training phase is used now. From these validation stage,
RMSE and MBE are calculated, as shown in tables 2 and 3. The results of the validation stage for the two selected
irradiance and irradiation models are shown in more detail below.

Fig. 6 UV-A irradiance measurement vs estimation.

Fig. 7 UV-A daily irradiation measurement vs estimation.

Fig. 6 shows the scatter plot of the validation stage for the UVA irradiance model number 19. The model uses GHI,
cos SZA and Iext as inputs. The network consists of 10 hidden neurons. The graph shows the UVA irradiance
estimates versus the measurements. The value of RMSE was 5.61% and MBE 0.02%. Fig. 6 shows the linear fit of
the estimated vs. measured data. Its quadratic error was 0.99. The good fit of the model agrees with the results
obtained with the RMSE and MBE errors.
Figure 7 shows the scatter plot of the validation of the daily UVA irradiation model number 18. The selected model
uses values of GHId, dec, SZA, cos SZA, Iextd. The resulting RMSE and MBE values were 2.55% and 0.12%,
respectively. The data from the model and the measurements showed a good linear fit as shown in fig.8. The quadratic
fit error was 0.99.
for future work, the search for UVA databases and parameters of interest in the Atacama Desert is being carried out
for the development of the model. Likewise, the methodology proposes the use of kernel (Habte et al., 2019)(Deo et
al., 2017) that group the variables as new input. Models will also be developed according to the conditions of clear,
partially cloudy and cloudy skies.
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5. Conclusion
In this work, two models have been created for the estimation of daily irradiance and UVA irradiation, using neural
networks and data measured at the PSDA meteorological station. For this purpose, an analysis was made of the
different available variables, selecting the best combination of them, trying to minimize the number of inputs and the
RMSE and MBE.
The final UVA irradiance model uses GHI, SZA and Iext as inputs and 10 hidden neurons. The results of the RMSE
and MBE were 5.61% and 0.02%, respectively. The selected UVA daily irradiation model uses GHI, dec, cos, SZA
and Iext variables as inputs and also 10 hidden neurons. In that case, the RMSE and MBE values were 2.55% and
0.12%. As these results show, both models agree with the measurement and show a good lineal fit with a quadratic
error, R2, of 0.99.
The most relevant result of this work is that it has been possible to develop two models for the estimation of irradiance
and UVA irradiation using exclusively the measurements of horizontal global irradiance carried out with a
pyranometer and calculations linked to the position of the sun. The results showed that both models are reliable and
can be used to estimate UVA radiation in the study area.
It remains pending for the improvement of the models, to include in the development of the same information of
other places in the Atacama Desert. We are also seeing the possibility of generating the models considering the sky
conditions and the use of new statistical techniques such as the grouping of the variables in kerners for the training
of the networks.
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Abstract

Industrial process heat represents a large part of energetic demand in industries. A parabolic-trough collector solar
power plant working on cogeneration mode may meet the thermal and electrical demand of these industries,
especially at average and low temperatures (<250°C). Simulations were performed to attend the demand of a food
processing plant installed at three locations in Northeastern Brazil with different Direct Normal Irradiances (DNI).
The solar power plant was simulated using different receiver settings with and without vacuum for the generation
of 1 MWe and the supply of industrial process heat. A comparison between organic Rankine cycle (ORC) and
steam Rankine cycle (SRC) was also performed to confirm the best power cycle to be applied to those plants. The
results showed that the ORC allows higher efficiencies than the SRC, regardless of the receiver used (i.e.
evacuated or not). When evacuated receivers are used, the ORC allows a gain in solar-to-electric efficiency of
1.2-1.3 percentage point (i.e. from 10% to 13% in relative value) as well as a correspondingly lower land footprint.
Furthermore, the study showed that the design with non-evacuated receivers covered with glass tubes is feasible
despite its lower efficiency.
Keywords: solar thermal energy, process heat, cogeneration, parabolic-trough.

1. Introduction
About one third of the total energy demand for industries in southern European countries is heat (Urban and
Werner, 2015). Within important sectors such as textile, beverages, and food, this demand is, for the most part,
for processes requiring heat at temperatures lower than 250 °C. Solar thermal energy has great potential to meet
this demand and part of the thermal provided by the solar field at higher temperatures can be directed to generate
electricity using the Rankine Cycle.
The replacement of large collectors with smaller ones, although less efficient, is an important item of this study
in the search for system costs reduction and the possibility of full integration with the industrial park currently
available in Brazil. These smaller collectors fit the operation for combined generation of process heat and
electricity, provided they meet the required heat demand at enough (however lower) temperature. Some authors
showed the feasibility of electricity generation with organic Rankine cycle in comparison with the steam cycles
for low temperatures and small-scaled systems (Mcmahan, 2006; Orosz et al., 2009), others mention that only a
cogeneration mode would be of economic interest (Krüger et al., 2015). We propose an ORC-solar cogeneration
system with an energy peak supply ratio of 2/3 of the heat for processes and 1/3 of the heat for electricity
generation, fractions based on the demands of the European food industry (Desbrosses, 2012).
The organic Rankine cycles use organic working fluids instead of water/steam from more common Rankine
cycles. The organic fluids are ideal for lower temperatures; most degrade at temperatures higher than 300 °C,
although they might allow greater efficiency those achieved with a steam cycle under these lower temperatures.
Furthermore, their latent heat of vaporization is lower, and they do not necessarily need superheating
(Vanslambrouck et al., 2012).
The solar field proposed in this study supplies heat at a maximum design temperature of 250°C to generate
electricity and 80-110ºC to industrial process heat. This paper is based on simulations using the System Advisor
Model (SAM) (NREL, 2019) for the solar field. The thermal output data obtained from SAM was used as input
data for the power cycle, which was modeled with the Engineering Equation Solver (EES) (F-Chart, 2019),
allowing the performance comparison between ORC and steam cycle at low temperatures.

1.1. Application in the Dairy Industry
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The initial idea is to dedicate the plant to the dairy industry which is an important sector in the Northeastern Brazil.
Dairy industry demands low and medium temperature heat. Fig. 1 was obtained (with some adaptations) from a
study about the integration of solar field to the dairy industry (Quijera et al., 2010) for a plant processing 20
thousand liters of cow milk per day located in the Basque Country where 95% of the milk is destined for the
production of yogurt and cheese. Although the final products vary from plant to plant, the intermediate processes
keep similar energetic demands and are common to most plants. In the figure, we can see the processes and their
temperatures, such as water heating in the boiler, pasteurization and hot water for washing and cleaning in place
requiring temperatures lower than 100°C. The boiler represents the input of the heat obtained from the solar
thermal energy that will be supplied for the rest of the plant. There are also other plants with the option for milk
treatment with ultra-high temperatures (UHT), which still demands temperatures below 150°C, value that solar
thermal energy can reach. Solar thermal energy may also be applied in the steps that require water cooling for
milk refrigeration and cold storage using refrigeration cycles operated by heat. As the intended is a cogeneration
system, the electrical need of the plant can also be met: water and milk pumping, homogenization of milk,
filtration, final packaging and even building lighting. The possibilities are numerous for dairy industry as well as
several other sectors.

Fig. 1: Adapted scheme of a dairy facility (tw: tap water; ss: sewage system) [9].

1.2. Plant Specifications
We chose the PTMx-18 collectors from Soltigua (Fig. 2), which are small, light, allow automatic operation and
are cheaper than the large ones. These collectors have an aperture width of 2.37 m, a length of 19.7 m and a
reflective aperture area of 41 m². The receiver used was the Solel UVAC 3 for being quite widespread and used
in important CSP plants such as Andasol-1 (Ferrer and Mehos, 2013) in Aldeire, Spain. The simplified scheme of
the system proposed is presented in Fig. 3. In this system, all thermal energy is supplied directly by the solar field
to the thermal storage system.
The Heat Transfer Fluid (HTF) used in the simulations for the solar field was the Dowtherm A, which was chosen
for this work because it was the oil used successfully in the Andasol-1 plant (Ferrer and Mehos, 2013) and is
applicable in the interval of temperatures between 15°C to 400°C and pressures between 1.0 bar e 10.6 bar (Urban
and Werner, 2015). Other types of HTF with lower cost and applicable in smaller temperature ranges can also be
tested but it is not the aim of this work.
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Fig. 2: Section of the collector: maximum width and height [11].

The thermal storage was treated generically and, despite the representation in a single block, it may have one or
two tanks. It was included in the system with the main purpose of guaranteeing the stability of the thermal supply
regardless the variations of the solar resource. Then, the stored energy can be supplied to the Rankine cycle and
the process heat in a constant way. To this end, this supply will occur from the moment the thermal power reaches
the necessary value for the cycle to generate 1 MWe. The heat exchanger train is commonly divided into three
parts that are not represented in the scheme: pre-heater, steam generator, and superheater. The exceeding thermal
power will meet the demand for process heat.

Fig. 3: Simplified scheme of a cogeneration system.

The power cycles compared were the steam Rankine cycle and the organic Rankine cycle. The organic fluid used
was toluene, which, provides the best performance, i.e. higher cycle efficiencies (Vanslambrouck et al., 2013),
when compared to other organic fluids commonly used such as R245fa, pentane, cyclopentane, and Solkatherm.

1.3. Location and Weather Data
The chosen cities were Recife (DNI equal to 1520 kWh/m²/year), Petrolina (DNI equal to 1834 kWh/m²/year) and
Bom Jesus da Lapa (DNI equal to 2200 kWh/m²/year), all located in Northeastern Brazil, region with the best
irradiance values of the country. Recife is located on the coast and the other two cities are in the Brazilian
backlands. Some important location and weather data can be seen in Tab. 1. The environmental data used were
obtained from SAM’s own library, which, although somewhat inaccurate regarding weather files, allow to predict
the annual energy output proportionally to the expected values (Ferrer and Mehos, 2013). The SAM model used
for the simulations was “Process Heat Parabolic Trough” and the receiver tube was varied in three ways: protected
by glass envelope and evacuated, protected by glass envelope without vacuum, and without glass envelope (tube
exposed to the environment). The thermal output target was also changed for each case so that the 1 MWe electric
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output was obtained and the proportion of 2/3 for thermal processes and 1/3 for electricity generation at the
maximum thermal supply point of the solar field was respected.
Tab. 1: Location and weather data summary.

Recife

Petrolina

Bom Jesus da Lapa

Latitude

-8.07°N

-9.35°N

-13.27°N

Longitude

-34.85°E

-40.55 °E

-43.42°E

Temperature (annual
average)

27.1°C

26.8°C

26.1°C

Wind Speed (annual
average)

3.2 m/s

4.1 m/s

1.6 m/s

Solar Resource (Direct
Normal)

1520 kWh/m²/year

1834 kWh/m²/year

2200 kWh/m²/year

2. Results and discussion
It was simulated three cases for each location, where the basic difference was the configuration of the receiver
used. For each case, the design parameters of SAM were changed in ways to meet: the thermal demand of
generating 1 MWe, the proportions of 1/3 electrical and 2/3 thermal at the maximum thermal supply point of the
solar field and the thermal losses estimated for each configuration of the receiver, where the lowest ones are for
the evacuated receivers and the highest ones for exposed tubes.
Table 2 shows the cases and their thermal demands obtained through the EES model of the Rankine cycle, with
both an ORC and a SRC power cycle. In addition, it shows the surplus average thermal power that will be supplied
for industrial processes. The larger thermal losses make the receivers reach lower temperatures, which influences
electrical generation, causing the enhancement of the thermal demand to compensate the lower temperature, which
can also be seen in Table 2. In the cases where the tube is protected by glass envelope and vacuum, a lower thermal
demand can be observed, increasing when the vacuum is replaced by air. For the exposed tube, the electrical
generation is only possible in Bom Jesus da Lapa, city with higher direct normal irradiance. In the other cities, the
thermal losses are so high that almost match the energy absorbed by the receiver. When the studied cities are
compared, we observe that the higher the direct normal irradiance, the lower the thermal power demanded to
generate 1 MWe, because the temperatures reached are higher, which allow better efficiencies. It is also possible
to observe that the thermal demand of the steam Rankine cycle is greater than the organic Rankine cycle when
both are compared in the same case, which was expected because the efficiency of the first is inferior at lower
temperatures (Vanslambrouck, 2012).
Regarding the solar field, SAM supplied the data in Table 3. The loop aperture area is the same for all cases, with
492 m², where twelve single collectors with 41 m² of reflective aperture area form each loop. The target thermal
power was the input value defined for each case. This value refers to the thermal output of the solar field necessary
to achieve the desired design power according to the thermal supply proportion previously mentioned. Cases 2
and 5 (exposed tube for Recife and Petrolina) were removed from the table because not enough energy was
generated.
The thermal power for the ORC is lower than for the SRC when we compare the same case due to its greater
efficiency. For example, in Recife, the target thermal efficiency of the receiver with evacuated tube is 36.5 MWt
when we simulate the system with SRC; when it comes to ORC, the target thermal power is 32.7 MWt. Once
again, for larger thermal losses or lower DNI (for the same receiver setting), the values of target thermal power
are higher. The need of larger areas of solar fields is a direct consequence of the increase of target power, because
for equal collectors it is necessary to enlarge the total area of reflective aperture to reach the desired thermal
power. Which also leads to the increase of the solar field area. Making the same previous comparison for Recife,
with SRC the reflective aperture area is 71,340.0 m², while for ORC is 63,960.0 m². Since as the loops have the
same dimensions and quantity of collectors, the total efficiency conversion of the loop (including optical losses
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and estimated thermal losses) will depend solely upon the type of receiver (higher efficiencies for receivers with
evacuated tube) and the DNI.
As expected, Bom Jesus da Lapa has the smallest land footprint, followed by Petrolina and then Recife. In the
best-case scenario presented in Table 3, when the tube is evacuated, the solar field land area is 28 acres (113,312.0
m² corresponding to a reflective aperture area of 54,120.0 m²) using SRC and 25 acres (101,171.0 m²
corresponding to a reflective aperture area of 48,216.00 m²) using ORC. A comparison can be made with the real
case of the 1 MWe parabolic trough plant located in Arizona/USA, APS Saguaro. The location has annual average
DNI of 7.22 kWh/m²/day, the plant uses an ORC power block and LS-2 collectors [9] with a 5 m aperture with a
235 m² of reflective aperture area. The output temperature of the collectors is 300°C. For Saguaro, the reflective
aperture area is 10,340.0 m², a little more than 19% of the area obtained for Bom Jesus da Lapa with evacuated
tubes and SRC (or 21.4% when using ORC). However, it is important to emphasize that the plant in Arizona is
exclusive for electrical generation, while in Bom Jesus da Lapa there is also thermal supply. Making a simplified
projection following the standard of thermal/electric proportion of the plants of this study, we found the reflective
aperture area expected for Saguaro, 31,020.0 m², which is equivalent to 64.3% of the area for Bom Jesus da Lapa.
Other factors might justify the differences of the areas: Saguaro has larger collectors with greater solar
concentration, which allows its working temperature to be higher; these collectors are also more optically efficient
(peak of 87.1% against 74.7% for the Soltigua collectors); also, the plant is located in a region with higher DNI.
These results show that the size of the plant in Bom Jesus da Lapa is consistent as the calculated for Saguaro
Power Plant.
Tab. 2: Thermal output for different locations and types of receivers using plants with ORC and SRC.

Case

Location

Remaining
thermal power
for process heat
(MWt)

Plant
with
ORC

Plant
with
SRC

Plant
with
ORC

Plant
with
SRC

6.1

6.8

8.0

8.86

Case 1

Recife

Tube with evacuated
glass envelope

Case 2

Recife

Exposed tube
(without envelope)

Case 3

Recife

Tube with glass
envelope and
interior with air at
atmospheric pressure

7.1

8.7

8.0

9.6

Tube with evacuated
glass envelope

6.0

6.75

7.7

8.65

Petrolina
Case 4
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Type of
receivers

Thermal power
demanded for
generation of 1
MWe (MWt)

Receiver
Thermal
efficiency
(%)

65.6

Generation of insignificant thermal energy in a very large solar field.

Case 5

Petrolina

Exposed tube
(without envelope)

Case 6

Petrolina

Tube with glass
envelope and
interior with air at
atmospheric pressure

7.0

8.4

8.45

10.19

Case 7

Bom Jesus da Lapa

Tube with evacuated
glass envelope

5.95

6.7

8.2

9.2

Case 8

Bom Jesus da Lapa

Exposed tube
(without envelope)

8.05

9.6

8.05

9.6

Case 9

Bom Jesus da Lapa

Tube with glass
envelope and
interior with air at
atmospheric pressure

6.75

7.75

8.45

9.73

56.3

64.1

Generation of insignificant thermal energy in a very large solar field.

60.4

68.9

50

62.6
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Also, in Table 3, we observe that is possible to supply the thermal demand using non-evacuated receivers.
However, for the collector used in the present study, the reflective aperture area needed is very large. That way,
only a detailed cost benefit study and the levelized cost of electricity (LCOE) calculation for this setting will say
if the alternative is valid. The same occurs for the receiver with exposed tube, however, this case would only be
possible for Bom Jesus da Lapa, and it still would demand an extremely large aperture area, making its feasibility
very unlikely.
Tab. 3: Data supplied by SAM for the solar field of three studied cities case by case.

Recife
Case 1

Petrolina
Case 3

Case 4

Bom Jesus da Lapa

Case 6

Case 7

Case 8

Case 9

Steam Rankine Cycle
Target receiver thermal
power (MWt)

36.5

109.0

36.0

96.5

33.0

120.0

72.0

Total loop conversion
efficiency

0.6422

0.5797

0.6437

0.5881

0.6443

0.2446

0.5916

Total aperture reflective
area (m²)

71,340.0

235,176.0

62,484.0

182,532.0

54,120.0

516,600.0

128,412.0

Solar Field Area (acres)

37

123

33

95

28

269

67

Receiver estimated avg.
heat loss (W/m)

33.3

192.2

33.3

192.2

33.3

1268.7

192.2

Solar field outlet
temperature (°C)

223.0

170.6

225.7

179.6

227.8

146.5

189.8

Organic Rankine Cycle
Target receiver thermal
power (MWt)

32.7

90.0

32.0

80.0

29.5

100.5

62.5

Total loop conversion
efficiency

0.6422

0.5797

0.6437

0.5881

0.6443

0.2446

0.5916

Total aperture reflective
area (m²)

63,960.0

194,340.0

55,596.0

151,536.0

48,216.0

432,960.0

111,684.0

Solar Field Area (acres)

33

101

29

79

25

226

58

Receiver estimated avg.
heat loss (W/m)

33.3

192.2

33.3

192.2

33.3

1268.7

192.2

Solar field outlet
temperature (°C)

223.0

170.6

225.7

179.6

227.8

146.5

189.5

Comparing the Design Point Solar-to-Electricity Efficiency obtained for receivers with evacuated tube in the three
Brazilian cities studied and at APS Saguaro, we found the results showed in Tab. 4. The obtained values are close
to the Arizona plant that works at a slightly higher temperature and, as expected, the obtained efficiencies with
ORC are better than with SRC.
Considering the simplified scheme of the Rankine cycle shown in Fig. 4, the Solar-to-Electricity Efficiency can
be calculated from the following physical description. The thermal power supplied to the thermodynamic cycle is
calculated by:
𝑄0 = 𝜂𝑒𝑥𝑐 𝑄𝑠

(eq. 1)

Where 𝜂𝑒𝑥𝑐 is the heat exchangers efficiency and 𝑄𝑠 is the power total solar field supplied in MWt. The pump
work is calculated by:
𝑊̇𝑝 = (ℎ1 − ℎ2 )𝑚̇𝑎 𝜂𝑝

(eq. 2)

Where 𝜂𝑝 is the isentropic pump efficiency, 𝑚̇𝑎 is the mass flow rate (kg/s), ℎ1 e ℎ2 are the enthalpies (J/kg) in
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points 1 and 2. The turbine work is calculated by:
𝑊̇𝑡 = (ℎ3 − ℎ4 )𝑚̇𝑎 𝜂𝑡

(eq. 3)

Where 𝜂𝑡 is the isentropic turbine efficiency and ℎ3 and ℎ4 are the enthalpies (J/kg) in points 3 and 4. The heat
supplied by the boiler is calculated by:
𝑄𝑏̇ = (ℎ3 − ℎ2 )𝑚̇𝑎

(eq. 4)

The rejected heat in condenser is calculated by:
𝑄𝑐̇ = (ℎ1 − ℎ4 )𝑚̇𝑎

(eq. 5)

The cycle efficiency is calculated by:
𝜂𝑡 =

𝑊̇𝑡−|𝑊̇𝑝 |
𝑄𝑏̇

(eq. 6)

The Solar-to-Electricity Efficiency is calculated by:
𝑊̇ −|𝑊̇𝑝 |

𝜂𝑠 = 𝜂𝑔 𝑄 𝑡̇ /𝜂
𝑏

𝑒𝑥𝑐

(eq. 7)

Where 𝜂𝑔 is the generator efficiency.

Fig. 4: Simplified scheme of a Rankine cycle.

The optical efficiency (o) of the loop is the product of the collector’s optical efficiency by the loss of the optical
capacity of the collectors due the connection between the pipes, dirt, tube absorptance and glass envelope
transmittance.
Tab. 4: Design-Point Solar-to-Electricity Efficiency for ORC and SRC at different localities using evacuated tubes.

Design-Point Solar-to-Electricity Efficiency
Location

Tube with evacuated glass envelope

Tube with air glass envelope

ORC

SRC

ORC

SRC

Recife

10.0%

8.9%

7.8%

6.4%

Petrolina

10.1%

9%

8.0%

6.7%

Bom Jesus da Lapa

10.2%

9.1%

8.3%

7.2%

Saguaro

12.1%

-

-

-

Analyzing simply the cycle efficiency for evacuated tube and tube with air (Tab. 5), once more the advantage of
the organic Rankine cycle is proven, obtaining efficiencies greater than 16% in the three localities with evacuated
tube, meanwhile, the steam cycle reached values slightly below 15%. For the tube with air receiver, the difference
of the efficiencies is even greater because the temperatures reached by the receivers are lower, being
approximately 170°C in Recife and 190°C in Bom Jesus da Lapa, temperatures seen previously in Table 3, which
makes the application of the organic Rankine cycle even more suitable.
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Tab. 5: Cycle efficiencies for evacuated tube and tube with air at different localities. Comparison between ORC and SRC.

Location

Tube with evacuated glass envelope

Tube with air

ORC

SRC

ORC

SRC

Recife

16.3%

14.6%

14.1%

11.6%

Petrolina

16.5%

14.7%

14.2%

12.0%

Bom Jesus da Lapa

16.6%

14.8%

14.7%

12.9%

3. Conclusion
The results indicate that the combined generation of electricity and process heat is possible for Recife, Petrolina
and Bom Jesus da Lapa using evacuated or non-evacuated receivers with glass envelope, with solar field HTF
outlet temperatures between 220°C and 230°C for evacuated tubes and between 170°C and 190°C with
atmospheric tubes. However, for a more realistic assessment of the feasibility of the utilization of less
sophisticated parabolic troughs using non-evacuated receivers with glass envelope (instead of evacuated ones), a
more detailed LCOE calculation is necessary for both cases. For the cases simulated with exposed tubes receivers,
the only location where there might be some generation is Bom Jesus da Lapa due to its higher direct normal
radiation. However, this configuration must be discarded because the necessary area would be nearly ten times
that required with evacuated receivers.
When we compared the efficiencies, we obtained values close to the real APS Saguaro plant for the Design-Point
Solar-to-Electricity Efficiency, between 11.6% and 11.8% for the studied cities and 12.1% for the plant in Arizona,
the higher values corresponding to the cities with higher DNI. It was possible to prove the advantage of the organic
Rankine cycle (using toluene as working fluid for this study) when compared to the steam Rankine cycle for
medium and low temperatures, the gain in efficiency being higher when the turbine inlet fluid temperatures are
lower.
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Abstract
This paper describes the key learnings made during the final design and construction of a pilot modular picohydroelectric project described earlier in Zahnd, A., et al, 2017, pursued due to its ability to grow dynamically
with the user demand and ability to pay as they learn to use and value electricity. The paper discusses practical
experience from the operation of the system since it was commissioned in November 2018, data collected from
the integrated monitoring system, and feedback from local users and the local system operators.
Recommendations for future systems based on this modular approach are also discussed.
Keywords: RAPS, Rural, Electrification, Pico-hydropower, Hybrid Power System, Utilization Factor,
Community Development, Prepay Electric Meter, PAYG, STS, Renewable Energy, Technology, off-grid, power
generation

1. Introduction
Pico-hydro and micro-hydro power (MHP) systems in remote regions of Nepal have had limited long term
success due to seven reasons outlined in Sturdivant, R., et al., 2017. A whole new modular approach was
envisioned and outlined in Zahnd, A., et al., 2017 to address all seven reasons, and a pilot system using this
approach was completed in the Fall of 2018 in the village of Mohari in the Jumla District of Nepal. RIDSNepal’s new approach addressed the seven reasons of system failure or under-performance outlined in Tab. 1.
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Tab.1: Seven Reasons for Failure of Past MHP and Pico-Hydro Power Systems

Feature or
Equipment

Traditional Approach

RIDS-Nepal Approach

Water Canal

Exposed Canal:

Buried Pipe/Penstock: Delivery of the water to
the turbines with protection from the elements
and surface landslides. Increases reliability.
Farmable land can remain in service.

Susceptible to destruction from small
surface landslides common in the
region
Modularity

Single Turbine: Offers no system
redundancy and it’s difficult to add
additional turbines due to phasing
issues.

Modular turbines, battery storage, and
inverters: Allows redundancy to increase
reliability and sustainability, lower replacement
cost if one fails, system continues to provide
power, and the ability to expand capacity as the
village’s electrical demands and economic
vitality increase.

Generator Drive

Belt Drive: Belts usually break within
0.5 to 3 years and are expensive to
replace. Without an economic system,
a belt failure can doom the entire
system.

Direct-Drive: Each turbine is directly
connected to its own generator. Eliminates risk
of belt failure, increasing system reliability.
Use of permanent magnets increases overall
efficiency.

Transmission
Lines

Overhead Transmission Lines: Uses
very soft wood from local dead trees
which rot since they are not treated to
resist moisture. Alternatively, metal
posts are used which often cannot
support high wind and snow loads, or
heavy wet clothing draped on
transmission lines to dry. Support
failure results in line fault.

Buried Armored Transmission Lines: Removes
the risk of rot and failure of above-ground
supports. Transmission lines are protected
from mischief and the elements, and energy
theft is much more difficult. Reduces
deforestation and all negative impacts which
come along with it (increased landslides, soil
loss, increased time and risk for women to
collect firewood etc.).

Surge
Capability

No Surge Capability: Peak demand
over generator capacity results in
brown/black out, or requires load
shedding.

Battery Surge Capability: A small bank of
batteries allows the system to deliver peak
power in excess of generator capacity,
important for starting motors needed to drive
economic development.

Economic
System

No Financial Plan: No economic plan
to support maintenance and
operations. No plan for collection of
fees.

Use Prepay (Pay-As-You-Go) Meters: The
system will only deliver power if you have prepaid into a maintenance and operations fund.

Excess Energy

Dumped To Exit Water: Excess power
is dumped into the exit water stream
as heat. Utilization rates of only 10%
or lower are achieved.

Excess Energy Utilized In The Village: Excess
energy can be dissipated in ubiquitous water
heater elements to heat shower water for
improved hygiene and biogas slurry for
improved production. It can also be dissipated
in air heater elements to heat buildings such as
a community center.

A video of the project can be found at RIDS-Nepal, 2019b.
This paper describes the key learnings made during the final design and construction of this pilot project,
practical experience from the operation of the system since it was commissioned in November 2018, data
collected from the integrated monitoring system and feedback from local users and the local system operators.
It should be stressed that this is a research project to investigate the modular concept, especially its ability to
grow dynamically or alongside the village’s increasing power demand over time. This includes reducing the
number of operating turbines to better understand the energy needs of villages with first-time access to
electricity; or operating all turbines in parallel to verify the system can run smoothly when summing power from
all turbines, and to understand the maximum power capability of the system.
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2. Design and Construction
This section describes the design and construction of the system, including key learnings observed during the
construction phase of the project.
2.1 Intake
The water intake was constructed in the Spring of 2018. To reduce the wear and tear on the turbines, two levels
of sedimentation were used as shown in Fig. 1. First, gabion walls were used to divert most of the river flow to
a pre-existing channel which is especially important
during the monsoon season, forming a settling pond
behind the gabion walls. Additional gabion walls
formed the overflow for this pond. The flow of
water through this first settling pond is not
adjustable. A second settling pond constructed with
cement and a locally manufactured sluice gate
provides additional settling. The sluice gate is used
to adjust the water flow into the second, threedimensionally shaped pond as shown in Fig. 2 to
achieve an even slower flow rate for improved
sedimentation, but sufficient to provide all the
water needed by the turbines.
Fig 1: Two Levels of Sedimentation Tanks
Remote areas such as the Himalayas are already being impacted by global
warming, resulting in higher than usual river flows. Gabion walls have been
constructed to withstand more than the normal flood levels.
2.2 Penstock
The penstock, 490m long, was constructed with 5 m sections of HDPE pipe
manufactured in Nepal. 180mm diameter PN2.5 pipe was used closer to the
intake where pressure is low, then 200mm diameter PN4, then 200mm diameter
PN6 closer to the turbines where the pressure reaches its peak at 5 ∗ 105 Pa (5
bar). The 5 m sections of pipe were thermally welded using a jig and a plate
heated by electricity from an 1800W generator as shown in Fig. 3. Even
though the plate worked well,
properly aligning adjacent pipes
proved to be a challenge,
Fig. 2: Three Dimensionally
especially the PN2.5 sections
Shaped Settling Pond
which were not entirely round,
and had thin walls that required
more precise alignment. In spite of the difficulties of 98 thermal
welds, the penstock was created without leaks.
We had planned to bury the entire length of the penstock, but this
turned out to be impossible because too many large boulders
blocked the path of the relatively inflexible large diameter HDPE
pipes needed to supply water to all 6 turbines. Furthermore, the
inflexibility of the penstock made it difficult to follow the
contours, so sections of the penstock are buried, while others are
elevated on stone walls as shown in Fig. 4. Still, the whole
penstock was either buried or covered with mud and stones to
protect it from the elements and to continue to use the fields for
agriculture. In the future smaller diameter HDPE pipes delivered
on rolls pose a realistic alternative. These pipes are much more
Fig. 4: Elevated Section of Penstock
flexible, allowing them to better follow trenches that have been
dug to avoid the boulders. Fewer turbines will be fed by one pipe to reduce the losses due to the smaller
diameter, so multiple smaller pipes will have to be laid instead of one large diameter pipe.
Fig. 3: Thermally Welding the Penstock
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2.3 Turbines

Fig 5: Six Turbines, Saddles, and CPVC Supply Lines

Fig 6: PowerSpout PLT-HP Turbine

The penstock is connected to a 200mm gate valve in the ‘turbine house’ where six turbines are mounted on a
concrete exit channel as shown in Fig. 5. Six HDPE saddles were placed on a 5m section of 200mm HDPE pipe
downstream of the gate valve. The two nozzles of each turbine were connected to this pipe via 50mm CPVC
pipes and a CPVC Tee.
PowerSpout Pelton PLT-HP turbines from Ecoinnovation were used (Powerspout 2019), shown operating in
Fig. 6. These turbines appear to be nearly optimal for remote systems because they are light enough (~20 kgs)
to be carried on a single person’s shoulder, removing the need for helicopter transport; they can be repaired by
local personnel in the village using very economical parts; and they are much more efficient than the crossflow
turbines commonly used. Our performance monitoring showed an overall efficiency of 72% from water flow to
electricity available in the power room, which is quite high compared to the 45% provided by the typical
crossflow turbine in a pico or micro-hydro power plant.
The pilot system can generate 6.6kW at 47m net head, with approximately 20 Liter s -1 flow, when all 6 turbines
are running. Power output can be reduced to just 1.1 kW with only one turbine running to serve the initial
power needs of a small village just being introduced to electricity. For example, the village of Mohari, with
approximately 40 households consuming power almost exclusively for LED lighting, can easily be served by
just 1 turbine.
Good quality grease must be used with any turbine’s bearings. The first batch of grease we used was
counterfeit. One container actually had a chili in it! Grease should be ordered only from an SKF agent.
The PowerSpout turbines come with an integrated 3phase bridge rectifier to produce DC, allowing multiple
turbines to be wired in parallel to feed each charge
controller in the village.
2.4 Transmission Lines

Fig 7: Unwinding Armored Transmission Cable from the
Spool
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Buried armored transmission lines, 300m long, were
used to send the DC power to the power room in the
village. Generators operate at 300VDC, allowing the use
of smaller diameter transmission lines. This was chosen
partly for cost savings, but mostly to simplify transport
and construction. The cables came on large rolls as
shown in Fig. 7, and even these reduced diameter cables
were extremely difficult to manage by a large number of
local people since there are no forklifts or trucks
available in the village.
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2.5 Power Electronics
The power electronics including the
charge controllers, battery bank, and
inverters are housed in the power room
in the village shown in Fig. 8.
Studer Innotec provided three VS-70
charge controllers (Studer Innotec,
2019b), three Xtender XTM-4000
4000W inverters (Studer Innotec,
2019a), and various accessories for the
project. The system was very easy to
set up to generate 3-phase power to the
Fig. 8: Power Room
village. The MPPT algorithm in the
VS-70 charge controllers is designed
for solar applications, and is unstable with hydro turbines. However, the VS-70 supports a fixed-voltage “Upvfixed” MPP mode which maintains the input at a specified voltage. This works very nicely with hydro because
the operating conditions are quite constant. A manual search of the MPP is sufficient when the project is
commissioned. The Upv-fixed MPP algorithm proved to be extremely stable.
Four ubiquitous N-200 truck batteries were used in the system. The truck batteries are recommended over deep
cycle batteries because they stay charged due to the continuous power generation, and they have a much higher
maximum charge current rating than deep cycle batteries, allowing them to accept all available power from the
turbines.
The system is set up so the VS-70s always accept all available power from the turbines to keep them from
spinning too fast and creating voltages that could damage the system. A battery-side diversion load controller
keeps the battery from being overcharged as described in Section 2.8.
One subtle configuration setting is needed to ensure every VS-70 in the system accepts all power available to it.
Each VS70 will determine its own charge state independently if its setting 14036 is set to ‘No’. Although this
sounds innocuous, in some cases this causes a single VS-70 to accept less than the full power available to it,
even though its battery charge voltage setting is much higher than the current battery voltage. This causes the
turbines to spin faster, creating potentially damaging voltages. VS-70 setting 14036 must be set to ‘Yes’ so
every VS70s will synchronize its charge state to the state determined by the overall Xtender system.
Other types of renewable energy sources, e.g. wind and solar, can have their own VS70 charge controller to
supply power to the batteries without affecting the operation of the turbines.
2.6 Distribution System
Two three-phase spines are routed through the village, one to the East of
the power room in the center of the village, and one to the West. Single
phase lines are connected to the three-phase buss bars at 12 locked
junction boxes distributed through the village to minimize the length of
these single-phase lines. The boxes, shown in Fig. 9, were designed by
RIDS-Nepal and manufactured in Kathmandu.
Buried armored cables are used for the three-phase spines through the
village, and the single phase lines to each customer. This helps prevent
energy theft, mischief, and environmental damage.
2.7 Prepay Electric Meters

Fig 9: Junction Box with 3-Phase
Buss Bar and Prepayment Meters

Itron donated ACE9000 SSP DIN-R electric meters and Customer
Interface Units for the project (Itron 2019). These meters are stored in the junction boxes to help prevent energy
theft, and the customers enter 20-digit Security Token Service (STS) tokens into the Customer Interface Unit
(CIU) in their homes. The STS Association (STS Association, 2019) owns the STS technology which is the
dominant technology used in electric prepayment meters.
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Although STS prepay electric meters are inexpensive and ubiquitous, software systems needed to vend tokens to
village-level ‘utilities’ are not. A number of prepaid electricity vending solution providers exist for large
utilities, but none have been identified that are designed for village-scale ‘utilities’. The cost of support, crafted
for large-scale utilities, far exceeds any amount of revenue the providers can get from these small developing
villages.
The authors also believe that a nation-level business, operated by a Nepali company, could aggregate many
village-scale ‘utilities’ and provide the vending solution and local support to them. The prepaid electricity
vending solution providers could support just a few local people, educated with the necessary skills, who would
then provide local-language support at a much lower labor cost to the local village-level ‘utilities’. This
business could serve existing pico, micro, and mini grids, so the number of meters served by the district-level
business could rapidly grow to a level that would warrant interest by large-scale prepaid electricity vending
solution providers. This prepay aggregation service, by itself, would probably not economically justify the
creation of such a business. But this same business would likely be economically viable if it also provided
design, installation, and maintenance services for a large number of village-level electricity systems. The
prepay aggregation would just be the way they would guarantee a revenue stream needed to support their
operation. The company iPay (iPay, 2019) was a partner on this project, providing the prepaid electricity
vending solution and support.
2.8 Useful Dump Loads
Pico and micro hydroelectric systems typically use diversion load controllers to balance the consumption and
generation of the system, using either PWM or phase modulation to divert excess power to the water heater
resistors in the water returned to the river. This is a total waste of a valuable resource with no added valuable
energy service to the consumers.
The Studer Innotec VS-70 charge controllers used in this project are configured to consume all available power
from the turbines by setting its float voltage well above 54.4V. A commercial Morningstar TS-60 diversion
load controller (Morningstar 2019) monitors the battery voltage to keep it at 54.4 V. If the voltage rises slightly
the TS-60 will increase the duty cycle of its PWM output which drives air heater resistors in the community
center. Loads in excess of the TS-60’s 60A rating are driven by MOSFET based SSRs mounted to aluminum
sheets for heat sinks. They are triggered simply by monitoring the PWM output waveform from the TS-60
diversion load controller, scaled down to acceptable voltages using a resistor divider.
A means to improve the utilization factor of renewable energy systems by dumping excess power to a set of
prioritized loads was described in Stambaugh, M., et al, 2017. It proposed that a PWM diversion control signal
could be routed to one of a set of dump loads based on priority. The highest priority load that needed additional
power based on its temperature took all the excess power. Battery-side diversion was used instead of AC-side
diversion because this modular pilot system can continue to operate even if the inverter driving an AC dump
load is off-line for maintenance or failure. Two issues were discovered during the final design stage that led to a
different solution. Both of these issues resulted from the need to use battery-side diversion operating at 54.4
VDC.
 High power resistive loads operating at
54.4VDC are expensive and far from
ubiquitous.
 High currents required to dissipate all
excess power at 54.4VDC cannot economically
be run to remote locations in the village for
convenient use.
A Linux-based 3360 control computer provided
by Schweitzer Engineering Labs (Schweitzer
Engineering Labs, 2019) ran the code used to
improve utilization, monitor the system, and
provide the prepay electricity vending terminal.
This ultra-high reliability computer was chosen
because only a single Linux computer was used in
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Fig 10: Installation of AC Relay Board and Hot Water Tank
for Showers
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the system, and its remote location makes replacement very difficult.
The utilization improvement code monitored battery voltage, production, and consumption to determine if there
was sufficient power available to turn on useful loads such as shower water heater elements. Hysteresis was
used to ensure the loads were not turned on and off rapidly. A small ‘AC Relay’ board was mounted next to
each useful load as shown in Fig. 10 to monitor its temperature. It also included two 10A relays which are used
under computer control to turn on or off power to the water heater resistors. 500W and 1000W resistors were
used to provide 0, 500, 1000, or 1500W to the useful load depending on the availability of power. The AC
Relay board incorporated an Arduino which communicated with the control PC via buried RS-485. RF
communication was not used due to licensing issues in Nepal. The AC Relay board is described more fully in
Yeh, J., et al, 2019a.
Any number of distributed useful loads can
be placed throughout the village. The control
PC provides a GUI shown in Fig. 11 that lets
the operator specify the relative priority of
each load, and the target operating
temperature. The highest priority load gets
available power if it needs it, up to 1500W.
If there is any power left over the next
highest priority load gets it if needed, etc.
The air heater resistors in the community
center, one of which is shown in Fig. 12, are
the lowest priority loads, and are able to
accept all generated power, e.g. if nothing
else needs any.

Fig. 11: GUI to Set Relative Priority and Temperature of the Hot
Shower Useful Loads. The GUI for Other Useful Loads is Similar

Because ubiquitous 230VAC water heater
resistors are used in the distributed loads, and
power is supplied through the existing village
distribution system, these loads are quite
economical.
The RS-485 communication cables are buried
in the same trench as the armored 230VAC
distribution cables. They are run in 15mm
HDPE pipe to provide protection from
animals.

Fig. 12: Air Heater Resistor in the Community Center

2.9 Failsafe
Because we are running the turbines at 300VDC under MPP load, their output can reach about 900V if the
Studer VS-70 charge controllers stop consuming all available power. Although this should never happen,
Murphy’s Law says it will, so two levels of failsafe are employed in the turbine house to limit the voltage.
Custom solutions were used due to the high cost of multiple (three) 600V diversion controllers capable of
handling the required current.
The first is a custom PCB described in Yeh, J., 2019b, that will dump power via discrete IGBTs using PWM to a
bank of water heater resistors in the output stream from the turbines. It contains an Arduino that regulates the
turbine output to around 400 VDC, much lower than the 600VDC rating of the VS-70 charge controller, but
much higher than the normal 300VDC operating voltage of the system. Two 230VAC water heater resistors are
wired in series to withstand the higher DC voltages. The Arduino is also used in the monitoring system
described in section 2.10.
The second is another custom circuit board that triggers a discrete SCR when the turbine output voltage rises to
around 460VDC. It is a very simple circuit using a precision opamp comparator to quickly trigger the SCR.
Once triggered, the turbine output is dumped to the same bank of water heater elements. The turbines must be
turned off to reset the SCR.
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300VDC was chosen as the operating voltage for the turbines to reduce the cost and weight of transmission
cables while providing low losses. However, this increased the potential no-load voltage to over 600VDC, the
rating of the VS-70 charge controllers. Preventing this over-voltage significantly complicated the design and
cost of the system. Although cost-effective custom solutions were created for the pilot system, this presents yet
another challenge to system replication.
200VDC would be a better choice because the no-load voltage would remain below 600VDC, allowing the
elimination of the custom over-voltage regulation circuitry and the dump load resistors in the turbine house.
Dropping the operating voltage to 200V would increase the transmission current by 1.5x, which would increase
the transmission losses by 2.25x. Either fatter conductors could be used in the transmission cable, or the extra
losses could be tolerated. The 300m transmission lines each conducted as much as 6.6A at 300VDC to the
power house. 4mm2 copper was used for conductors, with losses of around 5.4%. By dropping to 200VDC
operation the losses would have increased to about 12.2%, which is probably a good tradeoff to eliminate the
complexity and custom over-voltage protection circuitry. Alternatively, fatter conductors would be needed.

3. Operation
This section describes key learnings observed during the operation of the system since November 30, 2018.
3.1 Charge Controllers and Inverters
Studer Innotec supplied their Xtender system including three VS-70 charge controllers and three XTM-4000
inverters, as well as other accessories. The authors are very satisfied with the performance of the properly
configured Studer Extender system in this modular pico-hydro-electricity application.
3.2 Air Heater Resistors
Commercial 230VAC air heater resistors were purchased in Kathmandu. They were constructed with eight
sections of Nichrome wire, connected in series, on a ceramic core. The resistors as configured would consume
very little power at 54.4 VDC, so they were modified so only two sections are wired in series instead of eight.
As a result, the Nichrome wire dissipated the same power per section at 54.4 VDC as the original resistor did at
230 VDC.
3.3 Pressure Regulation
At one point the gate valve was partially closed to reduce pressure, or the net head, at the turbines. This was
done to explore the operation of the system when power generation is close to the demand of the village. This
worked fine, but the position of the gate valve moved slowly due to vibration and other factors, resulting in a
gradual reduction of the pressure and generated power. This particular gate valve is not a good pressure
regulating device, and we suspect other gate valves available in Nepal have similar properties. Given the
modularity of the system, turning off turbines is probably a better approach to controlling the generated power.
3.4 Failsafe
Testing revealed that the PWM control of the Arduino-based custom circuit board described in section 2.9 is too
slow to react before the opamp-based crowbar circuit triggers. Fortunately the VS-70 charge controllers are
extremely reliable at consuming all available power from the turbines, so nuisance tripping of the opamp-based
crowbar has never occurred once the VS-70’s were configured correctly. Both the Arduino-based and the
opamp-based custom boards are still used to provide redundant protection in case a VS-70 charge controller
stops consuming power for any reason. Neither of these custom circuit boards is needed if the turbines are
configured at the PowerSpout factory to be operated at 200VDC.
3.5 Prepayment System
The prepayment system was very popular with local government officials. They readily saw how important it
was to the long-term success of any system. Although they were familiar with prepayment for cell phones, they
had never seen prepayment meters used in an electricity system.
Several issues were observed with the prepaid electricity vending solution from iPay, but they should be
attributed to operator error. This should be expected because the training model of utility-scale solutions is
optimized for large utilities, not village-scale utilities whose personnel are not literate in English. Although
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good documentation was provided, on-site training classes are not economically viable for village-scale utilities.
The solution vended 20-digit tokens as specified by the STS standard. These were printed as roman numerals
instead of Nepali numerals, but at least they were consistent with the numerals printed on the Customer
Interface Unit (CIU) keys. Errors did occur when entering the 20-digit tokens into the CIUs, but the CIU
reported that the token failed, and the entry was retried. In a few cases failed tokens were reported by the user
after several entry attempts. In reality, they were entered incorrectly multiple times.
3.6 Prioritized Dump Loads
The availability of hot showers as shown in Fig. 13 has been extremely
popular, not just to the villagers, but also to the government officials who
visited the site during its inaugural celebration in May 2019. People were
dancing in the showers. Although we currently do not have Pay-As-YouShowers, the goodwill this service creates significantly improves the users’
willingness to pay for the operation and maintenance of the system.
The heated community center rooms are also appreciated by the village.
Elder women are given seats next to the heaters, and seem to enjoy this honor
immensely. Although the community center isn’t heated to Western
standards, it improves comfort significant enough to attract tourists and
researchers in the future.
The local operator had no trouble understanding the GUI used to set priorities
and the target temperature of each useful load.

Fig. 13: Hot Showers!

By heating the shower water, biogas digester, the community center, and other services that are useful to the
village, 100% of the available energy can be utilized for useful loads, much better than the typical small system
in Nepal. Tab. 2 compares the utilization of the pilot project in Mohari to the system serving the nearby village
of Chaura using the traditional MHP approach.
Tab 2. Utilization Comparison

Chaura’s Hydroelectric
Approach Serving 200
Households (HH)

Daily Energy

RIDS-Nepal’s Hydroelectric
System Serving 40 Households
(HH)

Potential Generation

20 kW * 24hrs = 480 kWh

6 kw * 24hrs = 144 kWh

Power room equipment (considered
overhead, not a ‘useful load’)

NA

80W * 24hrs = 2 kWh

Consumption for lights

200 HH * 2 * 5W * 10hrs = 20
kWh

40 * 3 lights * 3 W * 12hrs = 4.3
kWh

100 HH * 5W * 2hrs = 1 kWh

30 HH * 5W * 2hrs = 0.3 kWh

Consumption for TV

NA

2 HH * 60W * 4hrs = 0.5 kWh

Village Shower Center

NA

1.5kW * 4hrs = 6 kWh

Community Center Showers

NA

1.5kW * 4hrs = 6 kWh

Community Center Lights

NA

20 * 7W * 15hrs = 2kWh

PCs, Laptops

NA

5 * 100W * 10hrs = 5 kWh

NA

100W * 5 hrs = 5 kWh

Heating Community Center

NA

112.9 kWh

Total utilized for useful loads

21 kWh (4.3%)

144 kWh (100%)

Consumption
charging

Community
education

for

House

cell

TV

phone

for
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4. Participation
4.1 Planning
The local community and government officials participated
throughout the planning phase of the pilot project through periodic
information and discussion meetings to define the location and scope
of the power plant.
4.1 Construction
The village committee decided that each household in the village had
to donate 100 days of work toward the construction of the modular
Fig. 14: Building Elevated Penstock
pico-hydroelectric project and the community center in order to
connect to the electricity system. For each day not worked the household had to pay 500 Nepali Rupees
(approximately 4 € or 4.5 USD in July 2019). Only two households, about 5%, did not connect because they
were absent from the village for the duration of the project. Otherwise almost everybody participated, examples
of which are in Fig. 14-16.

Fig. 15: Laying Penstock in Steep Section

Fig. 16: Just About Everyone Participated!

The village community also gathered and processed local building materials such as wood, stone for walls, and
sand for concrete.
4.3 Financing Operations and Maintenance
Each household pays 150 NRP (approximately 1.2 € or 1.36 USD in July 2019) per month to connect to the
electricity system, and this includes 3 kWh per month. Because high efficiency LED lighting was installed
throughout the village, 3 kWh is usually sufficient for basic lighting and cell phone charging, but not enough for
a TV. Additional energy costs 50 NRP (approximately 0.4 € or 0.45 USD) per kWh. Although any off-grid
system will cost more than a grid-tied service, the rate paid in Mohari is not that much higher than the average
residential rate for grid-tied energy in Hawaii (0.33 USD per kWh). Half this revenue pays a salary for the
operator, a resident of the village. The other half goes into a maintenance fund to pay for any needed repairs or
maintenance.
This financial commitment seems small by western standards, but is significant for subsistence farmers. Some
of the villagers wanted the connection fee to be reduced to 50 NRP/month. Their request is understandable
since there is no monthly fee for most other systems in the area. Considerable time was spent educating the
villagers that the lack of a monthly fee is one of the reasons these neighboring systems often fail early in their
lifecycle. Additional time was spent educating them on the value of electricity for education and economic
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development to give their children opportunities in this ever-changing world. The final solution was that 150
NRP/month connection fee would be collected for each household, which includes 3 kWh per month, but the
more affluent residents would help pay the connection fee for the poorest ones.

5. Data Collected
5.1 Monitoring System
A wide range of operational parameters of the system are captured every 15 minutes and exported daily to the
RIDS-USA.org website. They can be viewed via the web at http://mohari.rids-usa.org/monitor.php (RIDSNepal, 2019a). An improved presentation which will be accessed using the same URL is under development as
of July 2019.
The monitoring system stores data from several sources. The power electronics from Studer Innotec provides
many parameters dealing with energy production and consumption, as well as battery status. Examples include
battery voltage, temperature, and state of charge; output kVA and kW from each inverter; and input voltage and
power to each charge controller. Various water and air temperatures in the system, including the temperature of
the shower water, are sampled by the custom PCBs mentioned earlier in this article. The monitoring system also
captures how much power is being delivered to heat the water for the two showers.
5.2 User Feedback
The village users and the local and regional political leaders are all very happy with the system. Thanks
partially to its modular nature, it has been running non-stop since it was commissioned in Nov 2018, aside from
very brief interruptions for normal maintenance and enhancements, as compared to traditional systems in the
area that are turned off for long periods of time each day and often live a very short life. The additional loads in
the village also help everyone realize the power of electricity, even before the village economy grows by
utilizing it.

6. Summary
Based on the operation of this pilot system for one year, RIDS-Nepal’s modular approach to pico and microhydroelectric systems appears to have solved many of the problems seen with the traditional approach used in
remote regions of Nepal. The use of buried penstock, transmission, and distribution lines reduces maintenance
and deforestation, preserves farmland, and helps prevent energy theft. The modular use of smaller more
contextualized Powerspout direct-drive turbines result in high system reliability through redundancy. Repairs
are more economical to small remote systems incorporating prepayment meters to ensure a modest revenue
stream. Its surge capability will be useful in starting motors needed for economic expansion. And finally, the
full use of the produced power has increased the value of the system, making the end users more willing to pay
into the economic system enforced by the prepay meters.
This pilot project was created to explore and verify the operation of the system with different configurations
simply by turning the modular components on or off, for example to operate a single turbine, or all six. It was
scaled to run as many as 6 turbines, supplying over 6 kW, which is much larger than that needed by a small
village being introduced to electricity. Most early adopters of electricity will need only one or two turbines, and
won’t need 3-phase transmission at first. Replicated systems also won’t need quite as extensive monitoring, but
will need enough to enable remote support by more educated personnel. Another project is planned to explore
the costs of a minimum system needed to support a reasonable sized village just being introduced to electricity.
The end goal of this project is the broad replication of this approach which will require design and installation
guides, finding ways to manufacture some of the components in Nepal, creation of an ecosystem needed to
support the projects, and working with the Nepali government’s AEPC (Alternative Energy Promotion Center)
by recommending policies needed for broad replication. Some of these tasks are currently being pursued.
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Abstract
The development of compact and efficient seasonal solar thermal storage based on sorption technology is of
key importance for a year around supply of renewable heat for domestic buildings. Possible storage materials
are zeolite or salt containing composites. Several crucial process parameters have to be considered: possible
energy density, environmental impact of used materials, mechanical resistance of the storage materials, and
humidity supply for adsorption. An open sorption moving bed adsorption reactor was found to be a suitable
device for this application, together with a hot air solar installation.
Keywords: heat storage, sorption, seasonal storage, laboratory prototype
1. Introduction
The development of compact and efficient seasonal solar thermal storage based on sorption technology is of
key importance for a year around supply of heat for domestic buildings. With loss-free seasonal heat storage,
it is possible to increase the share of solar thermal energy in room heating and hot tap water toward 100%. In
principle, water storage can be used for this purpose but considerable heat losses to the ambient will occur.
The use of a thermochemical storage principle can greatly reduced the system size (collector area and storage
volume) to obtain the same or even an improved thermal performance but makes necessary the development
of a reliable and economical technical setup.

Fig. 1: Schematic of a possible concept of a long-term heat storage in a domestic building (Kerskes, et.al. 2012)

Tab. 1: List of critical boundary conditions for thermochemical energy storage for domestic buildings

Critical boundary condition

Impact on application

Energy and raw material requirement for storage
material production

Energetically amortisation of the system
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Desorption characteristics of the storage material

Required temperature of desorption

Adsorption characteristics of the storage material

Required humidity for adsorption

Energy storage density
Reachable application temperatures
Mechanical properties of the storage material

Reactor design

Sophisticated control strategy including forecast of
weather profiles and forecast of demand

Proper storage material handling to avoid
shortage or breakdown

Power to drive the adsorption process

Clear advantage compared to heat pump is
required for market penetration

The development of a thermochemical storage concept (see Figure 1) is generally based on the adsorption
characteristics of the storage materials (isotherms). This characterization can indicate whether or not a material
is suitable for a desired application in terms of energy. Beside this, several other aspects have to be taken into
account (see Table 1): reactor design to reach temperatures for desorption, capable humidity source to generate
adsorption heat, mechanical stability for lifetime, process control to avoid male function, and not least the
monetary and energetic amortization of the application.
2. Setup and Measurements

Fig. 2: Schematic of the built prototype
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Process principle
Already in the 1980s a research group at ZAE Bayern (Germany) was investigating a sorption store operating
in an open process. First demonstration plants using zeolite has been realized then (Hauer, 2002). For the
present concept (see figure 2), the open process reactor was adapted for a kind of agitated (mixed) bed in order
to guarantee a uniform material humidification. With this feature, it is possible to not only use molecular sieves
(zeolite) as storage materials but also salt composite which are more difficult to handle due to their different
water uptake behavior. The principle of the adsorption process is explained using figure 3: The process airflow
enters the reactor from the left into the fixed inner cylinder, entering the zeolite bed via openings covered by
mesh ware at the bottom. The process air crosses the zeolite bed in upward direction transferring humidity to
the zeolite grains and gaining heat from the released adsorption enthalpy. At the free space directly at the top
of the outer cylinder the hot air is guided into a chimney like tube, down again and to the left chamber and exit
of the inner cylinder in direction of heat exchanger in order to be used and as source for room heating.

Fig. 3: Schematic of the installed adsorption reactor, outer part is rotating, inner part is fixed

Fig. 4: Data from adsorption process, the process airflow (dotted line) shows depressions due to dust evolvement

Figure 4 shows the temperature elevation of the process heat while passing the zeolite bed over a period of 6
hours.
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The consequent desorption (humidity reduction) of the zeolite, takes place in the adsorption furnace (figure 5)
if excess heat is available from the solar thermal hot air installation (figure 7): the granular material moves
from top to bottom (at a mass flow rate of 2…20 kg/h) passing several arrays of heating channels that establish
four temperature zones. At first, a preheating process starts around the tube bundle heater at the top. Second,
the desorption process by warm air passing through the material from one of the channels to another (blue
circle in figure 5-left). Figure 6 illustrates the corresponding temperature evolvement. Over time the preheating temperature (blue line) and the zone 2 temperature leads to about 80°C in the material. In zone 3 the
highest temperatures show up (red line). The final value of about 200°C lead to a material humidity at around
8%. This zone can be heated by additional electrical heaters of there is no support from the solar thermal
installation. Last step is the cooling by the bottom tube bundle that delivers heat to the top (green line)- The
material that leaves the furnace to meet the conveyor is already cool again (black line).

Fig. 5: Schematic of the installed solar hot air desorption furnace

Fig. 6: Date from desorption process in the furnace (electrically powered), temperatures 1 to 5 are measured from top to
bottom of the furnace

The conveyor was installed in order to guarantee a save and preserving material transportation to the material
storage compartments at the top. Nevertheless some problem occurred by dust evolvement inside the rotating
adsorption reactor. Dust was transferred by the process air to the outgoing channels but also by the material
transfer into the conveyor.
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Energy conversion
The thermal source to support the storage system is a solar thermal installation working with air. The
installation provides sufficient high temperature during summer to desorb the material as much as possible.
The desorption grade is dependent on air temperature, ambient humidity, airflow, and period.
During winter conditions when heat is used for space heating (ambient temperature <10°C, solar irradiance
<200W/m²), the solar installation (figure 7) provides pre-heated and humidified air for adsorption.
Humidification is required since cold winter air contains quite low water vapor amounts (typ. 4-6g/kg at 5°C
ambient temperature) and is not able to reach sufficient temperature during adsorption therefore.

Fig. 7: Pictures of the installed solar hot air installation

Fig. 8: Measured weather and collector data in a sequence of 18 days during 3nd to 21st of January 2016 at the University
building in Wels/Austria, nighttime hours are omitted, daily maximum irradiance varies between 100W/m² (foggy weather) to
900W/m² (clear weather).

During the adsorption process, the material adsorbs the provided humidity of the air as far as the material itself
reaches saturation. This process leads to a temperature elevation of the storage material and the bypassing air
depending on the water vapor content of the input air. To reach a temperature of 45°C of the air for space
heating for example, an air enthalpy (based water vapor and heat content) in the range of 40kJ/kg is required
of the input air to the reactor is required. Figure 9 shows the Moliere-diagram for the typical situation for
adsorption heat release.
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Fig. 7: Mollier diagram illustrating the state change of the air during adsorption heat release

In addition to the tests and measurements, also modelling and simulation were performed in order to proof the
technical concept. In particular the prove of a special model for the moving bed adsorption (rotating adsorption
reactor) with measurement data was done. This model was built on the idea of a fully mixed reaction bed in
contrast to fixed bed reaction with crossing reaction fronts. Results of the simulation is presented separately
(Daborer-Prado, 2019).
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Abstract
This study provides a comparison of photovoltaic- (PV) and solar thermal- (solar water heater, SWH) hot water
systems for residential use in South Africa. The study was carried out as a financial feasibility analysis using the
performance and cost data recorded from the 1.56 kWp PV and 2.4 m2 SWH hot water systems installed at 2
separate houses on Mariendahl Farm, Stellenbosch, South Africa. Performance data recorded from these systems,
from 1 May 2018 to 30 April 2019, was also used to investigate the financial feasibility of another inexpensive
PV water heating system locally available on the South African market. The study compares the performance and
financial feasibility of the 4 different alternatives of solar water heating systems over a 25-year period. Financial
factors including; capital costs, total savings, net present value (NPV), internal rate of return (IRR) and levelized
cost of heat (LCOH) was determined and compared for all of the solar solutions. The SWH and PV hot water
systems produced a total of 2 219 kWhth and 1 403 kWhth, respectively, indicating a 45% difference in the annual
thermal energy yield. The SWH and PV hot water systems produced annual heat gains of 925 kWhth/m2 and
140 kWhth/m2 over the same period, respectively. When comparing the financial outcomes of the study, it can be
seen that the 2.4m2 SWH system provides the largest benefits from a cost perspective, with a payback period of 6
years and a LCOH of 0.04 USD/kWhth over the 25-year period.
Keywords: Photovoltaic, solar thermal, solar hot water, financial feasibility, system performance.

1. Introduction
This study provides a comparison of photovoltaic- (PV) and solar thermal- (solar water heater, SWH) hot water
systems for residential use in South Africa. The technical performance and lifetime costs are evaluated and
compared. A financial feasibility analysis is carried out using the data gathered from the PV hot water and SWH
systems installed at Mariendahl Farm, Stellenbosch, South Africa. The data gathered from these system is also
used to investigate the financial feasibility of other inexpensive PV water heating alternatives available on the
South African market. Over the years, there has been a noticeable reduction in the cost of solar PV technologies
globally, sparking interest in the use of the technology for hot water production within the residential sector, as
opposed to SWH systems. In addition, the ease of retrofitting existing hot water storage tanks in residences with
the necessary PV panels and immersion heaters, when compared to the labor and plumbing work expected with
retrofitting of solar collectors, further drove interests and presumptions that PV alternatives could serve as a more
cost-effective solution. This study aims to address the questions relating to this matter within the local context.
The dual alternating and direct current (AC/DC) powered immersion heaters used for hot water production in
homes is a relatively new technology in the South African market. An increase in installations of this technology
was observed over the past few years as an alternative to conventional SWH systems. These electric immersion
heaters, or elements, commonly makes use of Positive Temperature Coefficient (PTC) chips, as opposed to the
traditional internal resistance wire, which offers advantages of better safety, greater reliability and lower operating
costs (Dulzer,E., n.d.). These dual AC/DC immersion heaters are typically integrated with a maximum power
point tracking (MPPT) device and installed in conjunction with a suitable capacity PV system to offer a low-cost
solution for producing hot water using solar energy. Dual AC/DC heating elements operate by using solar PV
panels to produce DC electrical power during the day that powers the heating element to produce hot water. When
there is no solar irradiation, AC power from the grid is used to power the immersion heater to produce hot water.
Due to the relatively low cost of solar PV modules and the added benefit of not requiring inverters (direct coupled
PV to immersion heater), lower maintenance cost, ease of installation and relatively simple integration into
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existing tanks available on the market, these PV hot water systems has the potential to be a highly cost competitive
alternative to conventional SWH systems for households.
Over recent years, the PV panels, controllers, batteries and dual AC/DC immersion heaters have become more
common on the market as a single packaged, low-cost product. However, battery storage incorporated systems
are not included in this study. Many of these systems include suitable battery storage solutions to effectively
utilize solar energy, however, the feasibility of these types of systems would need to be investigated as capital
investments could significantly increase with the inclusion, maintenance and replacement of batteries over the
entire system’s lifespan.

2. System Description
A PV powered hot water system and a SWH system were installed on two separate residences at Mariendahl Farm
outside Stellenbosch in the Western Cape, South Africa, during November 2017. These installations were installed
through the Southern African Solar Thermal Training and Demonstration Initiative (SOLTRAIN) and co-funded
by the Austrian Development Agency (ADA). The key purpose of the installations was to measure, compare and
report on the performance of the types of technologies within the local climate and gain insight on the efficiency,
operation and technical and financial feasibility of PV driven hot water systems. The installed systems were
designed with a similar thermal capacity, capable of effectively supplying a household with 3-4 residents with hot
water. The small-scale residential systems were specifically designed and intended for domestic applications.

Figure 1: PV hot water and SWH system installed at Mariendahl Farm residence in Western Cape, South Africa (SketchUp Free)

The PV hot water system consists of a 1.56 kWp PV system (6 x 260 Wp poly-Si modules) that powers a 2 kW
dual AC/DC immersion heater with MPP tracking. This immersion heater is used to heat the water in a 200 ℓ hot
water storage tank. The element is supplied with AC electricity from the grid as a secondary energy source when
solar energy is unavailable. The indirect SWH system consists of 2.4 m2 flat-plate collector which heats a 200 ℓ
hot water storage tank. This system is fitted with a 2 kW AC immersion heater which acts as the secondary energy
source. Both 200 ℓ tanks were roof mounted with the intention of creating identical environments for both systems.
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The systems were equipped with performance monitoring equipment capable of measuring the thermal energy
input from both solar technologies supplying each system as well as the heat consumed within the households.
The performance data of both systems, measured from 1 May 2018 to 30 April 2019, and cost information of the
systems was used in this study to evaluate the performance of the technologies and furthermore to investigate the
financial feasibility thereof. Figure 2 and Figure 3 present the schematic layouts of each of the systems, including
the monitoring equipment integration used to measure the performance of the systems. The monitoring equipment
measures all the required parameters of the systems at 5-minute intervals, allowing for detailed analysis of the
system performance. During the monitoring period, the household installed with the SWH had 3 residents, while
the household with the PV hot water system had 1 resident occupying it for most of the time.

Figure 2: 2.4 m2 SWH system schematic layout with monitoring equipment

Figure 3: 1.5 kWp PV driven hot water system schematic layout with monitoring equipment

As seen in Figure 3, the 1.56 kWp PV system is fitted with a DC meter that measures the DC power supplied to
the immersion heater. The PV modules have a total area of 10.05 m2. In order to simplify the analysis of this
study, it was assumed that all DC and AC power supplied to the immersion heaters was converted into heat within
the tank (1 kWhe = 1 kWhth). The indirect thermosiphon SWH system, as well as the hot water consumption lines
of both households, was fitted with heat meters to measure the heat input and output, respectively. The electricity
supplied to secondary AC elements in each system was measured using AC electrical meters. All measurements
were recorded on the data logger. The ambient temperature and solar irradiation in the area was also measured.
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3. Motoring data evaluation
3.1. Solar thermal energy production
In order to accurately investigate the performance of both types of solar hot water systems, the heat produced by
each system was measured and characterized over the annual period from 1 May 2018 to 30 April 2019. Figure 4
presents the monthly heat produced by each of the systems alongside the average daily specific yield based on the
total collector/PV area installed.

Figure 4: Monthly thermal energy production and average daily specific yield for both system from May 2018 to April 2019

The SWH and PV hot water systems produced a total of 2 219 kWhth and 1 403 kWhth of thermal energy over the
annual period from 1 May 2018 to 30 April 2019, respectively. The large difference in heat production is largely
attributed to limited performance of the PV driven hot water system, which is set to heat the water to a maximum
of 55 °C, irrespective of the available solar energy, and the lower hot water draw-off from the tank on a daily
basis. The SWH system is allowed to supply heat to the tank in excess of 55 °C, which allows more heat input
from the collector and harnessing more solar irradiation for hot water production.
The SWH and PV hot water systems produced annual heat gains of 925 kWhth/m2 and 140 kWhth/m2 over the
measured period, respectively. Figure 4 also shows that the SWH system performed at an average daily yield of
2.53 kWhth /m2, significantly higher than the 0.383 kWhth /m2 of the PV hot water system over the year it was
monitored. This is primarily due to the lower efficiency characteristics of PV hot water systems (10 – 15%) when
compared to SWH systems (35 – 68%) on average, as shown by (Matuska and Sourek, 2017). The lower efficiency
largely affects the excessive amount of PV area required to power AC/DC immersion heaters when compared to
SWH systems. In this case, roughly 4 times more roof area was required to adequately power the immersion
designed for a household of 3 to 4 persons which closely matches the thermal capacity of the 2.4 m2 SWH system,
yet it results in a significantly lower thermal energy yield per m2.

3.2. Solar resource and system efficiency
The monthly solar irradiation, in kWh/m2, and the monthly efficiency of both systems was investigated and plotted
in Figure 5 below. The efficiency values plotted in this figure indicate the systems’ ability to produce heat in
relation to the total amount of solar irradiation received by the collector/PV area over the entire month
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Figure 5: Monthly solar irradiation and system efficiencies for both systems from May 2018 to April 2019

A total solar irradiance of 1 843 kWh/m2 was measured in the area from 1 May 2018 to 30 April 2019. Figure 5
shows that the SWH and PV hot water systems performed at an annual efficiency of 50.2% and 7.5%, respectively,
when based on the total collector/PV area available for harnessing solar irradiation and converting it into heat.
The study by Matuska and Sourek (2017) showed that efficiencies ranging from 13 to 15% is achievable with PV
hot water systems which includes advanced MPP tracking in European climates. The significant inconsistency of
the measured PV efficiency is attributed to a number of factors, primarily, the lower hot water consumption from
the household (1 as opposed to 3 residents), limited heat input capability and the omittance of batteries for
electrical energy storage.

3.3. Heat demand and hot water consumption
In order to accurately investigate the performance of both types of solar hot water systems, the hot water and
thermal energy consumption was measured and characterized using heat meters over the annual period. Figure 6
shows the monthly hot water volume used in each of the households and the thermal energy consumed through
this hot water usage.

Figure 6: Monthly heat consumption and hot water volume used in each household from May 2018 to April 2019
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As mentioned, 1 resident occupied the household installed with the PV hot water system, as opposed to the 3
residents in the household with the SWH system. The sole resident making use of the PV hot water system resulted
in a large variation in the day-to-day hot water consumed within the household, which in turn affected the
performance of PV hot water system to an extent.
The household with the SWH system used a total of 74 111 ℓ of hot water, amounting to a heat consumption of
2 497 kWhth over the annual period from 1 May 2018 to 30 April 2019. The household with the PV hot water
system used a total of 19 126 ℓ of hot water, amounting to a heat consumption of 775 kWhth over the same period.
In order to better understand the hot water consumption and heat demand of each household, the average daily
hot water usage and attributed heat consumption per person was evaluated, as shown in Figure 7 below.

Figure 7: Average daily heat consumption and hot water volume used per person in each household from May 2018 to April 2019

The measurements presented in Figure 7 shows more comparable results in contrast to the overall hot water usage
of the households. The residents making use of the SWH system used 67.6 ℓ of hot water per person per day on
average, with a heat consumption of 2.28 kWhth /day over the annual period. Similarly, the resident making use
of the PV hot water system used 52.6 ℓ of hot water per day on average, with an average heat consumption of
2.13 kWhth /day over the same period.

3.4. Thermal energy balance
The measurements of the energy input for hot water production from the solar technologies and secondary AC
immersion heaters as well as the heat consumption from the households allows for accurate thermal energy
balances of each system’s performance to be determined. The monthly energy balance and solar fraction for the
household installed with the 2.4 m2 SWH system is shown in Figure 8 below.
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Figure 8: Monthly thermal energy balance and solar fraction for the 2.4 m2 SWH system household for May 2018 to April 2019

Over the annual period from 1 May 2018 to 30 April 2019, the thermal input from the SWH system and secondary
AC heater was 2 219 kWhth and 934 kWhth, respectively, while the total heat consumed from the tank was
2 497 kWhth. This indicates that the system had a solar fraction of 70.4% over the year. The total heat input to the
200 ℓ tank was 3 153 kWhth and heat losses from the system amounted to 656 kWhth over the year.

Figure 9: Monthly thermal energy balance and solar fraction for the 1.56 kWp PV driven hot water system household from May
2018 to April 2019

Over the annual period from 1 May 2018 to 30 April 2019, the thermal input from the PV and secondary AC
heating function was 1 403 kWhth and 65 kWhth, respectively, while the total heat consumed from the tank was
775 kWhth. This indicates the system had a solar fraction of 95.6% over the year. The high solar fraction, when
compared to that of the SWH system, is primarily influenced by the lower hot water consumption and the system

7
411

A.I. Buckley et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

being designed for a larger usage. The total heat input to the 200 ℓ tank was 1 468 kWhth and heat losses from the
system amounted to 693 kWhth over the year.

3.5. Low cost PV water heating systems
Over recent years, there has been large growth in the interest and market penetration of PV hot water systems,
and more specifically dual AC/DC type PTC immersion heaters. As a result, solar technology suppliers and
installers have introduced PV hot water alternative products onto the South African market that are highly cost
competitive with conventional SWH systems. The capital cost of the 1.56 kWp PV hot water systems installed as
part of this study is considerably higher than that of the 2.4 m2 SWH system and similar technologies currently
available on the market. For this reason, it was decided to include the performance and financial feasibility of a
lower cost PV hot water alternative currently available on the local market as part of this study.
For the purpose of this study, the performance of a 900W DC/2kW AC PTC immersion heater with a 200 ℓ hot
water storage tank was estimated using the performance measurements of the PV hot water system currently
installed at Mariendahl. This was done for one year with 5-minute intervals. It is important to note that the
estimated performance of this alternative is based on the low hot water and heat demand measured from the PV
installed residence. This system makes use of a 900 Wp PV system to power the element. The purpose of including
this alternative is to investigate whether the installation of a lower cost and capacity alternative would have
provided more than 50% of the household’s annual hot water demand and evaluate the financial feasibility thereof.
The South African National Buildings Regulations (SANS 10400-XA2: 2011) requires that 50% or more of a
household’s annual hot water volume be heated by means other than electrical resistance heating. The energy
balance of the system is shown in Figure 10.

Figure 10: Adapted monthly thermal energy balance and solar fraction for the 0.9 kWp PV driven hot water system from May 2018
to April 2019

Based on the performance computations of this lower cost PV hot water system for the period of 1 May 2018 to
30 April 2019, the thermal energy input from the PV and secondary AC element function would be 842 kWhth
and 626 kWhth, respectively, for the same volume of hot water consumed by the current resident occupying the
household. This indicates a solar fraction of 57.4% for the year. Take note that this solar fraction is specific to the
single occupant household consumption measurement of 19 126 ℓ of hot water per year (53 ℓ/day).
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3.6. System capital cost
The capital cost of a solar hot water system is a key influencing factor for the financial feasibility thereof. The
SWH market of South Africa is well developed when compared to that of the solar PV water heating technologies.
Therefore, cost and performance expectations of SWH systems within the local context is relatively well
understood based on the hot water demand of the household or application in question. In contrary, the interest
and understanding of PV hot water systems have only started growing over recent years, which has led to an
identifiable growth in the market. Local solar technology suppliers now offer inexpensive “off-the-shelf” PV hot
water system packages that can be installed in new-builds and retrofitted to existing hot water storage tanks. All
financial calculations were based on the average exchange rate of 13.29 ZAR/USD for the year 2018
(www.irs.gov). For this study, four solar water heating alternatives as listed below was financially analyzed.
1.
2.
3.
4.

1.56 kWp PV system, 2kW Dual AC/DC immersion heat and 200 ℓ storage tank
2.4 m2 flat-plate thermosiphon SWH system and 200 ℓ storage tank
0.9 kWp PV system, 900W DC/2kW AC PTC immersion heater (low cost) and 200 ℓ storage tank
0.9 kWp PV system, 900W DC/2kW AC PTC immersion heater (low cost) retrofit to an existing tank

This low-cost alternative system was investigated as a complete system which includes a 200 ℓ storage tank for
new builds as well a retrofit solution that excludes the costs of the 200 ℓ hot water storage tank, its associated
components and installation. Both alternatives exclude battery storage, which is commonly offered with these
types of systems. The capital cost breakdown of the systems is shown in Figure 11.

Figure 11: Capital cost breakdown, in USD, of each of the solar water heating systems

4. Financial Feasibility Analysis
The analysis of the performance data made it possible to characterize the annual heat production capabilities of
both types of systems. This data also provided a means of characterizing the performance of similar technologies,
specifically the aforementioned lower cost 0.9 kWp PV hot water system with different electrical and thermal
capacities. The cost information of these systems can be used to better understand the feasibility of these systems
within the local context. The financial outcomes of low-cost PV water heating systems currently available on the
local market was also investigated to cover all bases and realize the competitive impact these technologies could
have on conventional SWH systems on the market.
Financial indicators determined in this study includes the system’s payback period, IRR, NPV, total savings and
LCOH. The finances were investigated by adopting a number of assumptions. For the financial calculations, an
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electricity price of 1.74 ZAR/kWhe (excl. VAT) (= 0.1315 USD/kWhe) was used for the first year. The electricity
price is based on the Stellenbosch Municipality’s tariffs for 2018/2019, which is the tariff applicable to residential
customers consuming less than 600 kWh per month on average, representative of the households of this study
(Stellenbosch Municipality Tariff Booklet 2019/2020). This electricity cost is assumed to an adequate
representation of the average residential electricity cost in the country. The electricity price increase after year 1
was set at 7.32%, which is the increase implemented the following year by the municipality for the specific tariff.
After this, a more conservative approach was adopted, assuming an annual increase of 8.6% year-on-year,
calculated from the average electricity price increase applied by the national utility, Eskom, over the past 6 years.
The assumptions used in this study was a capital cost rate of 9.25%, inflation rate of 6.7% and capital funded
systems. The financial feasibility for systems were investigated over a 25-year period and it was assumed that the
PV modules have a degradation rate of 0.5%/year, adopted from the findings of Jordan & Kurtz (2012). The input
values of the annual thermal energy production for the first year and annual hot water volume consumption of the
household for the case of each solar technology alternatives is given in Table 1.
Table 1: System perforamnce inputs used for feasibility analysis

Input parameter

SWH system

PV water
heating system

PV water
heating system
(Low cost)

PV water heating
system (low cost)
retrofit

Thermal energy
production for year 1

2 219 kWhth

1 403 kWhth

842 kWhth

842 kWhth

74 111 ℓ

19 126 ℓ

19 126 ℓ

19 126 ℓ

Yearly hot water volume
consumption of household

Figure 12 shows the annual financial savings generated by each system over the 25-year period.

Figure 12: Annual generated financial savings for each of the solar water heating systems over 25 years

Figure 12 shows significantly larger annual savings generated by the SWH system when compared to the PV
driven hot water alternatives. This results from the larger thermal energy input from the SWH system. Savings
associated with the lower cost PV hot water alternatives presents lower annual savings, which can be expected,
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since the system has a low thermal capacity and in turn, a lower annual heat production when compared to the
system monitored in this study. The cumulative net cash flows generated by each of the technologies is presented
in Figure 13.

Figure 13: Cumulative net cash flows generated with each of the solar water heating systems over 25 years

Figure 13 shows that the SWH system generates significantly more cash over the 25-year period and reaches
break-even point sooner than the solar PV alternatives. The point at which the cumulative net cash flows reach
0 USD indicates the payback period of the investigated systems. The key financial outcomes of the feasibility
analysis are presented in Table 2 below:
Table 2: Results of financial feasibility analysis over 25 years

SWH system

PV water
heating system

PV water
heating system
(Low cost)

PV water
heating system
(low cost)
retrofit

2 383 USD

5 110 USD

2 452 USD

1 264 USD

Total thermal energy
produced over 25 years

55 475 kWhth

33 052 kWhth

19 834 kWhth

19 834 kWhth

Total financial savings

24 093 USD

10 349 USD

6 824 USD

8 012 USD

LCOH of utility of 25
years

0.36 USD/kWhth

0.36 USD/kWhth

0.36
USD/kWhth

0.36 USD/kWhth

26%

8%

10%

19%

6 years

15 years

13 years

8 years

0.04 USD/kWhth

0.15 USD/kWhth

0.12
USD/kWhth

0.06 USD/kWhth

NPV

4 892 USD

- 456 USD

288 USD

1 376 USD

Cost of business-as-usual

26 476 USD

15 459 USD

9 277 USD

9 277 USD

Financial results

Initial capital cost

IRR
Payback period
LCOH of solar
alternative over 25-years
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5. Results
When comparing the financial outcomes of the study, it can be seen that the conventional SWH system provides
the largest benefits from a cost perspective. The 2.4 m2 SWH system presents a payback period of 6 years and a
LCOH of 0.04 USD/kWhth over the year 25 period. This system vastly outperforms the PV alternatives from a
technical and financial perspective. The study by Matuska and Sourek, (2017) showed that when used to its full
potential, a SWH system and PV hot water system of approximately the same thermal capacity, will produce
almost the same of heat annually. This particular study showed the SWH system producing 15% more thermal
energy than the PV hot water system (excl. MPPT) over an annual period, as opposed to the 45% difference
measured in this study (Matuska and Sourek, 2017).
It was initially expected that competitive finances would be achieved through the investigation of the lower cost
“off-the-shelf” PV hot water system when compared to installed 2.4 m 2 SWH system. In this case, the lower cost
PV hot water system is most competitive from a financial perspective to conventional SWH systems when
considered as a retrofit to an existing tank within a household, as seen in the results of Table 2. Foreseeably,
retrofitting of solar collectors to existing residential hot water storage tanks would have the potential to provide
the most desirable financial outcomes. Retrofitting existing tanks with PV powered PTC immersion heaters
largely reduces capital costs, providing more attractive financial outcomes with payback periods of 8 years, IRR
of 19% and LCOH of 0.06 USD/kWhth, which is competitive to SWH systems and substantially less than the
LCOE from the grid for hot water production over the 25 year period.

6. Recommendations
A number of clarifications and concerns have been identified during the course of this study; the first is the
significantly larger area required for the PV panels when implementing the dual AC/DC immersion heaters with
storage tanks in households, when compared to the solar collectors of SWH system of similar thermal capacity.
The larger roof space requirement may limit the application for local households, especially for low- to middleincome households where roof space may be limited. Furthermore, the theft of PV modules is a common
occurrence in South Africa and may pose a risk for these types of systems. The difference in the number of
residents living in each monitored household contaminated the performance results of the PV hot water to an
extent. With a larger hot water consumption, it would be expected that more solar radiation would be used to
produce hot water in the tank. Therefore, it is critical that solar hot water systems be designed correctly based on
the hot water demand of the household.

7. Conclusion
This study shows that SWH systems out-perform PV hot water systems with respect to performance and
financially. The 2.4 m2 SWH system considered in this study presented the most attractive investment opportunity
to reduce the electricity consumption for hot water production for households. In comparison to the lowest cost
solution for a PV water heating system, retrofitting existing tanks with the necessary components, SWH systems
offer the shorter payback periods (6 years) while producing more thermal energy over the 25-year period at a
LCOH of 0.04 USD/kWhth. This is substantially less than the 0.36 USD/kWhth LCOH for utilizing utility supplied
electricity over the same period.
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Abstract
This paper investigates the operation of a typical residential solar pool heating system under an optimal, low
flow scenario. A high-efficiency pump was retrofitted to an existing residential solar pool heating system (with
a pool area of 48 m2 and a solar collector area of 30 m2). The system originally used a single-speed pump
(Business as Usual scenario) with a mass flow rate of 0.07 kg s-1 m-2 as recommended by the Australian
Standard AS 3634. For the low flow scenario (0.016 kg s-1 m-2) a longer operation time (one hour/day on
average) or for a new system, a larger collector area (+17%) is required to achieve an equivalent pool thermal
performance to the BAU system. However, under the low flow scenario, retrofit scenario, a reduction in pump
energy of 75% was achieved, together with a four-times increase in the system coefficient of performance
(COP), reaching a value of 64. This high-efficiency solar pool heating pump retrofit can achieve a payback
time of 2.4 years if the single-speed pump is replaced at the end of its life.
Keywords: solar pool heating; pump sizing; high-efficiency hydraulic systems

1. Introduction
The match between the heat demand and the availability of solar energy makes solar heating systems a perfect
option for outdoor swimming pools (IEA, 2012; Ramos et al., 2017). Currently, swimming pool heating
represents the world’s second most widely used application of solar heating systems (Wang and Ge, 2016) and
it is mainly achieved using unglazed solar collectors.
Australia and the USA are the two biggest residential swimming pool markets in the world (Weiss and SpörkDür, 2018). While the USA has more residential pools (~10 million) (APSP, 2013), Australia holds the highest
per capita ownership of residential pools (McIntyre, 2014). In both counties, around one-third of the residential
swimming pools are heated (Wilkenfeld, 2009; EIA, 2013; Woolcott Research and Engagement, 2016). As for
swimming pool filtering, pool heating is also an energy-intensive activity. The total energy consumption for
heating all residential swimming pools in Australia (including solar, heat pump and gas pool heating) was
estimated as 1250 GWh per year (Wilkenfeld, 2009), which corresponds to 1.09 Mt CO2-e of GHG emissions
(DEE, 2018). Solar pool heating is more energy-efficient and environmentally friendly than the other two
common options (Ausgrid, 2015); consequently, high-efficiency solar pool heating systems are the focus of
this study, in particular, low flow systems using a systemic optimization approach.
The operation of typical residential solar pool heating systems under lower flow conditions was first
investigated by Cunio and Sproul (2012). The authors reported that it was feasible to run a solar pool heating
system at a low water flow rate (0.02 kg s-1 m-2). Although the solar collector’s thermal efficiency was reduced
by approximately 15%, due to the reduced energy use of the pumping system, the system COP (i.e., energy
ratio of the heat output of the solar thermal collector to pump energy) increased significantly. Zhao et al. (2018)
validated a residential solar pool heating system model with experimental data, and found that over the whole
swimming season, the optimal mass flow rate per unit collector area (from the whole system perspective) was
0.016 kg s-1 m-2. For this optimal flow rate, in comparison to the Business as Usual (BAU) scenario
(~0.08 kgs-1m-2), the pumping energy was reduced by 60% and a COP of 25 was obtained, which was 2.5
times that of the BAU scenario. It is important to note that the multi-speed pump used in Zhao et al. (2018)’s
work, was oversized, i.e., the pump generated 2 – 10 m of pressure above the optimal pressure required, than
required under the default low, medium and high speeds, which limited the extent of the pump energy savings
achieved. As such, this study builds on the previous work and explores the technical opportunities of operating
a typical residential solar pool heating system under the optimal, low flow rate using a high-efficiency pump.
This was done in order to investigate if greater energy savings and further improvement of the COP could be
achieved.
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2. Experimental system and high-efficiency pump retrofit
An open loop, residential solar pool heating system located in Sydney, Australia, was selected as the testbed
for this study (see Fig. 1). The solar pool heating system is independent of the pool filtering system and has a
single-speed water pump which circulates the pool water through a Heliocol HC38 solar thermal collector via
40 mm pressure pipes. The unglazed solar thermal collector is made of UV stabilized polypropylene tubes,
which are connected in parallel.

Fig. 1 Overview of the residential solar pool heating system.

The collector is mounted on the roof of the adjacent residence and a vacuum relief valve is located at the
highest point of the collector (Fig. 2). The vacuum relief valve opens automatically under negative pressures
(when the pump is off) to allow the water in the system to safely drain out. A throttle valve was fitted
downstream of the vacuum relief valve and before the pool return (between point 2 and 3 in Fig. 2), which was
adjusted to increase the pressure at the location of the vacuum relief valve and keep it closed during the pump
operation (Zhao et al., 2018).

Fig. 2 Schematic layout of the residential solar pool heating system.
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A high-efficiency pump retrofit was proposed to replace the existing single-speed solar pool heating pump,
which had been operating for around 15 years. The new pump was sized based on the optimal, low flow
scenario (i.e. a mass flow of 0.016 kg s-1 m-2) along with the parameters of the existing solar pool heating
system shown in Table 1. It is important to note, the solar collector to pool surface area ratio (Ac/Apool) is 63%,
which is similar to the recommended value by the Australian Standard AS 3634 (2013) for Sydney weather
conditions.

Table 1: Parameters of the existing solar pool heating system

Parameters
Swimming pool surface area
Swimming pool volume
Solar thermal collector area
Water mass flow rate per unit collector area
The height of the vacuum relief valve above the pool water level (H)
PVC pipe diameter
Length of PVC pipe from the pool to the vacuum relief valve (estimated)
Estimated number of 90° bends
Number of pool skimmers (water inlets to the pump)
Surface roughness - PVC pipe (The Engineering ToolBox, 2017)

Values
48 m2
64 m3
30 m2
0.016 kg s-1 m-2
3.5 m
0.04 m
20 m
20
1
7.0e-6 m

Under the optimal, low flow scenario, it is important to ensure the vacuum relief valve stays closed (Zhao et
al., 2018). The minimum pump pressure required to keep the vacuum relief valve closed at all times is given
by Eqn.1 (Zhao et al., 2018):
2

3
∆𝑃#$%# > ∆𝑃#''(_*+, + 𝜌/ 𝑔𝐻 + 3 𝜌/ 𝑉+*

(1)

where ∆𝑃#$%# is the pump pressure, ∆𝑃#''(_*+, is the pressure loss from the pool skimmer (point 1 in Fig. 2)
to the vacuum relief valve (point 2 in Fig. 2), 𝑉+* is the average velocity of the water in the pipe at the location
of the vacuum relief valve, and H is the height of the vacuum relief valve above the pool water level. Note that
∆𝑃#''(_*+, was calculated using the Darcy–Weisbach equation and the pressure loss coefficients for various
pipe components (i.e., pipe inlets, bends) (Cengel and Cimbala, 2010).
Fig. 3 presents the calculated pump pressures required for the solar pool heating system to operate properly
(i.e., the vacuum relief valve remains closed) for flow rates between zero to the BAU mass flow rate of
0.07 kg s-1 m-2. Note that the pump pressure includes a 15% safety margin as suggested by Joey Sarver et al.
(2018) and 10 kPa extra pressure to overcome the spring force of the vacuum relief valve as reported by Zhao
(2018). With the required pump pressure, an appropriate water pump was sized to meet the pressure and flow
requirements while selecting a pump with high efficiency. A three-speed Grundfos water pump (model: UPS
25–80 N 180) was found to be suitable and its pressure and power use at the high speed are shown in Fig. 3.
As seen, the pump can generate 6.7 m of pressure at the optimal, low mass flow of 0.016 kg s-1 m-2, which is
higher than the required pump pressure head (5.6 m) calculated as per Eqn.1. Also note that the pump has a
stainless-steel housing, which is corrosion resistant against the chlorinated pool water. Another Grundfos water
pump (model: UPML AUTO 15-105 130) also meets the flow rate and pressure requirements and uses less
power (102 W). However, it is not an appropriate option since its cast iron housing would be corroded by the
pool water over time.
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Fig. 3 Minimum pump pressure required (with 15% margin) and characteristics of Grundfos UPS 25-80 N 180 water pump at
high speed.

Fig. 4a shows the retrofitted Grundfos UPS 25–80 N 180 pump in the solar pool heating system under test. To
assist the start-up/priming of the pump, a small tank was installed prior to the pump inlet as a self-priming
reservoir (Mackay, 2004). Fig. 4b shows the throttle valve (PVC ball valve) installed on the vertical pipework
downstream from the solar thermal collector, which was partially closed to keep the vacuum relief valve closed.

a)

b)

Fig. 4 a) High-efficiency pump retrofit and b) Throttle valve (partially closed) on the downstream of the solar thermal collector.

3.

Operating the system under the optimal, low flow scenario – extending the
pump run time

When operating the high-efficiency pump at high speed with the throttle valve fully open, air bubbles were
observed in the pool, near the water return from the solar collector (point 3 in Fig. 2). This was an indication
that the vacuum relief valve on the top of the solar collector was open due to insufficient pressure produced by
the pump. To close the vacuum relief valve and prevent air entering into the pool heating circuit, the throttle
valve on the downstream of the solar collector had to be partially closed – about 45 degrees clockwise from
the fully open position (see Fig. 4b). The pump power and the water mass flow were measured as 142 W and
0.016 kg s-1 m-2 respectively.
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To compare the system performance under the optimal, low flow scenario (0.016 kg s-1 m-2) and the BAU
scenario (0.07 kg s-1 m-2) over the whole swimming season, TRNSYS simulations were performed using an
experimentally validated residential solar pool heating system model (Zhao et al., 2018). The following
parameters and assumptions were used in the simulations:
•

TMY2 weather data of the Sydney climate was used and the simulation period was the whole
swimming season in Sydney (October to March);

•

The initial pool water temperature was set as the local mean ambient temperature of September, which
was obtained from the Australian Government Bureau of Meteorology (BOM, 2019);

•

The solar pool collector was assumed not to be shaded.

•

The pool water temperature between 10 am to 7 pm was considered, as this is the period when the
pool is most likely to be used (Ruiz and Martínez, 2010);

•

The pool water usually has a salt level of 4000 ppm (0.4%) (Khouzam, 2008) and the associated
impact on the specific heat of pool water is negligible (Qu, 2016). Therefore, the specific heat of the
pool water was assumed as a constant of 4190 J kg-1 K-1;

•

A default pump control strategy (∆𝑇6 = 8°C; ∆𝑇7 = 4°C) was used (Dontek, 2018), so the pump
switches ON when the collector surface temperature is 8°C above the pool water temperature, and the
pump switches OFF when the collector surface temperature minus the pool water temperature is
below 4°C;

•

The daily system COP was calculated as the energy ratio of the average daily heat output of the solar
thermal collector delivered to the pool, over the average daily electrical energy used by the pump:
𝐶𝑂𝑃 =

𝑄$
𝑊#$%#

(2)

•

The pump power was measured by a Power-Mate power meter (accuracy of ±2.0%) and the water
flow rate was measured by a Dynaflox DMTFH ultrasonic flow meter (accuracy of ±1.0%);

•

The grid electricity price used was 0.253 AU$/kWh (Energy Australia, 2019) with a 3% increase per
year (Kai, 2017). The discount rate assumed was 5% (Drury et al., 2011).

Table 2 presents the simulation results of operating the residential solar pool heating system under the optimal
and BAU flow rate scenarios over the whole swimming season in Sydney, Australia. For the optimal, low flow
scenario, the average daily pumping energy over the whole swimming season is 0.7 kWh/day (with annual
costs of AU$32). This represents more than a 75% reduction in comparison to the BAU scenario. On the other
hand, both scenarios deliver a similar amount of heat to the pool, so the significant pumping energy reduction
under the optimal, low flow scenario leads to a noticeable increase of the COP to 64. This result is more than
four times higher than the BAU scenario. In addition, this present result is a further improvement on the COP
of 25 reported previously which utilized a multi-speed pump (Zhao et al., 2018).
Table 2: Simulation results of operating the solar pool heating system under the BAU and optimal flow rate scenarios over the
whole swimming season in Sydney, Australia (default pump control strategy of ∆𝑻𝑯 = 8°C; ∆𝑻𝑳 = 4°C).

Operating
scenario

Mass flow
rate
(kg s-1m-2)

Pump
power
(kW)

Avg pump Avg pump Avg collector heat
Annual
run time
energy
output to the pool COP
costs
(hr/day) (kWh/day)
(kWh/day)

Swimming
period
(days)

BAU
flow

0.070

0.795

3.7

3.0

46

15

AU$137

105

Optimal
flow

0.016

0.142

4.8

0.7

45

64

AU$32

104
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Based on a fixed electricity tariff (Energy Australia, 2019), the annual cost savings obtained under the optimal,
low flow scenario is AU$105 per year. The Grundfos UPS 25–80 N 180 water pump costs around AU$650 to
install and thus the discounted payback period for this high-efficiency solar pool heating system retrofit is
approximately 6.7 years. This is similar to the average life expectancy of a typical pool pump (7 years) as
reported by DEE (2016) but Grundfos (2019) suggested their pump would last for around 10 to 20 years. If the
high-efficiency pump was purchased as a replacement of an existing single-speed pump at the end of its life
(e.g. Davey Whisper 750 pump costs around $AU400), then the simple payback period would be only 2.4
years. This is less than the average pool pump lifetime, making it an ideal energy-saving option for pool
owners.
Furthermore, it is worth investigating the thermal performance of the open-air swimming pool under the two
operating scenarios. The pool thermal performance was evaluated using the swimming period, which
represents the total number of days with the average water temperature of the pool stays above a certain
temperature. In this study, the minimum acceptable pool water temperature was chosen as 26°C (Higgs, 1984;
Dongellini et al., 2015). Operating a solar pool heating system at a lower mass flow rate, reduces the thermal
efficiency of the solar collector (13% absolute efficiency drop from the BAU to the optimal flow scenario), so
a longer run time is needed to achieve a similar pool thermal performance. For the system under investigation,
the average daily run time for the optimal, low flow scenario is around one hour per day longer than the BAU
scenario over the whole swimming season (see Table 2). This provides a similar amount of heat delivered to
the pool (on average 45 kWh/day) as the BAU scenario (on average 46 kWh/day) and a similar swimming
period (104 days) in comparison to BAU scenario (105 days).

4. Operating the system under the optimal, low flow scenario – increasing the
collector area
Running the solar pool heating system for longer hours is an option for existing solar pool heating systems.
However, for new systems, pool owners will have the option to install a larger collector. As such, this study
also investigates the option of increasing the area of the solar thermal collector to overcome the lower thermal
performance under low flow conditions.
To simulate the same run time for both scenarios, an adjusted control strategy was also investiagted. As
reported by Bilbao (2012), the pump control strategy with a smaller ‘switch off’ band (∆𝑇7 = 0.5°C) ran the
pump for about the same period at both the low and high mass flow rates, and a similar thermal yield was
obtained. Therefore, the adjusted pump control strategy adopted for this simulation consists of a ‘switch off’
band (∆𝑇7 ) of 0.5°C. The ‘switch on’ band (∆𝑇6 ) remained the same as the default value of 8°C recommended
by the manufacturer of the solar pump controller (Dontek, 2018). Hence, the pump will switch ON when the
collector surface temperature is more than 8°C above the pool water temperature and switch OFF when the
collector surface temperature minus the pool water temperature, is lower than 0.5°C , as opposed to the 4°C
used in the previous simulation. Simulation results are presented in Table 3 for a solar collector with an area
of 30 m2 for both scenarios.

Table 3. Simulation results of operating the solar pool heating system under the BAU and optimal flow scenarios over the whole
swimming season in Sydney, Australia (adjusted pump control strategy of ∆𝑻𝑯 = 8°C; ∆𝑻𝑳 = 0.5°C) for the same collector area
of 30 m2.
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Operating
scenario

Mass flow
rate
(kg s-1m-2)

Pump
power
(kW)

Avg pump Avg pump Avg collector heat
Annual
run time
energy
output to the pool COP
costs
(hr/day) (kWh/day)
(kWh/day)

Swimming
period
(days)

BAU
flow

0.070

0.795

6.3

5.0

66

13

AU$231

135

Optimal
flow

0.016

0.142

6.6

0.9

52

55

AU$43

119
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As seen in Table 3, because of the smaller ‘switch off’ band, the adjusted control strategy runs the solar heating
pump longer, delivering more heat to the swimming pool in comparison to the default pump control strategy.
Thus, longer swimming periods were achieved by the solar pool heating system. However, the adjusted control
extends the pump running period towards the late afternoon, when weather conditions like solar irradiance and
ambient temperature are likely to decrease, resulting in the solar thermal collector working less efficiently than
the default control operated system. According to Table 2 and Table 3, for the optimal, low flow scenario, the
pump with the adjusted control strategy consumes about 30% more electricity than that with the default control
(0.9 versus 0.7 kWh/day), but it only delivers 15% extra heat to the swimming pool (52 versus 45 kWh/day)
and thus, the COP decreases from 64 to 55.
Furthermore, with the adjusted pump control strategy applied, the optimal, low flow scenario runs for a similar
period of time as the BAU scenario; and given that the thermal efficiency of the solar pool collector is 13%
(absolute) less than the BAU (0.07 kg s-1 m-2), the optimal, low flow scenario, therefore, delivered less heat to
the pool (52 kWh/day vs 66 kWh/day). Consequently, despite the excellent pumping energy reduction of 80%,
the associated swimming period of the optimal, low flow scenario falls 16 days short of the BAU scenario over
the whole swimming season, indicating a compromised pool thermal comfort for the users.
As the pool thermal performance is reduced under the optimal, low flow scenario without extending the pump
run time, further investigations were made looking at increasing the collector area of such a high-efficiency
solar pool heating system. This has the potential to compensate for the heat loss and aims to achieve a similar
pool thermal performance as the BAU scenario. In an additional simulation, the ratio of the collector area to
the pool surface area (Ac/Apool) was varied from the original value of 63% to the value of 100% (collector area
equal to the pool surface area) in steps of 1%. The system was set to operate at the optimal, low flow scenario
(0.016 kg s-1 m-2) using the adjusted pump control strategy. All the other system parameters remained the same.
Fig. 5 shows the modelled pool thermal performance, characterized by the swimming periods for various
collector to pool area ratios (Ac/Apool) over the swimming season. It can be seen that the average daily pump
run time decreases gradually as the collector area increases, as the same amount of thermal energy can be
delivered by the solar thermal collector in less time.
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Fig. 5 Swimming period and average daily pump run time for the solar pool heating system operating under the optimal low
flow scenario (0.016 kg s-1 m-2) over the whole swimming season in Sydney, Australia (adjusted pump control strategy of ∆𝑻𝑯 =
8°C; ∆𝑻𝑳 = 0.5°C) for a range of collector areas.
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Note from Fig. 5, that at a collector to pool area ratio (Ac/Apool) of 74%, the pool thermal performance matches
the BAU scenario (see Table 3), with a similar swimming period of 136 days over the whole swimming season.
This implies that for the same pump run time (6.3 hours/day) as the BAU scenario, increasing the solar collector
area by 17% from the original case (Ac/Apool of 63%), can compensate for the lower thermal energy produced
when operating the solar pool heating system under low flow conditions.
Since the average pump run time decreases marginally when Ac/Apool increases from 63% to 74%, the pump
energy consumption remains at 80% lower than the BAU scenario. Assuming the solar collector costs $130
per square meter including installation costs (Heliocol, 2017), the extra expense for the larger solar collector
is around AU$680. Taking into account the additional cost of a high-efficiency pump over a regular singlespeed pump, the new high-efficiency system (with a larger collector area) has a payback time of 5.3 years,
assuming the same flat rate electricity tariff of $0.253/kWh This is still less than the average life expectancy
of typical pool pumps (7 years) (DEE, 2016) and less than the typical lifetime of solar thermal systems (20
years) (Kalogirou and Tripanagnostopoulos, 2006).

5. Conclusions
This study investigated the operation of a typical residential solar pool heating system under an optimal, low
flow scenario (mass flow rate of 0.016 kg s-1 m-2), using a high-efficiency water pump. Based on the work
published by Zhao et al. (2018), a three-speed Grundfos UPS 25–80 N 180 water pump was chosen and
retrofitted to the existing solar pool heating system. With the throttle valve (downstream from the solar thermal
collector) partially closed, the pump was able to operate under the optimal, low flow conditions using only
142 W of pump power.
According to the simulation over the whole swimming season in Sydney, Australia, the optimal, low flow
scenario operated one hour longer per day than the BAU scenario (mass flow rate of 0.07 kg s-1 m-2) so as to
compensate for the lower thermal performance due to the lower flow rate. Both scenarios achieved a similar
swimming period of around 105 days over the swimming season. Despite the longer run time, the low flow
scenario achieved significant pump energy savings of 75%, whilst the COP increased about four times from
15 to 64 when compared to the BAU scenario. If such a high-efficiency pump is retrofitted to replace the
existing (conventional) pump at its end of life, or alternatively when installed in new systems, then it would
take 2.4 years to pay pack the additional cost of the high-efficiency pump.
Without extending the pump run time, it is also feasible to recover the reduced heat output under the optimal,
low flow scenario by increasing the solar thermal collector area (e.g. for new systems). The long-term
simulation showed that with a 17% increase in the collector area (an Ac/Apool of 63%), the optimal scenario
achieved almost the same pump run time and heat output as the BAU scenario, providing the same pool thermal
performance (i.e., swimming period) over the whole swimming season. In this case, around 80% of the pump
energy was saved and it would take around 5.3 years to pay back the additional costs for the larger collector
and the high-efficiency pump. Note that the energy saving could be futher improved if a water pump with a
higher pump/motor efficiency was developed (the selected pump has a pump/motor efficiency of 26%).
Therefore, it is useful in future study to investigate the technical opportunities for designing a high efficiency
as well as a cost-effective pump solution.
The high-efficiency solar pool heating system investigated in this study presents significant potential energy
savings and GHG reductions in countries with high swimming pool density (e.g., Australia and the USA).
Assuming all residential solar pool heating systems in Australia were retrofitted with the high-efficiency
pumps and achieve a 75% reduction of the solar pool heating pump energy use reported by Ausgrid (2015),
then approximately 300 GWh of electricity could be saved per year. This accounts for 24% of the total pool
heating energy in the Australian residential sector and corresponds to around 0.3 Mt CO2-e of GHG emissions.
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Abstract
Heat pumps (HP) for space heating and domestic hot water are well-established and considered to be a decisive
technology for carbon emission reduction. However, in existing multi-family homes (MFH) their market share
is still very low. In this work, the sufficient availability of the heat sources ambient air, ground probe and
ground collector is assessed for one common MFH type in three different urban contexts. The heat demand of
a reference building is calculated for the refurbishment state EnEV 2016 and for more ambitious refurbishment.
The building is placed in the urban space types row house, perimeter block and city development. For each,
the average open space around the building is estimated. Two bivalent air-source and ground-source HP system
variants with gas backup boiler are designed. The necessary ambient heat extraction rates are simulated and
the necessary size/distance of the heat source is calculated by using the design methods of TA Lärm, VDI
4640, Geo Hand and SIA 384/6. Finally, the resulting source demands are compared to the available space.
The results show that typical row house developments have sufficient open space for either bivalent air-source
or ground probe HP systems; it is also the only investigated urban space type suitable for ground collectors. In
perimeter blocks, air-source HPs and ground probes are usually possible. The open space in city developments
is often too small for the investigated HP system types. Here, air-source HPs may be possible if additional
acoustic enclosures are installed. For HPs in city developments, combinations with photovoltaic-thermal or
solar thermal collectors, multi-source systems, or cold district heat networks should be further investigated.
Keywords: LowEx-Bestand, heat pump, multi-family building, building renovation, carbon emissions

1. Heat Pumps for Multi-Family Houses
In Germany, 54 % of all flats are situated in multi-family houses (MFH), i.e. in buildings with three or more
flats. This represents a share of 41 % of the overall residential living area (Bürger et al. 2016, p. 121). The
focus of this study is on MFHs, because related to living area they have a smaller plot size than single-family
homes and consequently a more restricted heat source availability for HPs. A study on monovalent HP systems
(i.e. systems without another heat generator) by Vollmer et al. (2018) concluded that the space around MFHs
is in many urban contexts not sufficient. The study presented here investigates the heat source sufficiency for
the more realistic case of bivalent HP systems (i.e. systems with additional boiler or heating element).
In 2016, space heating for MFHs in Germany was mainly provided by central heating systems (57 %), district
heating (19 %) or apartment block heating (6 %), so the share of central heating types is already at 82 %. In
these systems, the main heat generators are gas boilers (67 %) and oil boilers (26 %). Other technologies like
cogeneration plants or wood/biomass boilers only have small shares. Heat pumps are only in 1 % of the German MFH building stock the main heat generator (all values calculated from Cischinsky and Diefenbach 2018,
p. 82). The shares of single-story and single-room heating decrease, since in new MFHs the systems are almost
exclusively central ones and after building renovation some decentralized systems are changed to central ones.
It is estimated that hot water is in 92 % of all MFHs provided centrally by the same heat generator as space
heating. In 8 % provision is separate and decentralized, e.g. by electric boilers (Forthuber and Hartner 2017).
The market share of HPs in Germany strongly increased over the last years, reaching 40 % at newly built single
and double family houses in 2017 and 18 % at newly build multi-family homes (Destatis 2018). At renovation
of existing heating systems, HPs have a still small, but growing share of 5.5 % (Bundesverband Wärmepumpe
(BWP) e.V. 2018, p. 17).

428

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.10.01 Available at http://proceedings.ises.org

S. Hess et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2. Reference Building, System Variants and Urban Space Structures
This study is performed for one specific reference building, selected based on its relevance for renovation of
the German MFH building stock. Ebert (2018, p. 57 ff.) proposed four characteristic MFH building age classes
(BAK), which have been aggregated based on literature data from Loga et al. (2015) und IWU (2012). Aim of
the aggregation is to summarize similar construction periods, since it is expected that the refurbishment potentials only significantly differ between clearly distinguishable periods. The MFH in LowEx-BAK I were constructed before 1957 and show very little standardization. In LowEx-BAK II (1958-1978), building construction was already unified to a large extent, but with no energy saving requirements. LowEx-BAK III (19791994) has been constructed according to the Thermal Insulation Regulations (Ger.: Wärmeschutzverordnungen), LowEx-BAK IV (1995-2009) after 2002 with Energy Saving Regulations (Ger.: Energieeinsparverordnungen EnEV). In both regulations, the permitted heating demand regularly decreased over time.
For the potential impact of certain energetic refurbishments, both the frequency of a building type, but also its
current energetic state (i.e. heating demand) are relevant. Under both aspects, the buildings of LowEx-BAK I
and II are of particular interest for this study. However, for about 35 % of the German residential building
stock monument and ensemble protection laws apply. This can result in more individual and cost-intensive
refurbishment measures, e.g. for building wall insulation. It is assumed that the majority of the protected buildings were constructed before 1958 (Ebert 2018, p. 57). It is therefore concluded that LowEx-BAK II has the
best cost/savings relation and thus the highest relevance for energetic refurbishment and subsequently heating
system modernization. Accordingly, a MFH from this BAK was chosen as a reference for this study.
2.1. Reference Building
The dimensions and energy-related parameters for a typical medium-sized apartment building of LowEx-BAK
II were derived from data of Loga et al. (2015) and IWU (2012). Figure 1 shows the reference building defined.

Figure 1: Typical medium-sized MFH built between 1958 and 1978 (LowEx-BAK II)

The building covers a base area of 232 m². The conditioned living area of 581 m² is distributed over three
floors and three apartments per floor; the attic is not developed. Statistically, the available living area per
person in Germany is currently about 45 m2, averaged for all building types (Ebert 2018, p. 27). Thus, a number
of 13 residents is assumed (e.g. five single person flats and four flats with two persons).
For this generic building, the annual heat demand and heating load was calculated for three different refurbishment states: State 0 is the state of construction1, state 1 is the fully refurbished building according to the current
requirements of the German Energy Saving Regulations (EnEV 2014/2016) and state 2 is an ambitious refurbishment, achieving a thermal loss reduction similar to the passive house standard2. Table 1 gives the parameters used to characterize the different refurbishment states of the reference building.

1
2

energetic state as constructed, except for the windows, which are assumed to have been exchanged once
no ventilation heat recovery assumed
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Table 1: U-values of building components and other building parameters of the refurbishment states

window

W/(m²*K)

No
refurbishment
State 0
3.25

window (g-value)

[-]

0.75

0.75

0.47

Building
element / parameter

Unit

Conventional
refurbishment
State 1
1.30

Ambitious
refurbishment
State 2
0.70

outer wall

W/(m²*K)

1.13

0.23

0.13

pitched roof

W/(m²*K)

0.55

0.19

0.16

top floor ceiling

W/(m²*K)

0.60

0.19

0.13

lowest floor ceiling

W/(m²*K)

1.33

0.30

0.20

thermal bridging factor

W/(m²*K)

0.10

0.10

0.05

infiltration rate

1/h

0.20

0.10

0.05

hygienic ventilation rate
internal loads

1/h
W/m²

0.40
3.00

0.40
3.00

0.40
3.00

2.2. Heating System
A central heating system with two variants for the main heat generator was simulated: An ambient-air-to-water
heat pump and alternatively a brine-to-water heat pump. The backup heater is always a condensing gas boiler.
The heat transfer system for space heating is radiators. For the initial state of the unrefurbished building it is
assumed that the heating circuit design flow and return flow temperatures were 70 °C / 55 °C, but that the
radiators are now overdimensioned by 15 % compared to the standard design heating load at ambient temperature of -14 °C. This is because the windows were assumed to have been already replaced once, but also due
to higher safety factors used at the time when the original heating systems were designed. Thus, reduced design
heating circuit temperatures of 62 °C / 52 ° C were used to simulate the heating demand in state 0. For the
conventionally refurbished building (state 1) and the ambitiously refurbished building (state 2), the design
temperatures 45 °C / 38 °C were used (Wapler et al. 2018, p. 10). For all stages, adapted heating curves were
used. Domestic hot water (DHW) is prepared via a central fresh water station with storage and circulation line.
The target temperature of this storage is 64 °C.
Two bivalence design temperatures for sizing the heat pump were considered, namely -5 °C and +2 °C. The
HP heating power was selected in a way that it could cover the space heating and DHW load at the bivalence
temperature. The system is operated bivalent-parallel, i.e. the HP is always running if the operation conditions
allow (maximum output temperature of 62 °C). Independently of the ambient air temperature, the backup provides all additional heating power, i.e. assisting the heating below the bivalence temperature, covering dynamic
peak loads in the system, but also for fully charging the DHW storage until the target temperature of 64 °C.
2.3 Urban Space Structures
After identifying an exemplary, relevant MFH building type as a reference for the study, the next step was the
assessment of how much free space is statistically available around this building to provide ambient heat for
air source or ground source HPs. Therefore, the building had to be analyzed in the context of the urban space
types (ST) in which it would be typically found. According to Roth (1980), urban space can be categorized in
nine different types, of which a selection is listed in Table 2. To identify the most relevant urban space structures for the reference building, the characteristics of the predominant buildings in each ST were compared to
the characteristics of the reference building. These include the type of building stock (detached house, row
house, MFH, etc.), the number of full storeys, the surface to volume ratio, the site occupancy index (German:
Grundflächenzahl GRZ), the floor-space index (Ger.: Geschossflächenzahl GFZ), the period of building construction and the conditioned (i.e. heated) floor area.
The analysis of all space types of Roth (1980) showed that ST 4, 6 and 7 have the largest agreement with the
reference building. Consequently, the free space availability in these three urban areas was calculated using
the data of the reference building shown in Figure 1 and for comparison also in Table 2. The number of storeys,
the heated floor area and the cubage of the reference building fit the three listed urban space types. The buildings in ST 6 were constructed earlier than LowEx-BAK II, but in the case that a MFH in ST 6 has already been
partly refurbished and the resulting heat demand is similar to that of the reference building, this is also an
interesting ST-type. ST 6 is also regarded relevant because of the high number of buildings in LowEx-BAK I.
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Table 2: Urban space types according to Roth (1980, pp. 99–103) with parameters of the reference building from
LowEx-BAK II (with A/V = surface to volume ratio (cubage), GRZ = site occupancy index, GFZ = floor-space index,
BAK = building age class, A = conditioned floor area per building)
Code

Type

Storeys

A/V

GRZ

GFZ

BAK

A

ST 4

Row house
development
(medium density)

3-5

0.35 0.45

0.15 - 0.20

0.40 - 0.80

before 1915: 0 %
1915-1948: 0 %
after 1948: 100 %

340 660 m²

ST 6

Perimeter block
development

3-4

0.30 0.40

0.30 - 0.40

0.50 - 1.50

before 1915: 60 %
1915-1948: 40 %
after 1948: 0 %

330 670 m²

ST 7

City development (based on
ST 6)

4-6

0.20 0.30

0.50 - 0.70

1.00 - 3.00

before 1915: 50 %
1915-1948: 0 %
after 1948: 50 %

530 1070 m²

Reference

Medium-sized
MFH (1958 –
1978)

3

0.48

-

-

before 1915: 0 %
1915-1948: 0 %
after 1948: 100 %

581 m²

Hegger et al. (2012) developed energetic urban space types (EST) which are very similar to the ST of Roth
(1980). But for the EST, no BAK is given and only median values are available for the number of storeys,
A/V-ratio, GRZ and GFZ. Additionally, the values for GRZ and GFZ are slightly higher, since sealed areas
like access roads and paths were not considered for plot size (Ebert 2018, p. 16 f.). Therefore and to have the
opportunity to investigate the minimum and maximum range of open space area within a ST as source for heat
pumps, for the current study the values of Roth (1980) were used. Figure 2 to Figure 4 show typical examples
of row-house, perimeter block and city development according to Hegger et al. (2012), which are comparable
to ST 4, ST 6 and ST 7 of Roth (1980). On the left hand side, the bird view settlement structure is shown in
2D, on the right hand side a 3D model of the urban space type. Clear differences in building density and
arrangement of the buildings are visible. All three urban spaces consist of 100 % MFHs (Ebert 2018, p. 16 f.).

Figure 2: Row house development, characterized as EST 3 in UrbanReNet
(Hegger et al. 2012, pp. 460–462). The structure corresponds to ST 4 in Roth (1980).

Figure 3: Perimeter block development, characterized as EST 5 in UrbanReNet
(Hegger et al. 2012, pp. 472–474). The structure corresponds to ST 6 in Roth (1980).

Figure 4: City development, characterized as EST 8 in UrbanReNet
(Hegger et al. 2012, pp. 490–492). The structure corresponds to ST 7 in Roth (1980).
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The open space area 𝐴𝑜𝑝𝑒𝑛 on a property with the overall plot area 𝐴𝑡𝑜𝑡 can be calculated for all three STs
based on the known building footprint area 𝐴𝑏𝑢𝑖𝑙𝑑 of the reference building and the site occupancy index GRZ
given in Table 2 as follows:
𝐴𝑜𝑝𝑒𝑛 = 𝐴𝑡𝑜𝑡 − 𝐴𝑏𝑢𝑖𝑙𝑑 =

𝐴𝑏𝑢𝑖𝑙𝑑
1
− 𝐴𝑏𝑢𝑖𝑙𝑑 = 𝐴𝑏𝑢𝑖𝑙𝑑 (
− 1)
𝐺𝑅𝑍
𝐺𝑅𝑍

(1)

For the base area of 232 m² and the range of values for GRZ in Table 2 the following minimum and maximum
available open space areas around the reference building result:
Table 3: Estimated property plot-sizes and open space areas of the reference building placed in ST 4, 6 und 7
ST 4

Unit

ST 6

ST 7

min.

max.

min.

max.

min.

max.

Plot size

m²

1160

1545

580

775

330

465

Open space

m²

930

1315

350

540

100

230

3. System Simulation Results
For the reference building in its different refurbishment states, the space heating demands were determined in
TRNSYS and exported as a demand time series. The simulations were done for a constant indoor air temperature of 20 °C (DIN V 18599-12:2017-04) with a typical meteorological year (TMY) file of Potsdam, which
represents average German climate conditions. The domestic hot water demand profile of the occupants was
modelled in the software SynPro (Fischer et al. 2016), showing a DHW energy demand of 510 kWh per person
and year. Table 4 gives the simulation results for heating and DHW demand.
Table 4: Simulation results for the reference building in Potsdam, Germany
Unit

No
refurbishment
State 0

Conventional
refurbishment
State 1

Ambitious
refurbishment
State 2

Specific heating demand

kWh/(m²*a)

169

63

48

Heating demand

MWh/a

100

35

26

DHW demand

MWh/a

7

7

7

Mean DHW power demand
(incl. all losses)

kW

3

3

3

Standard heating load at -14 °C

kW

51

23

16

The final energy demands (electrical energy or natural gas) of the considered heating system variants were
determined for states 0 to 2 in Python with a simplified dynamic calculation approach in a calculation time
step of 5 min. Heat output and coefficient of performance (COP) of the HPs are represented mathematically as
characteristic performance curves3 depending on the source and sink temperatures 4. Thus, the COP should be
seen as an upper benchmark, neglecting dynamic effects. For reference conditions of source temperature 0 °C
(brine) and 2 °C (air) combined with 35 °C sink temperature, the COP of the used air-water HP is 3.4 and the
COP of the brine-water HP is 4.6. The thermal storages for DHW and heating are simulated in 10 layers within
Dymola Modelica, using a Functional Mock-up Interface (FMI) for coupling with Python. For the brine temperature, an outdoor temperature-dependent annual cycle was used. Further information on the simulations is
given in (Wapler et al. 2018).
Table 5 to Table 7 show the simulated variants with their most characteristic design parameters and simulation
results. The determined HP cover shares relate to the overall demand (space heating plus DHW). They decrease
from state 0 to 2 because the share of DHW (higher temperature level) increases. The SPH highly depends on
the space heating flow and return flow temperatures.

3

The performance curves of the differently sized brine-water heat pumps and the ambient air-water heat
pumps are based on manufacturer data sheets (Dimplex 2012, Stiebel-Eltron 2019).
4
Source side: inlet temperature; sink side: mean temperature between inlet and outlet
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Table 5: Ground source and air source HP system simulation parameters and results
for state 0, the unrefurbished reference building.
Unit
System / refurbishment code
Bivalence design temperature
HP type (nominal heating power)
Backup (nominal heating power)
Demand share covered by HP
Seasonal performance factor (SPF)

A/W-HP
B/W-HP
Gas boiler

°C
kW
kW
kW
%
-

Air
A-5_0
-5
51
22
96.3
2.5

A+2_0
+2
28
36
86.3
2.6

Ground probes
E-5_0
E+2_0
-5
+2
37
24
18
31
96.4
88.8
3.5
3.6

Table 6: Ground source and air source HP system simulation parameters and results
for state 1, the building refurbished conventionally according to EnEV 2014/2016.
Unit
System / refurbishment code
Bivalence design temperature
HP type (nominal heating power)
Backup (nominal heating power)
Demand share covered by HP
Seasonal performance factor (SPF)

A/W-HP
B/W-HP
Gas boiler

°C
kW
kW
kW
%
-

Air
A-5_1
-5
23
12
91.7
3.2

A+2_1
+2
12
19
83.2
3.3

Ground probes
E-5_1
E+2_1
-5
+2
16
10
9
15
91.9
86.3
4.3
4.4

Table 7: Ground source and air source HP system simulation parameters and results
for state 2, the building with ambitious refurbishment.
Unit
System / refurbishment code
Bivalence design temperature
HP type (nominal heating power)
Backup (nominal heating power)
Demand share covered by HP
Seasonal performance factor (SPF)

A/W-HP
B/W-HP
Gas boiler

°C
kW
kW
kW
%
-

Air
A-5_2
-5
17
9
89.5
3.1

A+2_2
+2
9
13
80.1
3.2

Ground probes
E-5_2
E+2_2
-5
+2
12
8
6
11
89.6
82.8
4.2
4.3

Based on the parameters given above and using the monthly heat extracted from the ground probes, the sufficient availability of ambient heat sources air and ground is assessed for the reference building using the determined open space areas within the selected three urban space types. For this, the necessary heat extraction
power for ground probe and ground collectors were assumed to be identical.

4. Heat Source Availability
An estimation of representative min. and max. plot-sizes around the MFHs in the different urban spaces is
shown in Table 3 above. Using additionally plot shapes from real urban contexts, for the reference building
the available area for drilling bore holes or burying ground collectors as well as distances to neighboring
houses, which are relevant for noise protection of air source heat pumps, can be determined.
4.1 Heat Source Ambient Air
With a share of more than 70 % of newly installed HP systems, ambient air is currently the dominant source
for HPs in Germany (BWP 2019). This is mainly due to the low investment costs and easy accessibility of the
source. The main disadvantage of outdoor air HPs is, in addition to their lower SPF than ground source HPs
(cp. Table 5 to Table 7), the problem of noise. In Germany it is necessary to comply with the limits of the TA
Lärm for the perceived sound pressure level LAeq, which is 35 dB (A) for purely residential areas between
22:00 and 06:00 (Bundesministerium der Justiz und für Verbraucherschutz 1974). Decisive are the distance r
between sound receiver and the source, the place of installation (directivity factor Q for sound propagation) as
well as the sound power level LWAeq emitted by the HP. The directivity factor Q can have the numerical value
of two for a free placement on the property (radiation into the half space), the value of four when installed on
a wall (radiation into the quarter space) or the value eight when set up in a corner (radiation into the eighthroom).
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The perceived sound pressure LAeq can be calculated using the following formula:
𝑄
𝐿𝐴𝑒𝑞 = 𝐿𝑊𝐴𝑒𝑔 + 10 ∗ log (
)
4 ∗ 𝜋 ∗ 𝑟2

(2)

As indicated by above equation, the sound propagation is simplified to a hemispherical form. In reality, however, the propagation is more cuboid-shaped, because the suction- and outlet sides of the air unit have higher
emission levels than its sides. This should be taken into account when placing the unit (Dimplex 2018). The
experienced noise exposure in the heated building itself is less relevant for self-used property, but certainly to
be considered for a property rented out. In these cases, the air unit should be placed in the minimum distance
r to the own wall, as it is calculated for directivity factor Q = 2. To allow for this factor to be used, the distance
to the next wall must be at least 3 m (Dimplex 2018). In addition, a distance of the heat pump to the boundary
of the neighbouring property of another 3 m must be maintained (Berlinghoff et al. 2017).
Figure 5 shows typical plots sizes in ST 4, 6 and 7 taken from real building development plans. While the basic
structure of the urban space types is clearly recognizable, the individual characteristics of each building are
also visible. Highest uniformity is found for ST 4 row development. In contrast, ST 6 and 7 have often grown
historically and therefore their property geometry and available open space show higher variations (cp. Table
3). Thus, the uncertainties of the HP source availability assessment are higher for these two urban space types.

Figure 5: Typical plot sizes of ST 4 (Frankfurt am Main), ST 6 (Frankfurt am Main) and ST 7 (city center Essen) with
potential ground probes (grey crossed circles) and trees (black circles) from Hegger et al. (2012, p. 425, 431, 434). Additionally, for the current study the property- and building dimensions as well as potential HP air units (red) are indicated.

The average estimated width of an open space in ST 4 is about 28 - 42 m for the reference building length of
23.2 m. For ST 6 and the same building length the open space width is 12 - 20 m, for ST 7 approx. 4 - 10 m
(cp. Figure 5). Table 8 indicates the distance r determined for the directivity factor Q = 2 as a function of the
sound power level of the HP. The assumed limit is a sound pressure of 35 dB (A). It can be concluded that for
refurbished MFHs in ST 4 and 6, it will usually be possible to fulfil the noise protection requirements for air
heat pumps. In contrast, in ST 7 this will in most cases not be possible without additional measures as e.g.
acoustic enclosures or sound protection walls.
Table 8: Required distance of the heat pump air unit to building walls for half-space sound propagation (Q = 2) and max.
sound pressure of 35 dB (A). Results are given for air HPs dimensioned according to the bivalence points -5 °C and
+2 °C for the refurbishment states 1 and 2. Sufficient distance (i.e. feasibility) indicated by Yes [✓] and No [✕].
System code
HP sound power level LWAeq [dB(A)]
Min. distance r [m]
Distance to neighbouring buildings
4
Urban space type (ST)
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A-5_1
61
8.0
Min. Max.
✓
✓

A+2_1
54
3.6
Min. Max.
✓
✓

A-5_2
58
5.7
Min. Max.
✓
✓

A+2_2
54
3.6
Min. Max.
✓
✓

6

✕

✓

✓

✓

✓

✓

✓

✓

7

✕

✕

✕

✓

✕

✕

✕

✓
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4.2 Heat Source Ground Probe
Three methods for the dimensioning of geothermal probes are used and compared in this work. These are the
current German VDI-standard (VDI 4640 Blatt 2), the method GeoHand of Prof. Koenigsdorff (2011) and the
Swiss standard (SIA 384/6). For the dimensioning of a ground heat source for a HP the characteristics of the
ground itself are important, i.e. soil temperature, thermal conductivity and heat capacity. But also the maximum
heat extraction rate, the number of full load hours and the arrangement of the probes are decisive factors.
Sizing according to VDI 4640
The VDI 4640 addresses the source dimensioning for small heat pump systems. For a valid probe design, the
following constraints must be considered: The heating capacity of the HP must be below max. 30 kW. Max. 5
ground probes of between 50 m and 200 m depth with a distance of at least 6 m from each other can be installed
in one system. Additionally, the annual full load hours must be within 1200 – 2400 h (VDI 4640 Blatt 2, p. 34).
The calculation according to VDI 4640 is based on tabulated values. For this purpose, information on the
geothermal conductivity, the full-load hours and the heat extraction rate of the HP are required. The extraction
rate Q̇Q can be calculated from heating capacity (Q̇WP) and coefficient of performance (COP):
𝑄̇𝑄 = 𝑄̇𝑊𝑃 − 𝑃𝑒𝑙 = 𝑄̇𝑊𝑃 ∗ (1 −

1
)
𝐶𝑂𝑃

(3)

In practice, three different ranges of probe length exist in Germany, namely up to 100 m, between 100 m and
160 m and deeper than 160 m. Table 9 shows the results of the feasibility evaluation for the ground probe HP
systems. Necessary number and lengths of the probes are calculated based on (VDI 4640 Blatt 2, p. 13, 34)
and (Koenigsdorff 2011, p. 102).
Table 9: Evaluation of open space sufficiency for ground probe HP systems in ST 4, 6 and 7 for the two dimensioning
bivalence points -5 °C and +2 °C and the refurbishment states 1 and 2. Sizing was done according to VDI 4640 Blatt 2, p.
113, Table B6. In the cases marked *, six probes would be necessary and sufficient space for them would be available,
but the application range of VDI 4640 allows a maximum of 5 probes only.
E+2_2

12.3

7.7

9.1

6.1

-

7

✓
✓

✕

✕

5
(87)

✓

✓

✕

✓

✕

✕

3
(130)

✓

✓

✕

✓

7

✕

✓

4

✓

✓

✕

✓

7

✕

✕

4

✓

✓

✓

✓

✕

✓

λ = 2.5 W/(mK)
λ = 3.5 W/(mK)

6
7
4

≤ 100

≤ 160

✕

✓

4

≤ 160

*

✕
✕

6
7

≤ 100

✕

4
(148)

4
≤ 160

6

6

6
7

4
(84)

2
(150)

2
(160)

3
(82)

2
(132)

2
(94)

2
(94)

✓

✕

✓

✕

✕

✓

✓

✓

✓

✕

✓

✓

✓

✕

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

Max.

✓

Min.

Max.

4
(93)

Min.

*

Area

✓

✓

5
(92)

✕

✓

✕

✕

3
(137)

✓

✓

✕

✓

✕

✓

3
(97)

✓

✓

✕

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✕

✓

✕

✓

✓

✓

✓

✓

✕

✓

2
(135)

3
(79)

2
(111)

3
(92)

2
(127)

2
(91)

2
(91)

2
(74)

1
(136)

Area

Max.

6

*

Area

Min.

≤ 100

Max.

No. of probes
length each (m)

ST

Max. probe
length [m]

Ground thermal
conductivity
λ = 1.5 W/(mK)

4

Area

No. of probes
length each (m)

E-5_2

No. of probes
length each (m)

E+2_1

No. of probes
length each (m)

E-5_1

Min.

System code
𝑄̇𝐻𝑃,𝑒𝑥𝑡𝑟𝑎𝑐𝑡 [𝑘𝑊]

✓

✓

✕

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓
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In Germany, there is an obligation to notify authorities about bore holes deeper than 100 m (cp. Bundesberggesetz BBergG §127, Bundesministerium der Justiz und für Verbraucherschutz, 1980). This can prevent the installation of probes exceeding this length. The next depth limit is about 160 m, since this is the limit for the
usually used standardized polyethylene probes with a nominal pressure of 16 bar (Stober and Bucher 2012, p.
68). With additional measures (material, drilling method, etc.), also probes deeper than160 m are possible.
For the resulting open space requirements, probe distances of 6 m to each other, of 5 m to the property boundary and 2 m to the heated building were taken into account. The results show that in ST 4 (row house development) there is both for the statistical minimum and maximum open space always enough area for installation
of ground probes. In ST 6 (perimeter block development), the feasibility depends on the soil type, the design
bivalence point of the system and on the considered drilling depth. In ST 7 (city development), probe drilling
is not possible on small plot sizes because here the distance regulations cannot be fulfilled.
Dimensioning according to GeoHand
The simplified ground probe design method GeoHandlight is based on the models of Eskilson (1987) and was
developed at the University Biberach (Koenigsdorff 2011, p. 209). The results are shown in Table 10.
Table 10: Evaluation of open space sufficiency for ground probe HP systems in ST 4, 6 and 7 for the two dimensioning
bivalence points -5 °C and +2 °C and the refurbishment states 1 and 2 according to GeoHandlight

≤ 100

≤ 160

✕

✓

✕

✕

4

✓

✓

4
(98)

✓

✓

7

✕

✕

4

✓

✓

6

6

3
(123)

λ = 3.5 W/(mK)

4
6

3
(98)

7
4
≤ 160

6
7

2
(135)

✓

✓

✕

✕

✓

✓

✓

✓

✕

✕

✓

✓

✓

✓

✕

✓

3
(141)

3
(92)

2
(128)

2
(100)

2
(100)

✕

✕

✓

✓

✕

✓

✕

✕

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

5
(93)

3
(131)

3
(89)

2
(125)

3
(71)

2
(100)

✓

✓

✓

✓

✕

✕

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

4
(98)

3
(116)

3
(79)

2
(110)

2
(88)

2
(88)

Max.

4
(145)

7

6

✓

Area

Min.

✓

✓

✓

Max.

✕

✓

✓

Area

Min.

✕

4

6
(90)

Max.

7

7
(94)

7
≤ 100

Max.
✓
✕

6

Min.

λ = 1.5 W/(mK)
λ = 2.5 W/(mK)

≤ 160

Min.
✓
✕

4

Area

E+2_2
6.1

No. of probes
length each (m)

4245.0
24209.0

Area

E-5_2
9.1

No. of probes
length each (m)

4625.3
25951.3

≤ 100

E+2_1
7.7

No. of probes
length each (m)

5600.2
31560.9

No. of probes
length each (m)

6043
33358.7

ST

𝑄𝑚𝑜𝑛𝑡ℎ,𝑚𝑎𝑥 [𝑘𝑊ℎ]
𝑄𝑦𝑒𝑎𝑟,𝑡𝑜𝑡 [𝑘𝑊ℎ]

Max. probe
length [m]

E-5_1
12.3

Ground thermal
conductivity

System code
𝑄̇𝐻𝑃,𝑒𝑥𝑡𝑟𝑎𝑐𝑡 [𝑘𝑊]

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

✓

✓

✓

✓

✕

✓

In GeoHandlight, the load profile of a probe is calculated by superposition of three components: annual base
load q̇Q,year, amplitude of the periodic annual variation q̇Q,month and the resulting peak load q̇Q,load. These load
components are linked via the thermal resistances Ryear (long-term stationary behavior), Rmonth (periodic annual
variation), Rload (applied load) and Rb (borehole resistance) to the resulting thermal reactions of the ground
(Koenigsdorff 2011, p. 212). The successive steps for calculating the geothermal load profile and the thermal
resistances are described in detail in Koenigsdorff (2011). The probe distance is, in contrast to the VDI 4640,
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not a fixed parameter, but depends on the probe length. For the dimensioning, the smallest permitted distance
was assumed, which is 5 % of the probe length. The length of the probes LEWS can be calculated using the
mean fluid temperature decrease ΔTFmin5:
𝐿𝐸𝑊𝑆 =

𝑄̇𝑦𝑒𝑎𝑟 ∗ 𝑅𝑦𝑒𝑎𝑟 + 𝑄̇𝑚𝑜𝑛𝑡ℎ ∗ 𝑅𝑚𝑜𝑛𝑡ℎ + 𝑄̇𝑙𝑜𝑎𝑑 ∗ 𝑅𝑙𝑜𝑎𝑑 + 𝑄̇𝑄 ∗ 𝑅𝑏

(4)

Δ𝑇𝐹𝑚𝑖𝑛

Dimensioning according to SIA
SIA 384/6 is the Swiss pendant to the German VDI 4640. SIA in contrast to VDI only considers ground probes
and no other forms like ground collectors, geothermal baskets, etc. The design methods are similar, but in SIA
diagrams are used instead of tables like in VDI. The biggest difference is that SIA additionally takes the altitude
with its associated soil temperature into account, which can be attributed to the Swiss geography. However,
for the location Potsdam/Germany and the system cases given above, the results of SIA and VDI differ only
marginally. They are therefore not shown here.
4.3 Heat Source Ground Collector
As for the design of ground probes, also the dimensioning of ground collectors in VDI 4640 is based on tabulated values. Since ground collectors are located closely beneath to the soil surface, their heat extraction rate
is not only influenced by the soil type, but also by the the local climate. Accordingly, the soil characteristics6
and the climatic zones7 as subdivided according to DIN 4710 are taken into account, cp. Table A2 in (VDI
4640 Blatt 2, p. 91f). For geothermal collectors, the distance must be 1 m to buildings and property boarders,
which reduces the usable open space, cp. (VDI 4640 Blatt 2, p. 22) and (VDI 4640 Blatt 1, p. 21). Roughly
calculated, this results in an open space availability of between 785 - 1150 m² for the examples of ST 4,
230 – 400 m² for ST 6 and 40 – 170 m² for ST 7. From this, the feasibility of geothermal collectors was estimated. Table 11 shows that only ST 4 offers enough free ground space for ground collectors.
Table 11: Evaluation of open space sufficiency for ground collector HP systems in ST 4, 6 and 7 for the two dimensioning bivalence points -5 °C and +2 °C and the refurbishment states 1 and 2 according to VDI 4640

54

✓

✕

✕

✕

✕

7

✕

4

✓

✕

✕

✓

✓

702

✕

✕

✕

✓

✓
✕

✕

✕

✕

✓

✓

577

Max.

✕

✓

✓

✕

Area

Min.

✕

✕
764

Coll. Area [ m2 ]

✕

Max.

✓
742

✕

✕

E+2_2
24209.0

Area

Min.

✕

4
6

✕
929

Coll. Area [ m2 ]

7

Area

Max.

✕

982

E-5_2
25951.3

Min.

✕

✕

6

Coll. Area [ m2 ]

Max.

Clay
Slit
Sandy
clay

49

Area

✕

4

45

E+2_1
31560.9

Min.

Coll. Area [ m2 ]

Extraction energy
[ kWh/(m²a)]
34

E-5_1
33358.7

ST

Soil type
Sand

System code
𝑄𝑦𝑒𝑎𝑟,𝑡𝑜𝑡 [𝑘𝑊ℎ]

✕

✓

✕

✕

✕

✕

✕

✓

✓

✓

✕

✕

✕

✕

✕

✓

✓

✓

713

538

✕

✕

✕

✕

✕

✕

✕

✕

7

✕

✕

✕

✕

✕

✕

✕

✕

4

✓

✓

✓

✓

✓

✓

✓

✓

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

✕

6

6
7

681

618

645

585

530

481

495

449

5

Max. permitted temperature difference between probe fluid and undisturbed ground. GeoHand builds upon
the VDI 4640 in its 2001 version, which states that -17 K minus the half temperature spread of the HP should
not be exceeded. With 4 K spread, a ΔTFmin of 15 K results ( Koenigsdorff 2011, p. 222).
6
Water content and heat conductivity of the soil types sand, clay, slit and sandy clay
7
In total 15 climatic zones are defined for Germany; Potsdam is located in zone 4
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5. Summary and Conclusion
Table 12 gives a rough, qualitative summary of the results. Typical row house developments have sufficient
space to install bivalent air-source and ground probe HP systems. Only there also ground collectors are possible. In perimeter blocks, air-source HPs are usually possible; ground probes often but highly depending on
property dimensions, bivalence design point and soil type. The plots in city developments are usually too small
for bivalent HP systems without additional measures, e.g. acoustic enclosures of air-source HPs.
Table 12: Heat source assessment for the three urban space structures and min. and max. free open spaces

Heat source sufficient?

Heat source
Method
Area
Min.
Max.

Ambient air
TA-Lärm

Ground probes
VDI 4640 / SIA
GEO-Hand

Ground collector
VDI 4640

ST 4 - Row house development
✓
✓

✓
✓

✓
✓

✕/✓
✓

ST 6 - Perimeter block development
Min.
Max.

✕/✓
✓

✕/✓
✓

✕/✓
✓

✕
✕

St 7 - City development
Min.
Max.

✕
✕/✓

✕
✕/✓

✕
✕/✓

✕
✕

This study reveals that for row house developments, the system design bivalence points (-5 °C and +2 °C), i.e.
the share of the overall demand covered by the HP, and also the refurbishment standard (EnEV 2014/2016 or
more ambitious refurbishment) are to a large extent irrelevant for assessing the sufficiency of the open space
to install a HP. These factors are only decisive for borderline cases, i.e. small area availability in perimeter
blocks and for large plot sizes in city developments.
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Abstract
A novel Compound Parabolic Collector (CPC) was developed and specially designed for operating in solar
heating plants at the temperature range of 60 °C - 120 ºC. The prototypes of the collector were tested at Technical
University of Denmark (DTU) in 2016. Four of the CPC collectors were then installed in series and connected to
the flat plate solar collector field in Sæby solar heating plant in Denmark. The monitoring system was
implemented for both the CPC collector array and a four flat plate collectors array in front. The thermal
performance model was developed for both the CPC collector array and the flat plate collector array by using the
QDT model and the tested collector parameters. The predicted annual thermal performance of both the CPC
collector and the flat plate collector was calculated at different operating fluid temperatures under Denmark’s
weather condition. The conclusion is that the annual thermal performance of the new CPC collector will be higher
than the annual thermal performance of the flat plate collector if the operating mean fluid temperature is higher
than 78 °C in theory, in practice if the temperature is higher than 55 °C.
Keywords: solar heating plant, CPC solar collector, thermal performance analysis, flat plate solar collector

1. Introduction
Denmark has become the front runner in the solar heating plant market with large scale solar collector fields
connected to district heating systems. An increasing number of large solar collector fields have been built in
Denmark in the last years. 106 solar heating plants with a total solar collector area of 1,327,451 m2 are in operation
by the end of 2017 (Planenergi). Typically, large size flat plate solar collectors, with gross area up to around 15
m2, are widely used in solar heating plants in Denmark. The operation temperature of solar collectors in solar
heating plants in Denmark is in the range from about 40 °C to 95 °C. However, the efficiency of flat plate collectors
decreases significantly in the range of 70 °C - 95 °C, while the concentrating solar collectors such as Parabolic
Trough Collectors (PTC) and Compound Parabolic Collector (CPC) can keep relatively high efficiency in the
range of 70 °C - 95 °C.
This paper will introduce a new concept of CPC solar collector, the CPC collector test results at laboratory and
the in situ thermal performance of the CPC collector array connected to a solar heating plant.
1.1 PolyCSP CPC solar collector
A new concept of CPC solar collector has been developed by a Danish company PolyCSP A/S for solar thermal
heating plants (Furbo et al., 2016). The CPC collector is specially designed by integrating the new wavelength
selective absorber tubes in combination with multi-parabolic receivers into a robust flat panel, see Fig.1. The
design is especially optimized for the temperature range of 60 ºC -120 ºC for district heating application.
Four identical parabolic-troughs are placed inside the flat panel with a width of 0.616 m and a length of 5.9 m
each. The gross area and the aperture area of the collector are 15.4 m2 and 13.9 m2 respectively. The depth of the
flat panel is 0.45 m. The flat panel is covered by an anti-reflection glass cover at the front and insulated by mineral
wool at the back. The tube receiver is coated with selective layers on its outer surface. The collector is facing
south and tube receiver orientates east-west direction. The whole collector panel is placed on a one-axis tracker,
which can automatically adjust the tilt of the collector panel to track the sun direction aiming to minimize the
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transversal incident angle. See Fig. 2. The concentration ratio of the collector is 4.

Fig. 1: The diagram of cross-section of PolyCSP CPC collector

Fig. 2: Photograph of the PolyCSP CPC collector testing at DTU

1.2 PolyCSP CPC solar collector array and monitoring system in Sæby solar heating plant
Four CPC solar collectors were installed in series as the last array and connected to the solar collector field in
Sæby solar heating plant (http://www.saebyvarmevaerk.dk/), see Fig. 3. The CPC collector array connects the
front flat plate collector array in series, which means the working fluid will first go through the flat plate collector
array and then go to the CPC collector array. Therefore, the inlet fluid of the CPC solar collector array comes
from the outlet of the flat plate array, which means the CPC solar collectors work at higher temperature than the
flat plate collector. Two pyranometers were installed on the CPC collector plane. One measures the total irradiance
on the collector plane and the other equipped with a shadow band measures the diffuse irradiance. Other
measurements were also monitored by a data logger such as the inlet and outlet temperature, the flow rate, the
ambient temperature and the four CPC collectors’ tilt angles. In order to compare the thermal performance of the
CPC collector and the flat plate collector, the thermal behaviour of four flat plate solar collectors in series were
also monitored. Measurements include the total solar irradiance on the tilted surface, the inlet and outlet
temperature and the flow rate.

Fig. 3: The CPC solar collector array connecting to flat plate solar collector field in Sæby solar heating plant
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2. PolyCSP CPC COLLECTOR TESTING AT TECHNICAL UNIVERSITY OF
DENMARK
The PolyCSP CPC collectors were tested at Technical University of Denmark (DTU) in 2016 according to the
Quasi-Dynamic Testing (QDT) method (Fischer et al., 2004). The glycol-water mixture as working fluid was
pumped to the collectors at a constant flow rate of 11 l/min. The fluid inlet temperature was regulated by an
electrical heating element and the backward fluid from collector was cooled by a water cooling heat exchanger.
The monitoring measurements were recorded by a data logger every 10 second including the inlet and outlet
temperature, the total and diffuse solar radiation on the collector surface, the ambient temperature and the fluid
rate.
The QDT (Quasi-dynamic test) model as shown in Eq. (1) was used to determine the thermal performance of the
solar collector.

𝑞

𝜂 𝑘 θ 𝐺

𝐾 𝜃

1

𝑏

𝜂 𝑘 𝐺

𝑎 𝑇

𝑇

𝑎 𝑇

𝑇

𝑎 𝑑𝑇 /𝑑𝑡 (eq. 1)

1

Where,
qu is thermal performance of solar collector, W/m²
Kb(θ) is incidence angle modifier for beam radiation, Kd is incidence angle modifier for diffuse radiation, θ is incidence angle for direct radiation, °
η0 is peak collector efficiency, a1 is heat loss coefficient of collector at ambient temperature, W/(m²K)
a2 is temperature dependence of heat loss coefficient of collector, W/(m²K²)
a5 is the thermal capacity of the collector, J/m²K
Tf is the mean solar collector fluid temperature, °C
Ta is the ambient air temperature, °C
Gb is the beam irradiance on the collector, W/m²
Gd is diffuse radiation on the collector, W/m²
t is time, s
b0 is a constant for the incidence angle modifier, The measured data were re-averaged to 5 min and calculated according to the international standard ISO 9806
(2013). The parameters were then obtained and shown in Table 1. The parameters of the flat plate solar collector
operating in Sæby solar heating plant were also shown in Table 1 for comparison. The data was extracted from
the data sheet tested by SP Sweden (2010).
From Table 1 it can be seen that the flat plate collector has higher peak efficiency but also higher heat loss
coefficient than the CPC solar collector which accords to the properties of the two kinds of solar collectors. In the
next section, the in situ thermal performance of the two kinds of solar collector will be calculated and compared
and the pros and cons will be analysed.
Tab. 1: CPC collector and flat collector parameters
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Parameter/collector

CPC Collector

Flat plate collector (from data sheet)

Peak collector efficiency η0(-)

0.65

0.815

Incident angle modifier for beam radiation b0 (-)

0.25

0.11

Incident angle modifier for diffuse radiation Kd (-)

0.27

0.90

Heat loss coefficient a1 (W/m2 K)

0.92

3.43

Temperature dependence of the heat loss
coefficient a2(W/m2K2)

0.0148

0.0145

Effective thermal capacity a5 (J/m2K)

7518

8028

13.91

13.88

2

Collector aperture area (m )

3. THERMAL PERFORMANCE ANALYSIS OF THE CPC COLLECTOR
ARRAY AND THE FLAT PLATE COLLECTOR ARRAY AT SÆBY SOLAR
HEATING PLANT
The measurement of the CPC collector array and the flat plate collector array started from May 2017 and are still
going on. The measured data used for analysis in this paper were taken from May to August 2017.
The measured thermal performance of both the CPC and the flat plate collector arrays were calculated by the
measured data while the modelled thermal performance was predicted by the QDT model and the measured
weather data with implementing the collector parameters obtained from Table 1.
The modelled power output will be compared to the measured power output from daily to monthly thermal
performance point of view in order to validate the QDT model. Then the validated collector model will be used
to predict the annual thermal performance of the CPC collector and the flat plate collector under Denmark’s typical
weather condition (Furbo et al., 2018).
3.1 Daily thermal performance comparison
One typical sunny day on 13-06-2017 and one typical cloudy day on 23-05-2017 were chosen to compare the
measured power output with the modelled power output both for the CPC collector array and the flat plat collector
array. The total and diffuse solar irradiance on the CPC collector surface for the two days are plotted in Fig. 4 and
Fig. 7.
Fig. 5 and Fig. 8 show the power output comparison of the CPC collector array. The blue curve is the measured
power output. The orange and green curves are the modelled power output. The CPC collector array has two
modelled power outputs because the control software for the collector tilt tracking system had a small error in that
period which caused a relative big deviation between the measured and targeted transversal angles in the early
morning and in the late afternoon. Therefore in order to give the impression of the potential power output, the
orange curve of the modelled power output with the best tilt angle is plotted together with the green curve which
is the modelled power output with the measured tilt angles. It can be seen from the figures that the green curve
has small deviation with the blue curve while the orange curve has larger deviation with the blue curve in the early
morning and the in the late afternoon which shows that the CPC collector array can produce more power output
after the small tracking error fixed. But the conclusion is that the QDT model with tested collector parameters can
predict the collector power output in an accurate way.
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Fig. 4: Total and diffuse solar irradiance on CPC collector surface on 2017-06-13

Fig. 5: Measured and modelled power output of the CPC collector array on 2017-06-13

Fig. 6: Measured and modelled power output of the flat plate collector array on 2017-06-13

Fig. 6 and Fig. 9 show the power output comparison of the flat plate collector array. The blue curve is the measured
power output. The orange curve is the modelled power output calculated by the QDT model with the collector
parameters taken from the data sheet. It can be seen from Fig. 6 that the modelled power output of the orange
curve is much higher than the measured power output of the blue curve. The reason could be that the flat plate
collector degraded from its original status. However, a set of estimated collector parameters was used to predict
the power output which is drawn as the green curve. From Fig. 6 and Fig. 9 it can be seen that modelled power
output with estimated collector parameters coincide well with the measured power output which validated the
model.
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Fig. 7: Total and diffuse solar irradiance on CPC collector surface on 2017-05-23

Fig. 8: Measured and modelled power output of the CPC collector array on 2017-05-23

Fig. 9: Measured and modelled power output of the flat plate collector array on 2017-05-23

3.2 Monthly thermal performance summary
The monthly energy output of both the CPC collector array and the flat plate collector array are summarized in
Table 2 and Table 3. The measurement was not continuous by days because of some practical problems like
sensors connections, power cut off, etc. However, the selected days for calculation had full data of 24 hours. From
the third and fourth column of Table 2 it can be seen that the measured energy output in each month is always
slightly lower than the modelled energy output which indicates that the CPC collector array could have dust on
their glass surface or there could be tracking errors. The last column shows the ratio of the modelled energy output
with measured tilt angles and the modelled energy output with the best tilt angles. The average ratio is 74.2%
which means there is around 25% potential improvement of the energy output for the CPC collector array without
tracking error.
Tab. 2: Monthly energy output summary of the CPC collector array
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Month/

Total/

Measured days

Diffuse solar
irradiance

Measured
energy output

Modelled energy output
with actual/best tilt
angles

Ratio of the actual and the
best tilt angles of the
modelled energy output

(kWh/m2)

(kWh/m2)

(kWh/m2)

(%)

May/5

29/8

7.4

8.3/9.5

77.9

June/30

162/45

41.2

48.6/55.7

74.0

July/7

36/10

9.0

11.2/12.6

71.4

August/17

83/22

21.7

27.0/29.2

74.3

Total/59

310/85

79.3

95.2/106.9

74.2

Table 3 shows the monthly summarized energy output of the flat collector array. It can be seen from the table that
the modelled energy output with theoretical collector parameters is much higher than the measured energy output
while the difference decreases by implementing the model with estimated collector parameters. The reason could
be the degraded collector performance, moisture inside the collector and dust on the collector surface. The last
column shows that there is around 26% deviation between the modelled energy output with estimated collector
parameters and the modelled energy output with theoretical collector parameters.
Tab. 3: Monthly energy output summary of the flat plate collector array

Month/

Total/Calculated
diffuse solar
irradiance

Measured
energy output

Modelled energy output with
estimated/theoretical collector
parameters

(kWh/m2)

(kWh/m2)

(kWh/m2)

(%)

May/5

29/10

12.6

13.2/16

78.8

June/30

159/53

67.9

76.2/92

73.8

July/7

35/12

14.6

17.6/21

69.5

Measured days

Ratio of estimated
and theoretical
modelled energy
output

August/17

83/26

34.7

38.9/47

73.8

Total/59

306/101

129.7

146/176

73.7

4. Predicted annual thermal performance comparison
In order to have a comprehensive thermal performance comparison between the CPC collector and the flat plat
collector at different operating fluid temperatures, the predicted annual thermal performance was calculated for
both the collectors by implementing a standardized collector performance calculation method (Perers et al., 2012)
with the tested collectors’ parameters and the typical weather conditions of the north Jutland of Denmark (Furbo
et al., 2018) where the Sæby solar heating plant located.
The predicted annual thermal performance comparison can be seen in Fig.10. The blue curve is the predicted
annual thermal performance of the CPC collector under different operating mean fluid temperatures with optimal
tracking tilt. The red and green curves are the predicted thermal performance of the flat plate collector with
theoretical and estimated collector parameters, respectively.
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Fig. 10: Predicted annual thermal performance comparison under Denmark’s weather condition

It can be seen from the figure that two cross points are created by the three curves. The two points represent the
equivalent annual thermal performance of the two collectors at the mean fluid temperature of 55 °C and 78 °C. It
means that when the operating mean fluid temperature is higher than 55 °C, the CPC collector with optimal
tracking tilt angle has thermal advantages than the flat collector with estimated collector parameters while the
CPC collector with optimal tracking tilt angle will have thermal advantages than the flat plate collector with
theoretical parameters when the operating mean fluid temperature is higher than 78 °C.

5. CONCLUSIONS
A new concept of CPC solar collector was designed and the prototype collectors were developed by a Danish
company PolyCSP A/S. The new CPC collector was optimized for operating at the temperature range of 60 °C 120 °C aiming to be utilized in solar heating plant.
The CPC collectors were tested at the Technical University of Denmark for obtaining the collector parameters.
Then four CPC collectors were installed as an array and connected to the solar collector field in Sæby solar heating
plant in Denmark. The operating behavior of the CPC collectors and other four flat plate solar collectors in front
were monitored.
The thermal performance model was developed for both the CPC collector and the flat plate collector by using
the QDT model and the tested collector parameters. From the daily and monthly thermal performance calculation
and comparison it can be seen that the developed QDT model for both the CPC solar collector array and the flat
plate collector array is valid and can be used for predicting the collector’s thermal performance.
The annual thermal performance of the CPC collector and the flat plate collector was calculated at different
operating fluid temperatures under the typical weather condition of north Jutland of Denmark. The conclusion is
that the annual thermal performance of the CPC collector is higher than the annual thermal performance of the
flat plate collector if the mean fluid temperature is higher than 78 °C in theory, in practice if the temperature is
higher than 55 °C.
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Abstract
The combination of solar heating system and air source heat pump heating system is an effective way to
improve the energy efficiency of single energy system. A new type of dual source heat pump is developed,
which is equipped with both water source evaporator and air source evaporator. In which case, air-source
evaporator extracts energy from air for ASHP heating and the solar collector loop is combined with the watersource evaporator for WSHP heating. The solar heat gain at low temperature will be fully utilized by combining
with WSHP. Meanwhile, higher efficiency of solar collector will be obtained due to the lower internal medium
temperature. The device we developed takes into account the functions of heating, cooling and hot water.
Experiment showed that the instantaneous performance coefficient of heat pump unit (COPHP) reached 3.8~4.4
under the mode of WSHP heating combined with solar energy compared with that of 1.6~2.2 in the condition of
ASHP heating. The overall performance coefficient of system (COPsystem) was as high as 3.1.
Keywords: clean heating, solar energy, air source heat pump, multi-energy complementary

1. Introduction
Solar heating and air source heat pump (hereinafter, ASHP) heating are widely used in China, which are
indispensable ways to realize clean heating according to the government report - Central Financial Support for
the Pilot Project of Clean Heating in North China. However, the efficiency of single energy system is
significantly affected by weather condition so that contribution of renewable energy and heating stability are
limited (Wang B.Y., 2017). Solar fraction of conventional household solar heating system remains to be
promoted because of the low energy flow density and discontinuous fluctuation of solar energy (Liu Y.F., 2016).
The ASHP’s COP decreases obviously when it’s cold outside. Heat pump unit even stop working on account of
evaporator defrosting or other factors by control (Wang W., 2009). The combination of solar heating and ASHP
heating will make full use of the advantages respectively. Existing studies show that ASHP assisted solar
heating system in Kunming and other regions with mild climate in China has good energy-saving benefits, but
mainly for domestic hot water (Luo H.L., 2009). For building heating, most systems combine the solar heating
system with the condenser of ASHP, and the measured efficiency of the both two kinds of energy has not
substantially improved. Besides, the solar heat gain still needs to be improved because the medium temperature
in solar collector remains high in the process of continuous heat collection (Liu L.J., 2013).
In order to solve the problems above, this paper develops a new type of coupling heating device based on solar
energy and dual source heat pump with better energy saving effect.

2. Scheme of Coupling System
2.1. Principle of overall system
Existing research mostly combines two energy systems above in parallel at the condenser of heat pump, in
which case solar heating system and ASHP system independently work according to their respective control
logic (Fig. 1). When the solar irradiance is better and outdoor temperature remains relatively high in daytime,
the heat will be produced by ASHP caused by the higher COP. Solar energy will be collected and stored in tank
meanwhile. When the solar irradiance is insufficient and outdoor temperature drops, the heat from solar energy
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in storage will be preferentially used for heating. Until the storage temperature cannot meet the demand of
terminal heating equipment, ASHP will be started again to ensure the adequate heating capacity. The theory and
practice show that coupling by this method is more energy-saving than either one energy system alone, however
the energy efficiency of any renewable energy system has not been substantially improved.
For example, in the case of continuous heating, the temperature of solar collector loop remains still higher than
that of heating system. Even if fan coil unit or floor radiation is selected as heating equipment, the internal
temperature of collector is about 50~85℃. If the efficiency equation of selected solar collector is η=0.75－4.0T*,
the solar collector efficiency is only 29.1% according to the meteorological parameters in Beijing (634.7W/m 2
of solar irradiance, -2.7℃ of average ambient temperature). In addition, the available heat storage temperature
difference is calculated as ΔTstorage=85°C−45°C=40°C, resulting in relatively larger storage volume required.

Fig. 1: Principle of coupling system at heat pump condenser

Another coupling form adopted in this paper is to transform ASHP into dual source heat pump equipped with
both air-source evaporator and water-source evaporator, in which case the air-source evaporator extracts energy
from air for ASHP heating and the solar collector loop is combined with the water-evaporator for water source
heat pump (hereinafter, WSHP) heating, shown as Fig. 2. Water-source evaporator combines with solar
collector loop to extract solar energy at low temperature (15~50°C), so that solar energy and WSHP are coupled
for heating. Compared with the system above, this coupling form adds the new mode of WSHP heating
combined with solar energy. When the stored heat shall be used for building heating but the internal temperature
is not enough, the water-source evaporator will be switched for WSHP heating and further improve the quality
of thermal energy from solar in the range of 15~50°C.
In this way, solar energy can be more fully utilized and COP of heat pump unit will also be improved.
According to the meteorological parameters above, the collector efficiency rises to 40.2% thereby the solar heat
gain can be increased by 35.4%. Besides, the available heat storage temperature difference is expended as
ΔTstorage=85°C−10°C=75°C. Thus heat storage capacity and operating power consumption of heat pump will be
reduced significantly.

Fig. 2: Principle of coupling system at heat pump evaporator

In conclusion, the combination of solar collector system and ASHP at the evaporator can not only retain the

450

B. Wang et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

basic functions of solar heating and ASHP heating, but also store more solar heat gain and save the cost of heat
storage device as well as the power consumption of heat pump. The new type of coupling heating device
developed according to the principle above mainly provides heating, while taking into account both hot water
and refrigeration requirements.
2.2. Principle of dual source heat pump unit
The schematic of dual source heat pump is shown in Fig. 3. Parallel installation of two evaporators and
refrigerant solenoid valves on each branch are required. Additional refrigerant pipelines are needed compared
with the installation in series, however the advantage is to avoid the interaction between two evaporators.
Especially, the evaporation temperature of dual source heat pump unit varies widely with the switching of two
evaporators, so it is necessary to select appropriate electronic expansion valve to adjust the mass flow of
refrigerant according to the suction superheat. The evaporation temperature signal required should be switched
between air-source evaporation temperature Te,1 and water-source evaporation temperature Te,2 according to
heating mode, so as to control the voltage and current on the expansion valve and adjust the refrigerant supply.

Fig. 3: Principle of dual source heat pump unit

The pressure-enthalpy diagram of the theoretical heating cycle is shown as Fig. 4. Under the mode of ASHP
heating, the theoretical heating cycle of heat pump is 1a→2a→3a→4a→1a. In contrast, when the mode of
WSHP heating turns to be enabled, the evaporation temperature of heat pump increases. If the condensation
temperature stays constant at 40 ℃ , in addition the supercooling before expansion valve and the suction
superheating before compressor are both controlled unchanged. The theoretical heating cycle changes to be 1b
→2b→3a→4b→1b. At this time the refrigerant’s specific volume decreases resulting in more mass flow rate.
Exhaust temperature of compressor outlet will be relatively reduced. The power consumption of heat pump
increases first and then decreases depending on the range of evaporation temperature. The coefficient of
performance of heat pump unit (hereafter, COPHP) will promote substantially.

Fig. 4: Pressure-enthalpy diagram of thermal heating cycle
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2.3. Automatic Control Strategy
The control strategy of solar collector loop, heat source loop and terminal heating loop are included in heating
condition. Solar collector loop is controlled according to the temperature difference between collector outlet and
storage tank. The anti-freezing and anti-overheating control are both considered meanwhile to ensure the safety
of collectors and tank. Strategy of terminal heating loop guarantees the stable and comfortable temperature of
water conveyed to heating equipment.
Five heating modes of heat source loop marked as Mode-1 to Mode-5 are shown in Tab. 1. Based on the VB
macro-programming, forecasting functions of weather and heat load are integrated into control system. The
execution logic includes: When solar radiates better and outdoor temperature is relatively high, Mode-5 is
preferred to get higher COPHP than that of ASHP heating in evening. Meanwhile the solar collector stores
enough heat to tank. When solar radiation is general and outdoor temperature is relatively low, Mode-1, Mode-3
and Mode-4 are selected according to the storage temperature from high to low. In particular, in order to realize
the smooth switching from Mode-1 to Mode-3 and prevent compressor from overpressure caused by heat source
side of heat pump overheated during the heating process of WSHP, device will reduce the supply temperature of
heat source side in a short time through Mode-2. In addition, domestic water strategy and ASHP refrigeration
strategy are also included to provide domestic hot water and air conditioning refrigeration for building.
Tab. 1: Five heating modes included

Mode Number

Mode process

Mode-1

Direct solar heating

Mode-2

Switching process from Mode-1 to Mode-3

Mode-3

Coupled heating of solar energy and WSHP

Mode-4

Auxiliary heating by ASHP

Mode-5

Compulsory heating of ASHP

3. Development Process
Taking an 180m2 residential building in Beijing as heating object. The heating load for space heating is 12.5kW
which is applied to the selection of heat pump unit. Average heat loss of building is 6.5kW so as to determine
the scale of the collector system. The main equipment included in device are as follows.
1) Solar collector
The solar collector selected has been tested by National Center of Quality Supervision and Testing of Solar
Heating System (Beijing) whose efficiency equation is η=0.75−4.0T*. According to Chinese standards, the
thermal efficiency of solar collector is 40%. 12 flat-plate collectors with aperture collector area of 1.85m 2 are
used. Two groups of collectors are connected in parallel while each group consists 6 solar collectors in series.
2) Storage tank
The closed water storage tank with diameter of 745mm, height of 2030mm and volume of 500L is selected. The
rated pressure is 0.7MPa. In order to satisfy the heating demand of different temperature and make full use of
the temperature stratification characteristics of water tank, solar collector loop is connected to the lower
interface and heat source loop is connected to upper interface of tank. The outlet of domestic water is located at
the top.
3) Heat pump
ASHP unit is purchased and further reformed to dual source heat pump. Considering the heating load,
unguaranteed hours and heat storage effect, the main parameters of ASHP are confirmed as follows: Under the
nominal conditions (-12°C of dry-bulb temperature, -14°C of wet-bulb temperature, 41°C of water supply
temperature), the rated heating capacity is 12.0kW and COP is 2.26.
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4) Evaporator
The finned-tube heat exchange is used as evaporator for ASHP heating. The fins are added outside the coil and
therefore the heat transfer area is enough to ensure the better evaporation capacity and more heat absorbed from
air. The plate heat exchanger with better efficiency and compactness is selected as evaporator for WSHP heating.
Compared with shell-and-tube exchanger, the weight can be reduced by 70% and installation area can be
reduced by 25%~50%. Besides, the heat transfer efficiency is higher because of forced turbulence and small
hydraulic diameter.
5) Heat exchanger
Considering the requirement of pressure resistance, corrosion resistance and occupied space, two groups of
spiral coil heat exchangers installed inside storage tank indirectly exchange heat with solar collector loop and
heat source loop, whose area of heat transfer is 2.0m2 and 1.45m2 respectively. Spiral coil heat exchangers
mainly consist of smooth stainless-steel coils with inner diameter of 20mm, thermal conductivity of 340W·m2
·K-1 and enamel outer surface.
6) Heating equipment
Two fan-coil units with rated heating capacity of 7.5kW are selected for the terminal heating equipment, which
can effectively reduce the water supply temperature compared with the radiator.
7) Automatic control system
Data acquisition, monitoring, recording and control operations are completed by PLC and configuration
program. Automatic control system ensures unattended operation of equipment throughout the day. We take the
building in Daxing District of Beijing as heating object to test the heating performance.

Fig. 5: Experimental dual source heat pump unit and solar collectors

4. Test Data
4.1. Outdoor environmental parameters
The average/minimum outdoor temperature of 10 February, 11 February and 12 February is -5.1°C/-10.7°C,
4.2°C/-6.7°C, and 0.0°C/-5.4°C, respectively. The solar irradiation per unit solar collector area reaches
23.4MJ/m2, 24.7MJ/m2and23.9 MJ/m2, respectively.
4.2. Solar collector performance
The internal temperature of collector is generally 15~20°C when the pump of solar collector loop starts through
which collectors absorb and convey the solar heat gain. When the solar collecting process is completed in a day,
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the temperature inside the collector is generally 65~70°C (Fig. 6). Compared with the conventional solar heating
system in China, the range of working temperature and effective collecting time are both relatively enlarged.
According to the statistics, the total solar irradiation on collectors during February 10, February 11 and February
12 is about 430.1MJ, 441.6MJ and 439.1MJ while the available solar heat gain reaches 179.0MJ, 168.5MJ and
188.7MJ respectively. The efficiency of solar collector system is 41.5%, 38.1% and 43.0%, respectively.
1
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Circulating pump

Fig. 6: Test data of solar collector performance

4.3. Solar collector performance
According to the compressor working temperature and evaporation temperature (Figs. 7 and 8). Under the
process of coupled heating of solar energy and WSHP (Mode-3), the hot water which transfers the solar energy
stored in tank turns to be the heat source of WSHP, whose inlet temperature is set to 15~18°C for higher
evaporation temperature. At this time, the suction temperature of compressor is stable in the range of 10~15°C,
which is lower than evaporation temperature because the on-off solenoid valve on the branch of air-source
evaporator is not completely closed and part of refrigerant flows through it. Besides, absolute insulation
measures have not been taken on pipes between plate heat exchanger and four-way reversing valve. In such
situation, exhaust temperature of compressor and compression ratio reduce significantly. As a result, the
instantaneous COPHP of WSHP unit reaches 3.8~4.4.
Under the process of compulsory heating of ASHP (Mode-5) and auxiliary heating by ASHP (Mode-4), the
suction temperature of compressor is generally lower than outdoor temperature of 2~8°C. The mass flow rate of
refrigerant regulated by electronic expansion valve decreases immediately and exhaust temperature of
compressor rises to 90~110°C. The instantaneous COPHP of ASHP unit is lower than that of WSHP mode
introduced above, which is measured as 1.6~2.2.
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Fig. 7: Test data of compressor working temperature
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Fig. 8: Test data of evaporation temperature

4.4. Heating system
The temperature record of terminal heating loop (Fig. 9) shows that input and output temperature of heating
equipment are relatively maintained stable through the internal control system of heat pump unit in the process
of Mode-3, Mode-4 and Mode-5, whatever heating by ASHP or WSHP. In order to reduce the switching time
from Mode-1 to Mode-3 and adjust the water temperature input to the heat source side of WSHP, the minimum
setting temperature of heating water supply is modified to 30°C, which is lower than the rated heating
temperature of fan coil units. However, the actual period of heating water supply temperature in the range of
30~40°C is relatively short enough to has little effect on indoor temperature. That is why the process of
switching process of Mode-2 is relatively fast, during which time the heating water supply temperature has even
dropped to 28°C, but the fluctuation range of indoor temperature is acceptable.
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Fig. 10 shows the data of indoor and outdoor ambient temperature. During the testing period, the actual indoor
ambient temperature stays always higher than that of design operation at 15°C, which fluctuates periodically
between 15~18°C due to the influence of the cold and heat sources inside the building.
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Fig.9 Test data of heating system temperature
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Fig.10 Test data of ambient temperature

4.5 Energy Efficiency
During the test period, the heating period of Mode 1 to 5 cost 1142min, 15min, 458min, 1142min and 1563min,
respectively. It is noteworthy that the startup time of Mode-4 accounts for 25% of total, which usually occurs
late at night. Currently it’s relatively cold outdoor resulting in the debasement of performance coefficient of heat
pump. It is necessary to shorter that start-up period by optimizing the strategy and ensure that ASHP heating
runs under the condition of higher outdoor temperature in a day as far as possible. When it is cold outside,
heating should mainly be provided by Mode-1 or Mode-3.
Total heat supply is 830.2MJ. Mode 1 to 5 contributs 211.2MJ, 2.1MJ, 120.8MJ, 275.4MJ and 220.7MJ,
respectively. Mode-1 directly makes full use of solar energy to heat and provides 25% of total heat supply with
less heating time. Mode-3 provides more heat than Mode-4 in unit time thanks to the water source of heat pump
with higher temperature, which generally occurs at night when heat loss of building is relatively large. Mode-5
is generally used in daytime, so the proportion of heating is comparatively small.
The performance coefficient of system (hereafter, COPsystem) is used to describe the energy saving effect of the
system, whose calculation method is the ratio of the heat supply to the total power consumption of total system.
Statistical results show that average COPsystem corresponding to Mode-1 to Mode-5 is 26.0, 22.0, 4.1, 2.0 and 1.9
respectively. The overall COPsystem is as high as 3.1 during the test period.
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Fig.11 Start-up time and heat supply

5. Results
In this research, a new form of coupling heating system based on solar energy and dual source heat pump is put
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forward. The prototype of device has been developed and tested in practical building. The main conclusions
through theoretical calculation and experimental research are as follows:
1) Dual source heat pump equipped with water-source evaporator and air-source evaporator can realize heating
with one compressor under two kinds of heat source by the adjustment of refrigerant supply. Water-source
evaporator combines with solar collector loop to extract solar energy at low temperature. When the stored heat
shall be used for building heating but the internal temperature is not enough, the water-source evaporator will be
switched and further improve the quality of thermal energy from solar in the range of 15~50°C. The
performance coefficient of heat pump unit (COPHP) increases significantly. Heat storage capacity and operating
power consumption of heat pump will be reduced.
2) The new type of coupling heating device developed mainly provides heating, while taking into account both
hot water and refrigeration requirements. Forecasting functions of weather and heat load are integrated into
control system. When the outdoor temperature is relatively high, the mode of "Compulsory heating of ASHP" is
preferred and solar collectors store heat to water tank. When the outdoor temperature is relatively low, the
modes of "Direct solar heating", "Coupled heating of solar energy and WSHP" and "Compulsory heating of
ASHP" are selected according to the storage temperature, through which the optimal utilization of solar energy
and air energy can be realized.
3) The measured results show that the efficiency of solar collector system can reach 40%~45%. Under the mode
of WSHP heating combined with solar energy, the suction temperature before compressor increases, whereas
the exhaust temperature decreases. The instantaneous performance coefficient of heat pump unit (COPHP)
reaches 3.8~4.4 compared with that of 1.6~2.2 in the condition of ASHP heating. The overall performance
coefficient of system (COPsystem) is as high as 3.1 during the test period.
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Abstract
A large-scale solar district heating project in Langkazi, Tibet, China utilizes a solar thermal system with a pit
storage to supply space heating to Langkazi County through a district heating network. The project was
constructed by the consortium of Sunrain Group, Solareast Arcon-Sunmark and Beijing District Heating Co.,
Ltd.
The project is located at 90°40’77.58” E and 28°97’56.13” N with an altitude of 4,600m, where the temperature
in winter could reach as low as -30°C and the heating season lasts as long as 251 days.
Total investment of the project is RMB 173 million. With a heating area of 152,000 m2, the project was
implemented in two phases, among which phase I (2018) features a total investment of about RMB 120 million
and heating area of 82,600 m2. Project phase I was completed by the end of November 2018.
Design concept: Overall planning and step-by-step implementation. In the design and construction of phase I,
scalable conditions were reserved for future phase II in that the heat exchange station and main heat supply
network were built to accommodate the total heating area of 152,000 m2. The heat exchange station and
technical rooms have reserved space for flexible expansion of equipment in future phase II.
Keywords: Large-scale solar district heating system, High altitude, High solar fraction, Langkazi,

1.Introduction
Tibet is a typical plateau and cold region in China, where heating is very important to local residents. However,
Tibet lacks traditional fossil energy, and coal and natural gas are scarce. It is inconvenient and expensive to
transport from other places, and the pollution is serious. Fortunately, God has given the Tibetans the most
precious gift, the sunshine as an alternative energy source. The area is sunny, clean and pollution-free, making it
the best source of heat for heating.
In the past few years, there have been many small and medium-sized pilot solar heating projects in Tibet, but
almost all failed. The main reasons include that the original design did not fully consider the harsh conditions of
local high altitude and low temperature, improper equipment selection, unreasonable construction organization,
and no professional operation and maintenance services after the completion of the systems. In this case, using a
mature large-scale solar district heating system to provide space heating is the best choice. Langkazi was
selected to host the first pilot project.
Langkazi is the highest county under the jurisdiction of Shannan City, boasting an annual solar irradiation of
approximately 2,153 kWh/m2. With No. 307 provincial highway running through the southern and northern
regions, the county is a 3-hour drive from Lhasa, capital of Tibet. Here, the temperature in winter is very low.
Historically, residents of the county have been burning wood and cow dung for heating, resulting in a harsh
indoor environment; in addition, gas and particle emissions are also detrimental to the local fragile ecosystem.
At the same time, the lower indoor temperatures in schools, hospitals and homes do not meet the comfort
requirements. Therefore, it is necessary to solve the heating problem in the county by providing more advanced
heating facilities for local buildings to improve the living conditions of local residents in the cold winter.

© 2019. The Authors. Published by International Solar Energy Society
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Fig. 1: location of Langkazi county (Source: Google Map)

2.System Description
2.1 Design parameters and overview
The key challenge of the design is high altitude of 4,600m. It means the water will be boiling if temperature is
o
higher than 85 C without additional air pressure. The main parameters for the system are as follows:
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Heating period: Sept. 23 ~ May 31 the following year (251 days).
Average outdoor design temperature in heating period :- 14.4°C
Solar fraction: >90%
Heating supply/return temperature: 65/35°C
Design pressure of pipe network: 1.1MPa
Total heat load: 7.99MW
Heat load of project phase I: 4.3MW
Collector area of phase I: 24,300 m2
Pit storage volume: 15,000 m3
Auxiliary heat source: Electric boiler
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Fig.2: Langkazi project overview

2.2 Heat load
To calculate the load of heat consumers, heat load of buildings in winter should be estimated through calculating
heat load index of unit area by taking two-floor typical buildings as reference building and based on
meteorological condition in the region as well as national codes and standards such as CJJ34-2010 Design Code
for City Heating Network, DBJ 540001-2016 Design Standard for Energy Efficiency of Civil Buildings in
Tibet and GB50189-2015 Design Standard for Energy Efficiency of Public Buildings.
For public buildings, the heating demand is 54.9 W m-2, with a heat consumption index of 36.8W m-2. For
residential buildings, the heating demand is 50.2 W m-2, with a heat consumption index of 33.6 W m-2.
Tab. 1: heat load and heat consumption index

Heat load

Public buildings meeting
energy saving standards
(W m-2)
54.9

Residential buildings meeting
energy saving standards
(W m-2)
50.2

Heat consumption index

36.8

33.6

Based on general plan and actual situation of the county, the heating building area planned is 152,000 m2, with a
total heat load planned of 7.99 MW by statistical calculation, of which, heat loads of public buildings and
residential buildings are 3.90 MW and 4.09 MW, respectively. For details, please see Table 2 and Table 3.
Building heat consumption in winter is 5.35 MW, of which, 2.61 MW is for public buildings and 2.74 MW is
for residential buildings.
Tab. 2: Calculation of heat load in Langkazi County

S/N

Name

1

Public buildings
Residential buildings

2

Total

Occupation area
(m2)
168,622

Building area
(m2)
77,627.75

207,703

74,552.59
152,180.34

Thermal index Heating load
(W m-2)
(MW)
50.2
3.9
54.9

4.09
7.99
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2.3 Solar collector
As the most crucial part of solar heating system, collector has a direct influence on the heat supply performance
of solar heating system. Collectors used in China nowadays can be divided into two types in general: flat-plate
collectors and evacuated tube collectors.
For this project, collector with metal runner such as flat-plate solar collector featuring pressure bearing
operation, convenient replacement, excellent thermal performance, safe operation and low cost should be
recommended. Besides, anti-freezing solution required for such collector in winter is less, as diameter of metal
runner is relatively small and thus heat transfer working medium in it is less than that of full-glass evacuated
tube collector.

2.4 System temperature
Average altitude of Langkazi County is around 4,600m, where barometric pressure is around 650.6 hPa in
winter and boiling temperature of water is about 85°C. The temperature of heating network had better not be too
high, in order to operate the system in a safe and efficient way. Temperature for water supply/return is
determined as 65/35°C in final design, so as to secure an easy-to-use and safe-running heat supply system and
convenient maintenance.

2.5 System design
The solar system is a closed loop filled with propylene glycol as heat-exchange fluid. The energy could be
stored in a 15, 000 m3 pit storage. The city district grid is a closed loop system filled with demineralized water.
Since the storage is non-pressurized, two heat exchangers are designed to separate the pressurized solar system
and city grid from the storage to ensure safe operation of the whole system.
The supply temperature in the city grid is 65°C with a return temperature of 35°C, while the Logarithm
temperature difference of the two heat exchangers is 5oC, which means that the temperature on the top of the
storage is 70°C, while that at the bottom is 40°C. And the circulation temperature in the solar field is 45/75oC.
Solar field circulation pumps are controlled by frequency converter. The solar field circulation controlling is
based on readings from the irradiation sensors and the inlet/outlet temperature sensors at solar field to ensure
stable and safe operation of the system.

Supply to city grid
Return from city grid

Electric boiler
Fig. 3: System schematic of Langkazi project

3.System Performance
3.1 Collector performance
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Collectors of large single aperture area (see Fig. 4) are used in Langkazi project, showing good performance.
The collector parameters and efficiency curve plot (see Fig.5) are shown below.

Fig.4:Collector of large single aperture area








Outer dimensions:
Gross area:
Aperture area:
Weight, without liquid:
Fluid content:
Efficiency:
η  η0 

where:
Efficiency factors:

2,52 x 5,96 x 0,18 m
15,00 m2
13,75 m2
340 kg
14 liter

α 1  (T m  T a )
α  (T m  T a ) 2
 2
G
G

Ta
Tm
G

= Ambient temperature [°C]
= Mean fluid temperature [°C]
= Irradiance [W m-2]

η0
a1
a2

= 0,850
= 2,30 [W/(m2K)]
= 0,029 [W/(m2K2)]

(eq. 1)

Fig.5: Efficiency curve (G = 800 W m-2)

The total solar field efficiency is compared with the theoretical efficiency of a single collector. The energy
meter is located at the secondary loop of heat exchanger (HX1). It means that the heat loss of solar field pipes,
influence of heat exchange Logarithm temperature difference and other possible heat loss are all taken into
account.
A clear day was selected (Dec.21) to analyze the efficiency difference between the calculation and measurement,
with a variable-speed pump to control the flow. Fig. 6 shows the measured and theoretical efficiency of the
collector array.
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Fig.6: Comparison between calculated efficiency and measured efficiency

Since the collector loop, filled with propylene glycol, is exposed over night to the outdoor cold ambient, it must
be heated up at the start of circulation. During this period, the propylene glycol-to-water heat exchanger is
protected from freezing temperature by an actuating valve that directs the propylene glycol through a bypass
loop which is isolated from the heat exchanger. The heat transfer fluid keeps recirculating until it either reaches
75°C when the heat will be directed to the city grid, or is 5°C higher than the temperature at the top of pit
storage when the energy starts to be directed to the pit storage.
From Fig.6 we can find that the measured data start at 10:00 am, which seems very weird. The reason lies in the
frost on the surface of collectors. Fig. 7 shows gradual changes of frost outside of collectors. The collector
surface is almost totally covered by the frost even at 8:34 am, and it normally begins to melt at 9:00 am and
almost disappears at 10:00 am.

Fig.7: Frost outside of collectors at different time points

At midday, the operating efficiency is quite high in that it can be kept at 60%. The highest efficiency measured
is 61.8%, which was spotted at 13:50 pm.

Fig.8: Typical solar irradiation in heating season in Langkazi
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By comparing the theoretical calculated and measured values of the collectors’ power, it is found that the
difference between these two is small, as shown from Fig.9.

Fig.9 Hourly power comparison of theoretical calculated and actual measured values in a typical day

The reason is that the method of obtaining the calculated value is different from that of the measured value. The
calculated value is determined based on the inlet and outlet temperatures of the solar collector, while the
measured value is determined by measuring the power and irradiation, and then dividing the power by the
irradiation to calculate the efficiency. Since the heat meter for measuring power is installed on the secondary
side of the heat exchanger, it is inevitable that there will be pipeline heat loss and a delay in the measured value
of the heat exchanger. This heat loss and delay are the root causes of difference between the calculated value
and the measured value.

465

Q. Jiao ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Tab. 3: Measured and calculated data for solar field (collector array)

Ambient
(°C)

Inlet

Outlet

(W m-2)

(°C)

(°C)

Calculated
efficiency

Measured
efficiency

Deviation

11:50

1074.5

-3.36

46.49

82

58.2%

55.4%

-4.83%

12:00

1102

-3.34

46.89

82.44

58.6%

54.8%

-6.48%

12:10

1125.9

-3.29

47.12

82.58

59.1%

57.4%

-2.98%

12:20

1146.2

-3.28

46.73

82.47

59.7%

57.6%

-3.62%

12:30

1164.6

-3.28

47

82.42

60.1%

57.8%

-3.72%

12:40

1186.1

-3.3

46.91

82.42

60.5%

59.5%

-1.69%

12:50

1201.5

-3.29

47.08

82.4

60.8%

59.5%

-2.13%

13:00

1214.2

-3.28

47.07

82.42

61.1%

60.4%

-1.07%

13:10

1220.9

-3.23

47.19

82.28

61.2%

60.1%

-1.88%

13:20

1233.9

-3.22

47.31

82.4

61.4%

60.6%

-1.38%

13:30

1239.2

-3.24

47.42

82.27

61.5%

57.3%

-6.81%

13:40

1240.7

-3.2

47.24

82.57

61.5%

61.0%

-0.90%

13:50

1238.9

-3.24

47.12

82.65

61.5%

61.8%

0.52%

14:00

1237.7

-3.21

47.37

82.41

61.5%

60.7%

-1.19%

14:10

1233.1

-3.21

47.31

82.6

61.4%

58.7%

-4.28%

14:20

1226

-3.2

47.32

82.35

61.3%

61.7%

0.68%

14:30

1213.8

-3.15

47.74

82.06

61.0%

58.5%

-4.13%

14:40

1200.3

-3.1

47.98

81.99

60.8%

57.6%

-5.12%

14:50

1186.6

-3.06

48.21

82.4

60.3%

59.9%

-0.76%

15:00

1166.5

-3.1

48.08

82.42

59.9%

58.5%

-2.31%

15:10

1145.6

-3.08

48.19

82.45

59.4%

59.2%

-0.39%

15:20

1123.4

-3.1

48.08

82.28

59.0%

57.1%

-3.24%

15:30

1099.1

-3.1

47.81

82.14

58.5%

56.2%

-3.93%

15:40

1072.3

-3.13

47.82

82.04

57.9%

53.8%

-7.11%

15:50

1039.5

-3.19

47.89

82.2

56.9%

55.0%

-3.35%

16:00

1010.8

-3.11

47.96

82.13

56.2%

54.7%

-2.53%

16:10

977.9

-3.16

47.89

82.04

55.2%

52.8%

-4.36%

16:20

940.3

-3.14

47.74

82.01

54.1%

53.0%

-2.11%

16:30

903.6

-3.15

47.66

81.92

52.9%

51.5%

-2.59%

Time

Irradiation

The average deviation is 2.89%, which is almost the same as the design heat loss of pipeline (3.0%). It is well
above expectation considering the influence of heat exchange, Logarithm temperature difference and other
possible heat loss. It means the collector is better than expected under high solar irradiation conditions.
Tab. 4: Highest measured data for collector array
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Time

Irradiation
(W m-2)

Ambient

Inlet

Outlet

(°C)

(°C)

(°C)

Calculated
efficiency

Measured
efficiency

Deviation

13:50

1238.9

-3.24

47.12

82.65

61.5%

61.8%

0.52%

14:20

1226

-3.2

47.32

82.35

61.3%

61.7%

0.68%
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The measured value is even higher than the calculated value, and at the same time, the measured efficiency is at
the highest value, even though the solar irradiation is not at the peak. The reason lies in the long distance of the
fluid flowing to the energy meter, which should last for some minutes.

3.2 System performance
The total system performance is also recorded by the energy meter installed behind the heat exchanger (HX2).
Tab. 5: Typical days in heating season in Langkazi

Irradiation

Output

(MWh)

(MWh)

Sunny (snow melting)

178.6

76.6

42%

20-Dec

Overcast to sunny

134.4

58.8

43.75%

21-Dec

Sunny

181.9

87.6

48.16%

22-Dec

Sunny

182.8

93.2

50.98%

23-Dec

Sunny

180.4

90.2

50.00%

24-Dec

Sunny

180.2

88.8

49.28%

25-Dec

Sunny

180

92.2

51.22%

26-Dec

Sunny

177.8

92.5

52.02%

27-Dec

Sunny

172.9

88.4

51.13%

28-Dec

Cloudy to overcast

114.7

43.3

37.75%

29-Dec

Sunny

178.6

85.8

48.04%

Date

Weather

19-Dec

Efficiency

Fig.10: Comparison between irradiation and output

The irradiation can be kept at about 180 MWh, while the output is around 90 MWh in sunny days. It means the
efficiency is about 50%, which is higher than expected.
The stronger the irradiation is, the higher the efficiency goes, which suggests good performance of the collectors.

3.3 Storage performance
Tibet is among the regions claiming the highest annual solar irradiation in the world, we can see from Table 5
that even in winter Tibet still has more sunny days than cloudy days. Therefore, the collector-area/pit-storagevolume ratio is quite different from those PTES systems in northern Europe, at 1.62 m2/m3 as against Marstal at
0.44 m2/m3 for example.
Even with such a high collector-area/pit-storage-volume ratio, the pit storage system still delivers very good
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thermal stratification. Fig. 11 shows that the dynamic energy output from Dec 19th 2018 to Dec 28th 2018. This
suggests that the stratification design and thermal insulation performance of the pit are very impressive.

Fig.11: Storage pit stratification effect

The Figure above shows that the pit can use 78% of high-temperature heat. This is only a short period of
observations in the first year of the project’s formal operation. In the future, we will also observe the heat
charging and discharging cycles in different periods of time - e.g., in one year, one Quarter or one month - to
figure out proportions of available high-temperature heat.

3.4 District heating grid
For the Langkazi project, the district heating grid was designed to work at 65/35°C throughout the main supply
/return pipes of more than 15 kilometers long (single way distance). The main pipes were buried 2 meters under
the ground to avoid freezing and reduce energy lost. The supply/return temperature adopted in the Langkazi
project is higher than that of some advanced PTES system in Europe, since in Langkazi residents still use
traditional radiators. To keep those radiators working properly, the running temperature of the solar system shall
be adjusted to gear to the working temperature of those radiators.
Fig. 12 shows the energy distribution of Langkazi project from Dec. 19th to Dec. 29th, a period in deep winter.
Measured data show that over 81% of the energy produced by solar field is distributed directly to the end users
via district heating loop, while 19 % to the pit storage. On two cloudy days, i.e., Dec. 19th and 28th, the pit
storage discharged and released 30.8 MWh of energy to end users, along with 102.1 MWh of energy supplied by
the solar field.

Fig.12: Energy distribution of Langkazi project
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4.Conclusions
This paper summarizes the design concept and specific parameters of the large-scale solar district heating project in
Langkazi, Shannan, Tibet, and focuses on the performance of the main components of the system.
It is ascertained through statistical analysis that the concept of large-scale solar central heating is completely
feasible in high-altitude cold areas. In addition, due to the characteristics of non-polluting, low operating costs and
long life, the solar central heating system has broad prospects in Tibet.
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Abstract
District heating can present an opportunity to increase the share of renewable energies in the German heating
sector, which is currently stagnating at around 14 % (Umweltbundesamt 2018). The aim of this paper was to
develop heat supply concepts for the year 2030 for mainly residential settlements in rural areas. For this purpose,
a village in central Germany was examined with regard to its heat demand and supply structure. As heat supply
technologies, large solar collector fields with a seasonal storage, woodchip boilers and combinations of CHP-units
and heat pumps for sector coupling were investigated. The tool energyPRO by EMD International A/S was used
to simulate three concepts with high shares of renewable energies in order to determine Levelized Cost of Heat
and ecological indicators. Finally, the concepts were compared with a reference case scenario based on current
trends for decentralized heat supply.
Keywords: Solar district heating, rural areas, existing buildings, Levelized Cost of Heat, key ecological indicators
Abbreviations
BAU

Business as usual

LCoH

Levelized cost of heat

CHP

Combined heat and power

PTES

Pit thermal energy storage

COP

Coefficient of performance

SPF

Seasonal performance factor

DH

District heating

TTES

Tank thermal energy storage

1. Introduction
Following the Paris Climate Agreement, the German government set the target of an almost climate-neutral
building stock in 2050. As an intermediate goal, CO2-emissions in the building sector are supposed to be reduced
by 40 % until 2030 compared to 2014 (BMUB 2016). Consequently, it is necessary to lower the total heat demand
on the one hand, but also to transform heat supply using new technologies for domestic hot water and space
heating on the other. However, the share of renewable energies in the final energy consumption for heating and
cooling in Germany is stagnating at around 14 % in recent years (Umweltbundesamt 2018). While there are legal
requirements regarding energy efficiency and the use of renewable energies for new buildings, the decision to
renovate building stock generally remains with the owners. In rural areas, where most buildings are in private
ownership, it is common to observe renovation backlogs. This is most likely caused by relatively high investment
costs for renovation, whereas the operating costs for conventional heat supply systems are stable. In this respect,
this paper deals with the possibilities and perspectives to decarbonize heat supply through local heating networks
with high shares of renewable energies, despite low renovation rates of the connected buildings. The heat
generation of three different district heating (DH) concepts was simulated with the tool energyPRO by EMD
International A/S. The central question is how the economic efficiency of DH concepts in rural areas relates to
decentralized heat supply systems. In this context the holistic approach of calculating Levelized Cost of Heat
(LCoH) was chosen in order to consider all costs related to heat supply. The economic comparison is
supplemented by key ecological indicators. Those cover the share of renewable energies, specific CO2-emissions
and primary energy factors. The comparison is based upon a case study about the heat supply in 2030 for a village
called Heinebach, which is located close to Kassel in Germany.
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2. Heat supply area
2.1 Building stock
During an on-site inspection with a local expert, detailed information on the building stock in Heinebach could be
gathered. The area under consideration consists of 416 buildings of which 89 % are residential buildings with
single-family houses as the dominant type. The remaining 11 % are commercial buildings and mainly located in
the south of the village. Some of the buildings in this commercial area are already connected to a small existing
heating network that is currently supplied by excess heat of a biogas plant. The village has grown historically, so
that diverse building typologies can be found. Residential buildings were classified into 12 different categories
concerning their year of construction according to Loga et al. (2017). The commercial buildings were classified
into 9 categories considering year of construction as well as their predominant use. Up to 75 % of the building
stock was built before 1980 and the center of the village is even characterized by historic houses.
2.2 Heat demand
Since actual energy consumption data for the heat supply of the designated area was not available, a method to
estimate the current heat demand was applied. First of all, the heated (living) area of each building was determined.
In total, it amounts to approximately 75,000 m² for residential and 22,500 m² for commercial buildings. Specific
values for space heating and domestic hot water demand were then assigned to the buildings using the age structure
(see section 2.1). On average, this results in an annual specific useful energy demand of 540 MJ/(m²∙a) or
150 kWh/(m²∙a) for residential and 346 MJ/(m∙a) or 96 kWh/(m²∙a) for commercial buildings. Considering inhouse heat losses of approximately 11 %, a total heat demand of 55.12 TJ/a or 15.31 GWh/a was determined. In
order to predict the heat demand for 2030, it was assumed that about 1 % of the buildings built before 1978 are
renovated per year and in consequence their heat demand is reduced by around 38 %. This assumption reflects
current trends in building renovation according to Diefenbach and Clausnitzer (2010) and Loga et al. (2017). It
results in a total reduction of 3.28 % until 2030, so that heat demand for the concept comparison amounts to
53.32 TJ/a or 14.81 GWh/a.
2.3 Current heat supply
In the course of the investigation multiple data sets (i.e. subsidies databases, chimney sweep data) could be used
concerning the locally installed heat generation technologies. Those included information about the year of
construction, fuels used, installed thermal power and collector area for solar thermal systems. With the help of
typical technology-specific full load hours and typical collector yields for solar thermal systems the contribution
of each technology to cover the current heat demand could be determined. Fossil fuels (natural gas, fuel oil, LNG)
account for the largest share of the total heat supply (76 %), while solid biomass is the largest renewable heat
source (18 %) (see also Fig. 2).
2.4 Heating network
In order to assess linear heat densities of different sections of the area as well as costs for the heating network, a
preliminary design for the network was defined. The fact that a small network already exists was neglected for
the design, since the corresponding specifications were unknown. Due to given local circumstances like the fully
developed gas network, a connection rate of only 50 % was assumed as a basis for the comparison. Therefore, the
network consists of 208 buildings in total. Connecting pipes were considered with a length of 10 mroute per building
on average, resulting in route lengths of 8.2 km with transportation pipes and 2.1 km with connecting pipes. Under
these conditions, the linear heat density amounts to 2.56 GJ/(mrroute∙a) (0.71 MWh/mroute∙a). According to Persson
and Werner (2011) the mean nominal pipe diameter DNa can be estimated as a function of linear heat density. The
resulting DNa of about 46 mm is approximately met by selecting DN 50 for transportation pipes and DN 20 for
connecting pipes according to Best et al. (2018). Heat distribution losses as a percentage of the total heat feed-in
were also determined depending on linear heat density. In line with an approach by Nussbaumer and
Thalmann (2014) that is based on data about existing heating networks in Germany, Denmark, Austria, Finland
and Switzerland those amount to 20 % of the total heat feed-in. In terms of the design temperature level a
conservative approach was chosen in order to address temperature requirements of existing in-house heating
systems and domestic hot water supply. Therefore, a supply temperature of 80 °C and return temperature of 60 °C
was assumed.
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2.5 Heat load profiles
The simulation of the heat generation of the DH concepts required to generate heat load profiles. The annual heat
demand was allocated to the hours of the year depending on ambient temperatures of the reference year 2016. The
allocation relies on standard load profiles according to Hellwig (2003) that originate from the gas sector. The used
profiles correspond to old single-family houses (before 1978), new single-family houses (from 1979), old multifamily houses (before 1978), new multi-family houses (from 1979) and commercial buildings for retail and
wholesale. The resulting heat load profiles for the residential and commercial buildings connected to the
designated heating network can be seen in Fig. 1.

Fig. 1: Heat load profiles

The load profile for the compensation of heat distribution losses was created within the simulation tool
energyPRO. The load was modelled to be partially constant and partially dependent on soil temperatures. This is
supposed to reflect the annual profile of the temperature difference between supply temperature and soil
temperature, which is decisive for the level of heat distribution losses.
2.6 Peak load
Dimensioning heat generators for heating networks requires to determine the peak loads of the potential
consumers. The relevant load types within the case study include the heating load of the buildings, the load for
supplying domestic hot water as well as the load for compensating heat distribution losses. The calculation of the
peak load of the residential buildings was based on methods according to the German national standards DIN EN
12831 Suppl. 2 for space heating (Deutsches Institut für Normung e.V., 2012) and DIN 4708 for domestic hot
water demand (Deutsches Institut für Normung e.V., 1994). The used building typology data for the commercial
sector was less detailed, so that the peak load had to be derived from heat demand and characteristic full load
hours for decentralized heat generators. Since peak loads of the individual consumers are staggered in time, socalled simultaneity factors can be considered when determining the peak load for the whole heating network. They
are dependent on the number of connected consumers. In the case at hand they were applicable to the heating
loads of residential and commercial buildings as well as domestic hot water demand of the commercial buildings.
Regarding the compensation for heat distribution losses the maximum value of the modeled load profile described
in section 2.5 was considered for the peak load. Taking renovation measures as well as a connection rate of 50 %
into account, a total peak load of 3.8 MW was determined for the designated heating network in 2030.

3. Heat supply concepts for 2030
3.1 Reference case scenario – business as usual
A reference case scenario was developed expecting the continuation of business as usual (BAU) regarding heat
supply in the area. It is based upon data about the current heat supply described in section 2.3. In order to project
the current technological composition of decentralized heat supply onto the year 2030, technology-specific change
rates were assumed according to Adolf et al. (2013) and local circumstances (i.e. fully developed gas network,
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German Emission Control Act). In conjunction with a supposed replacement of existing heat generators after a
useful life of 25 years as well as the years of construction from the given data, the technological composition for
2030 is outlined. The results for the equivalent heat demand supplied by a potential heating network (connection
rate 50 %) are shown in Fig. 2. The shares of heat pumps (+4 %), solar thermal systems (+1 %), solid biomass
(+3 %) and natural gas (+9 %) are increasing, while the shares of fuel oil (-14 %) and LNG (-0.5 %) are
decreasing. It is assumed that the biogas plant will not exist anymore in 2030 due to ceasing subsidies.

Fig. 2: Decentralized heat supply in Heinebach

3.2 District heating concepts
The heating network described in section 2.4 presents the basis for all three DH concepts. The systems and the
chosen components are described in the following.
Concept 1 Solar Seasonal
The first concept is aimed at achieving a high solar share in the heat supply. Therefore, a pit thermal energy storage
(PTES) is included as a seasonal storage. An electric heat pump is used to discharge the PTES below return
temperature of the heating network and consequently expand its capacity. Two woodchip boilers serve as baseload
heat generators in the winter. The system is completed by a gas boiler as peak load heat generator and a buffer
storage as a flexibility option. A schematic diagram of the system is illustrated in Fig. 3 with the following
specifications of the components:
•

Solar thermal system: 8,782 m² CPC vacuum tube collectors

•

El. heat pump: 679 kWth (2-stage high temperature compression heat pump; COP = 2.6 at W10/W85)

•

Woodchip boiler 1 / 2: 650 / 400 kWth (Minimum partial load: 30 % of nominal load)

•

Natural gas boiler: 3,400 kWth

•

Buffer storage: 200 m³ (Tank thermal energy storage)

•

Seasonal storage: 20,000 m³ (Pit thermal energy storage filled with water)

Fig. 3: Schematic diagram of Concept 1 – Solar Seasonal
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Concept 2 Solar Classic
The second concept is inspired by local district heating networks that are already installed in rural areas in
Germany. The solar thermal system is designed to cover the heat demand during the summer period. Similar to
the first concept, two woodchip boilers represent the baseload heat generators for the winter. Whenever possible,
those are switched off during summer to avoid unfavorable partial load operation. The buffer storage is designed
larger than in concept 1 in order to bridge longer low-radiation periods. A natural gas boiler is added as backup
and peak load heat generator. The schematic diagram is shown in Fig. 4 with the following specifications:
•

Solar thermal system: 3,842 m² CPC vacuum tube collectors

•

Woodchip boiler 1/2: 2 x 650 kWth (Minimum partial load: 30 % of nominal load)

•

Natural gas boiler: 3,150 kWth

•

Buffer storage: 350 m³ (Tank thermal energy storage)

Fig. 4: Schematic diagram of Concept 2 – Solar Classic

Concept 3 Sector coupling
The third concept shown in Fig. 5 is geared towards aligning heat generation flexibly with market prices for
electricity. Amid the increasing volatility of the feed-in of renewable energies into the electricity grid, it is
expected that spot prices will also fluctuate according to the availability of solar and wind power. Therefore, two
electrical heat pumps, that utilize geothermal heat, operate when electricity prices are low, while a gas-fired CHP
unit can produce heat and electricity when prices are high. Consequently, electricity market participation is
required. The buffer storage enables a flexible operation strategy. The specifications are the following:
•

El. heat pumps: 2 x 679 kWth (2-stage high temperature compression heat pump; COP: 2.6 at W10/W85)

•

Natural gas CHP unit: 986 kWth; 835 kWel (Minimum partial load: 50 % of nominal load)

•

Natural gas boiler: 3,150 kWth

•

Buffer storage: 300 m³ (Tank thermal energy storage)

Fig. 5: Schematic diagram of Concept 3 – Sector Coupling
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4. Framework for comparison
4.1 Simulation tool energyPRO
The simulation tool uses an analytical optimization method to meet heat demand in every timestep with the
component that has the lowest priority, which is usually equal to the lowest heat generation cost at that time. It
must be noted that heat demand and transport is simulated independent of corresponding temperature levels.
Priorities are determined through component parameters, operating costs and external boundary conditions.
Weather data (ambient temperature, solar radiation, soil temperature), a prognosis of electricity spot market prices
as well as the heat load profiles described in section 2.5 serve as common boundary conditions for the simulation
of the DH concepts. The weather data was taken from the “ERA5 Climate reanalysis dataset” that can be accessed
within the simulation tool. For Heinebach the year 2016 has turned out to be an average weather year within a 10year period, so that it served as reference year. The simulation period spans one year with an hourly resolution.
The spot market prognosis for 2030 was created following Wiese (2015). The described basic operation strategy
is particularly relevant for CHP units and heat pumps, since in those cases heat generation costs are dependent on
variable electricity spot market prices.
4.2 Economic framework
An economic evaluation of heat supply concepts requires an assessment period (𝑇) that reflects on the useful life
of the system components. In the case at hand the decisive component that determines the assessment period is
the heating network with a useful life of 30 years. In order to account for future developments, the following
conditions are considered for the economic evaluation. The most sensitive parameter for the comparison is the
discount rate (𝑖), which is assumed with 3 % and enables to refer future payments to the time of calculation. An
inflation rate of 1.8 % is applied to the development of maintenance and service costs. Furthermore, trends in the
costs for energy carriers are included with annual change rates for natural gas +2.46 %, fuel oil +2.54 %,
biomass +1.00 % and electricity -0.33 %.
The relevant expenses in the following evaluation include investments, fuel costs, maintenance and service as
well as operation and heat distribution, whereas in-building distribution is excluded. On these grounds the
Levelized Cost of Heat (LCoH) for each concept is determined. According to Baez and Larriba Martinez (2015)
LCoH is “the constant and theoretical cost of generating one kWh of heat, which is equal to the discounted
expenses incurred throughout the lifetime of the investment.” The calculation follows equation 1. The shown
variables are discussed in the following.

𝐿𝐶𝑜𝐻 =

𝐶𝑡 −𝑆𝑡 −𝑅𝑉
𝐼+∑𝑇
𝑡=1
𝑡
(1−𝑖)
𝐸
𝑇
∑𝑡=1 𝑡 𝑡
(1−𝑖)

(eq. 1)

The investment (𝐼) for the decentralized heat supply in the Reference Case (BAU) corresponds to the reinvestment
costs that occur when the age of existing heating systems exceeds an assumed average useful life of 25 years.
Relying on the data described in section 2.3 and technology-specific reinvestment costs according to Tab. 1, the
total investment for each individual year of the assessment period is determined.
Tab. 1: Specific reinvestment costs for decentralized heat generation

Component

Specific investment

Reference

Natural gas boilers

314

€/kWth

Hinz (2015)

Fuel oil boilers

379

€/kWth

Hinz (2015)

Solid biomass boilers

609

€/kWth

Hinz (2015)

Solid biomass ovens

152

€/kWth

Assumption

LNG boilers

314

€/kWth

Assumption

Heat pumps

1,000

€/kWth

Wunderlich (2016)

€/m²

Wunderlich (2016)

Solar thermal systems

450
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In case of the DH systems the investment in the heating network is considered with the specific costs according
to Tab. 2. The main street of the village Heinebach will be subject to renovation in the foreseeable future, so that
costs corresponding to a construction area are used. The heating center is assumed with 4.2 % of the total costs
for the pipes and further components (i.e. pumps, control valves, underground cables, control technology) are
taken into account with 3.5 % of the total heating network costs.
Tab. 2: Specific investment costs for the heating network

Component

Specific investment

Reference

Transportation pipes DN 50, inner city areas

380

€/mroute

Große et al. (2017)

Transportation pipes DN 50, construction area

190

€/mroute

Große et al. (2017)

Connecting pipes DN 20

314

€/mroute

Große et al. (2017)

House-lead-in

395

€/unit

Best et al. (2018)

Substation

3,600

€/unit

Stuible et al. (2016)

House connection

The specific investment costs of the central heat generators vary depending on the installed capacity in the
individual concepts. Except for the woodchip fuel storage and the land area for solar thermal systems, all cost
assumptions are based on cost functions depending on the size of the component. The costs of the electrical heat
pump in the third concept include the exploitation of the heat source. The determined values and the assumed
useful life in years are shown in Tab. 3. If the useful life of a component is less than the assessment period of 30
years, a reinvestment is considered for the calculation of LCoH. Finally, the cost of engineering for the DH
concepts is estimated with 10 % of the total initial investment.
Tab. 3: Specific investment costs for heat generation in DH concepts

Component

Specific investment

Solar thermal system

Useful
life

Reference

30 a

Solar Seasonal

452

€/m²

Große et al. (2017)

Solar Classic

511

€/m²

Große et al. (2017)

Land area

1.24

€/m²

Destatis (2018)

Natural gas CHP unit

800

€/kWel

Woodchip boiler

15 a

ASUE (2014)

20 a
650 kWth

290

€/kWth

Eltrop (2014)

400 kWth

327

€/kWth

Eltrop (2014)

19.3

€/t

Fuel storage
Electrical heat pump

30 a

Eltrop (2014)

20 a

Solar Seasonal

399

€/kWth

Wolf (2017)

Sector Coupling

499

€/kWth

Wolf (2017), Große et al. (2017)

Natural gas boiler

20 a
Solar Seasonal

141

€/kWth

Große et al. (2017)

Solar Classic / Sector Coupling

143

€/kWth

Große et al. (2017)

599

€/m³

25 a

Große et al. (2017)

72

€/m³

30 a

Große et al. (2017)

Buffer storage (TTES)
Seasonal storage (PTES)

The costs of operation for each year (𝑡) result from the operating expenses (𝐶𝑡 ) and the income from
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operation (𝑆𝑡 ), which is equal to the income from electricity feed-in. The operating expenses consist of costs for
service and maintenance of the components as well as the energy carriers including electricity for auxiliary energy
expenditure. Since the available references for service and maintenance costs for each component differ, they are
determined either as a percentage of the total investment or as a fixed rate depending on installed capacity and/or
heat generation. Specific costs for energy carriers were assumed separately for the Reference Case (BAU) and the
DH concepts to account for varying purchased quantities. In the last year of the assessment period, the cost of
operation is supplemented by the residual value (RV) of the components registered as an income.
The last variable necessary for calculating LCoH is the amount of heat delivered to the buildings (𝐸𝑡 ), which is
also equal to the amount decentralized systems must supply.

5. Results
5.1 Simulation
The shares of the individual technologies in the feed-in to the heating network as a result of the simulation are
shown in Fig. 6. The solar thermal system in Solar Seasonal fully meets the heat demand during summer and has
a significant contribution in the winter as well. Considering the seasonal storage efficiency of 84 %, the total
contribution of solar thermal heat is 38 % with a specific solar yield of 1,433 MJ/m²∙a or 398 kWh/m²∙a. It must
be noted that the share of the heat pump in Solar Seasonal is equal to its electricity consumption, since the solar
heat in the seasonal storage is its heat source. This circumstance also enables a high seasonal performance factor
(SPF) of 5.3 for the heat pump. In Solar Classic the solar thermal system covers most of the heat demand during
summer with a slightly larger specific solar yield of 1,598 MJ/m²∙a or 444 kWh/m²∙a, since storage losses of the
buffer storage system are lower. The biomass boilers show a steady operation during winter with full load hours
of 4,000 and 5,700 h/a. In Sector Coupling the geothermal heat pumps only reach a SPF of 3.0 covering the heat
demand in summer and the base load in winter. Therefore, full load hours of 4,200 and 5,600 h/a are reached. The
CHP unit profits from mainly operating at high electricity market prices with an average deviation of 22 % above
mean market price. The heat pumps in Sector Coupling are operating on average at 5 % below mean market price,
whereas the heat pump in the concept Solar Seasonal operates at 7 % below mean market price.

Fig. 6: Heat feed-in into the heating network in the DH concepts

5.2 Economic evaluation
It can be seen in Fig. 7 that the first DH concept Solar Seasonal requires the largest initial investment of about
12.4 Mio € due to the large solar thermal system with 4.0 Mio. € and the seasonal storage with 1.6 Mio. €. In the
concepts Solar Classic and Sector Coupling, the heating network with 4.5 Mio. € accounts for more than 50 % of
the initial investment volume. In comparison, the nominal investments within the 30-year assessment period in
the Reference Case (BAU) are only 3.6 Mio. € in total.
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Fig. 7: Economic evaluation – Initial investment for the DH concepts

Fig. 8 shows the cost of operation for the first year, so that the future developments described in the economic
framework have no effect yet. The concepts with large solar thermal systems have the lowest cost of operation.
In Sector Coupling they are still below the Reference Case, if the income from electricity feed-in is considered. It
is also notable that the 20 % higher solar fraction in the DH concept Solar Seasonal is not mirrored in the cost of
operation in comparison with Solar Classic. High specific costs for electricity to discharge the seasonal storage
with a heat pump in the Solar Seasonal concept in contrast to relatively low-cost woodchips almost level out
concerning the operating costs, but service and maintenance costs are higher for the more complex system Solar
Seasonal. The income from electricity feed-in in Sector Coupling is composed of variable spot market prices and
fixed basic payments that reflect subsidies for electricity from CHP units in Germany.

Fig. 8: Economic evaluation - Cost of operation in 2030 (first year of operation)

Assuming a continuous operation according to the first (simulated) year of operation results in the LCoH shown
in Tab. 4. Possible subsidies for the investments are neglected. Concept 2 Solar Classic has the lowest LCoH with
35.4 €/GJ (127.5 €/MWh) and is thus 7 % below the LCoH of the Reference Case (BAU) with 38.1 €/GJ
(137.0 €/MWh). The LCoH of Solar Seasonal and Sector Coupling are 9 % resp. 14 % higher than the Reference
Case (BAU).
Tab. 4: Comparison of Levelized Cost of Heat

Reference Case
LCoH in

(BAU)

2. Solar Classic

3. Sector Coupling

€/GJ

38.1

43.6

35.4

41.6

(€/MWh)

(137.0)

(157.1)

(127.5)

(149.8)

+14 %

-7 %

+9 %

Deviation from Reference:
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5.3 Discussion of the economic framework
The calculations of the previous chapter were examined for sensitivities to specific costs and economic boundary
conditions due to the numerous necessary assumptions. A high discount rate of 6 % favors the Reference Case
(BAU), as the investments are spread over the entire assessment period. In contrast, the LCoH of the DH concepts
decrease with a low discount rate (1.5 %). In case of Solar Seasonal they drop to 40.0 €/GJ (143.9 €/MWh) and
are thus only 5 % above the Reference Case (BAU). Taking economies of scale into account for the specific costs
of solar thermal systems (350 €/m²) and seasonal storages (50 €/m³), the LCoH of Solar Seasonal are also
approaching those of the Reference Case (BAU) with 40.0 €/GJ (144.2 €/MWh). A variation of annual change
rates (50 % and 200 % scenario) for energy carrier prices has a particularly strong effect on the Reference Case
(BAU) and the Sector Coupling concept, where costs for energy carriers have a high share in the total cost of
operation. On the other hand, only minor effects can be observed in Solar Seasonal due to the high solar fraction.
In addition, it can be stated that the LCoH of Solar Classic is still on the same level as the Reference Case (BAU)
in the 50 %-scenario with 34.3 €/GJ (123.5 €/MWh). Finally, the LCoH were tested in scenarios with a taxation
of CO2-emissions of 30 €/t and 60 €/t. A CO2-tax raises the LCoH of all concepts, whereas the Reference Case
(BAU) would be affected most with an increase of approx. 1.5 to 3.1 €/GJ (5 to 9 €/MWh). In the concepts Solar
Seasonal and Solar Classic the LCoH are relatively stable in the CO2-tax scenarios with an increase of approx. 0.3
to 0.8 €/GJ (1 to 3 €/MWh).
5.4 Ecological evaluation
The ecological evaluation of the heat supply concepts is carried out using the share of renewable energies fRE,
specific CO2-emissions eCO2,out and primary energy factors fP,out as key figures. Common ground for all calculations
is the delivered heat to the buildings. Solar energy, wind, hydropower, renewable biomass and environmental
energy are considered as renewable energies. In terms of the consumed electricity (i.e. heat pumps, auxiliary
energy) a factor of 58.8 % is applied representing the projected share of renewable energies in the German
electricity grid in 2030 as a mean value of several scenarios according to Greiner et al. (2016). It is important to
keep in mind that particularly the intended decarbonization of the German electricity sector will have an impact
on the ecological evaluation over the entire assessment period. The calculation of CO2-emissions and primary
energy factors is carried out according to standards by the German district heating and cooling association AGFW
(AGFW FW 309 part 6 - 2016, AGFW FW 309 part 1 – draft 2017). The primary energy factor fP,out provides the
most comprehensive consideration of the ecological effects of heat supply, since, in contrast to eCO2,out, it includes
the entire upstream chain for the supply of energy carriers. However, it must be noted that it specifically applies
to Germany. Fig. 9 depicts that fRE in the Reference Case (BAU) is rising to 28.1 % compared to 23.8 % in 2018.
Nevertheless, the DH concepts achieve a significantly larger fRE ranging from 61.9 % in the Sector Coupling
concept to 90.6 % in the Solar Seasonal concept. Consequently, eCO2,out is 30 % (Sector Coupling) to 80 % (Solar
Classic) lower than in the Reference Case. It is also noticeable that eCO2,out in Solar Classic is higher than in Solar
Seasonal despite the higher fRE. This is mainly due to the larger electricity demand caused by the heat pump in
Solar Seasonal, as electricity has the highest specific CO2-emission factor compared to the energy carriers used.
Finally, fP,out in the DH concepts is from 25 % (Sector Coupling) up to 59 % (Solar Seasonal) lower than in the
Reference Case (BAU).

Fig. 9: Ecological evaluation - Spec. CO2-emissions, primary energy factors and share of renewable energies
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6. Discussion
The projection of the current decentralized heat supply in Heinebach onto the year 2030 in the Reference Case
(BAU) shows that, without serious changes, only a slight increase in the share of renewable energies in the
technological composition is to be expected. In contrast to this, the central heat generation of the heating network
offers a variety of possibilities for the integration of renewable energies. Although 20 % more heat has to be
generated in the DH concepts to compensate for grid losses, the ecological evaluation of all considered variants
is positive compared to the Reference Case (BAU). The goal of the German government to reduce CO2-emissions
in the building sector by 40 % until 2030 compared to 2014 is, in contrast to the Reference Case (BAU), reached
in all investigated DH concepts. Considering the progressing decarbonization of the German electricity sector as
well as the limited availability of solid biomass, the concept Solar Seasonal has the least ecological impact. The
simulation results suggest that existing buildings in rural areas with high temperature requirements do not
necessarily present a barrier for the integration of renewable energies. However, the accuracy of simulating a
temperature sensitive concept composed of a solar thermal system with a PTES and a heat pump for discharging
is limited within the tool energyPRO. So far, the simplifying assumption of a fully mixed storage might impair
the performance of the system. Detailed planning of this concept would require an investigation with an additional
simulation tool in order to adequately model temperature stratification within the PTES and storage heat losses to
the surrounding soil, especially during the first years of operation. This would further have an impact on return
flow temperatures to the solar thermal system and supply line temperatures on the heat-source-side of the heat
pump. Still, the economic evaluation indicates that heat can be supplied in the DH concepts at comparable costs
to the decentralized Reference Case (BAU) even without subsidies. The specific investment costs for the solar
thermal systems and the PTES are sensitive parameters for the economic efficiency of the Solar Seasonal and
Solar Classic concepts, so that under the condition of sinking costs due to economies of scale or subsidies, these
technologies represent important components for cost-efficient heat supply in local heating networks in the future.
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___________________________________________________________________________
Summary
Drake Landing Solar Community is a Canadian solar district heating system with seasonal thermal storage. The
demonstration project, designed to achieve over 90% solar fraction, was commissioned in the summer of 2007,
reaching its 12th year of operation in 2019. The demonstration project successfully illustrated the technical feasibility
of solar seasonal energy storage with a high solar fraction in a northern climate. Over the course of this project, from
design, to construction, to commissioning, to operation and performance monitoring, much has been learned about
this technology application in Canada. Through our on-going performance monitoring project, a number of learning
points were identified that could inform the development and implementation of future similar projects. This paper
will review the project financial results, key learning points and discuss design improvements (what we would do
differently), stakeholder engagement for future projects.
Keywords: solar district heating, seasonal heat storage, borehole thermal energy storage, BTES, Drake Landing,
high solar fraction, monitored performance, financial results, learning points.

___________________________________________________________________________
1. Introduction
Residential and commercial/institutional buildings were responsible for 22% of energy use related GHG emission in
Canada in 2016 (NRCAN, Emissions, 2018), most of it due to space and water heating. Because of that, significant
efforts have been undertaken in recent years in developing more energy efficient building envelopes and mechanical
systems, and in the inclusion of a larger share of on-site renewable energy technologies in those buildings. In 2004,
CanmetENERGY spearheaded the Drake Landing Solar Community (DLSC) project, in the Town of Okotoks (latitude
50.73N, longitude 113.95W), located approximate 20 km south of Calgary. DLSC, the first community size solar
seasonal energy storage project in North America, demonstrated the effective integration of the borehole thermal
energy storage (BTES) technology with a locally available renewable energy resource - the sun, in delivering more
than 90% of the community’s space heating needs.
The Drake Landing Solar Community, which supplies heat to 52 single-detached houses, has been operating for 12
years as of July 2019 and, although it has been technically successful, its relatively small size does not lead to economic
feasibility under current economic conditions in Canada. This first-of-its-kind technology demonstration project in
North America revealed a number of learning points for system designers and renewable energy project developers.
This paper will discuss in detail a number of key learning points from the DLSC project. The authors will also
highlight the implementation cost for the DLSC project, financial challenges with the operation of systems involving
innovative technologies and how to better manage such issues in future projects.
2. System Description and Performance Summary
A large-scale solar seasonal storage project is currently in its thirteenth year of operation in Okotoks, Alberta. The
Drake Landing Solar Community (DLSC) is a community of fifty-two modern detached homes that derive most of
their heat requirements from solar energy, using borehole thermal energy storage (BTES) to store heat collected in the
summer, for use in the winter. DLSC is the largest solar seasonal thermal energy storage system of its kind in North
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America and is designed to have the highest annual solar fraction (90%) of any solar-based seasonal storage system
in the world. Thermal energy is stored in 35,000 m³ of soil and rock under a corner of the neighborhood park; the heat
is transferred to and from the earth by water flowing through U-tubes in 144 boreholes, each 35 meters deep.
A schematic diagram of the system is shown on Figure 1, and more details on its design and early results of operation
can be found elsewhere: McClenahan et al. (2006), Wong et al. (2006), Sibbitt et al. (2012, 2015) and Mesquita et al.
(2017).

Fig. 1: Schematic diagram of the solar seasonal storage heating system at Drake Landing Solar Community

Each DLSC home has a detached garage behind the house, facing onto a lane (Figure 2). Each garage has been joined
to the next garage by a roofed-in breezeway, creating 4 continuous roof structures, as seen on Figure 3. On those roof
structures, 2293 m2 (gross) of flat-plate solar collectors were installed.
The houses are located along two streets running east-west. Six different house models were available to buyers, with
an average above-grade floor area of 145 m2. The houses were built to meet Canada’s R-2000 performance standard
(NRCan, R-2000, 2018), with upgraded building envelopes, including higher insulation, low-e argon filled double
panel windows and improved air tightness and construction details. The R-2000 standard requires the homes to be
built with energy performance (space heating and domestic hot water), amongst other non-energy related conditions,
to be below 50% of that for of a local code built home. The higher standard was estimated to reduce the space heating
requirement to a range between 57 GJ and 72 GJ for the 52 homes in various models. The average domestic hot water
(DHW) requirement was 18 GJ with water efficiency measures. Using renewable energy technologies home heating
energy requirements were further reduced by 90% and 50% for space heating and DHW, respectively. Space heating
is supplied to the 52 houses through 4 parallel branches of a 2-pipe district heating system. An integrated air handler
and heat recovery ventilator, incorporating fans with electronically commutated motors and a large water-to-air heat
exchanger, supplies forced-air heating and fresh air. An independent, 2-collector, solar domestic hot water system,
backed-up with a high-efficiency gas-fired water heater, supplies service hot water.

483

B. Wong et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 2: View of houses with adjoined garages and houses street view

A seasonal borehole thermal energy storage (BTES) field was installed under a corner of a neighborhood park and
covered with a layer of insulation beneath the topsoil. The BTES is composed of 144 boreholes, each 35 m deep and
radially plumbed in 24 parallel circuits, each with a string of 6 boreholes in series. Each series string is connected in
such a way that the water flows from the centre to the outer edge of the BTES when storing heat, and from the edge
towards the centre when recovering heat, so that the highest temperatures will always be at the centre. Figure 4 shows
the borehole field under construction and currently, as a landscaped park.

Fig. 3: Aerial view of Drake Landing Solar Community

The heat source for this BTES project is solar thermal energy. The solar collection system consists of 798
conventional, flat-plate solar thermal collectors mounted on four rows of interconnected garage/carports located
behind the homes. The Energy Centre building is located in the southwest corner of the neighbourhood park, and is
the heart and brains of this innovative, solar energy based BTES heating system. Table 1 summarizes the performance
since the project inception.
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Tab. 1: Key measured performance indicators for the first 11 seasons of operation

2007
2008

2008
2009

2009
2010

2010
2011

2011
2012

2012
2013

2013
2014

2014
2015

2015
2016

2016
2017

2017
2018

1

2

3

4

5

6

7

8

9

10

11

Heating DegreeDays (18°C ref.)

5274

5393

5069

4911

4515

4579

5304

4860

4134

4756

5103

Incident Global
Irradiation (GJm-2)

5.82

6.07

5.49

5.45

5.67

5.55

5.55

5.41

5.48

5.06

5.57

4469

4391

4275
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A 100% solar fraction performance was observed in 2015/16. This was followed by 2 years with solar fraction of
93%. Preliminary estimate for the 12th year’s (2018-2019) solar fraction is 92%.

Fig. 4: Borehole field under construction and currently, as a landscaped park

3. Project Implementation Cost Summary and Analysis
The DLSC implementation cost summary breakdown is presented in Table 2. All figures are presented in 2007
Canadian dollars to reflect the actual costs (Total project cost of CAD$ 7,146,000) at the time of project
implementation. Assuming an average annual escalation rate of 2%, the total project cost in 2019 would be
approximately CAD$ 9M.
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Tab. 2: DLSC project costs (CAD$)
Task

Description

Final Project Cost

1

Detailed design and planning

$

510,000

2

Solar energy collection system

$

1,001,000

3

Thermal energy storage system

$

880,000

4

Energy centre building

$

650,000

5

Home heating system and R-2000

$

440,000

6

District heating loop

$

1,130,000

7

Solar domestic hot water system

$

200,000

8

Garages for collector mounting

$

1,460,000

9

System commissioning

$

215,000

10

Performance monitoring system

$

460,000

11

Project management and outreach

$

200,000

Total

$

7,146,000

Tab. 3: DLSC project extra costs (CAD$)

Additional construction management fees
Energy consultants and home energy modelling
Additional energy centre costs
Collector loop repair and protection
Total Extra Costs

$
$
$
$
$

155,500
255,000
40,000
63,500
514,000

The grand total cost, including project extra costs, for DLSC implementation was CAD$7,660,000. From a technology
point of view, Table 2 includes items that were not directly a part of the solar seasonal thermal energy storage heating
system. Direct technology cost is approximately CAD$4,616,000, excluding home heating equipment, home energy
efficiency upgrades, solar domestic hot water equipment, garage construction, project management, stakeholder
outreach and system monitoring equipment cost. It should be noted that the direct technology cost also includes
CAD$1,130,000 for the community district heating system.
Innovative technology demonstration requires commitment and significant financial resources. In the case for DLSC,
key stakeholders and government funding agencies supported the project while the project technical team resolved
many unexpected challenges. Several important cost lessons could be taken from the DLSC implementation. The
following three points will be presented from the cost perspective.
3.1 Challenges in obtaining firm price quotations
The DLSC project was the first time that a large (community scale) solar thermal project was implemented in Canada.
Advanced solar thermal technology experience and installation capacity was only available in limited regions in
Canada at the time of DLSC implementation. In the early 2000’s there was a very small penetration of residential
rooftop solar thermal domestic hot water systems into the Calgary area market. The plumbing and home construction
trades were not familiar with the solar thermal technology nor trained to perform the installations. As a result, the
construction management company hired to do the job for the DLSC provided a high cost estimate for the installation
of the four banks of solar thermal collectors (total 798 collectors) and this cost was well above what was available in
the budget. Although the higher cost estimate was not welcomed by the project team, one could understand the issues
faced by the construction company with very little prior solar thermal experience and could not fault the company for
taking a very conservative approach in cost estimation. A different approach is required in order to contain the project
cost.
The project team and the construction company agreed to proceed on a time & materials basis for the first bank of
collectors while the project team provided training to the construction crew. The construction crew took the necessary
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time to learn how to perform the work safely and effectively for the first bank of collectors. The cost was relatively
high. However through this experience the construction crew understood the technology and was able to refined the
installation procedures. The construction company was then able to provide a firm quote for the installation of the
remaining three banks of collectors at a significantly lower unit cost which resulted in achieving a more reasonable
total solar thermal collector system installation cost for the project.
3.2 Utilize existing market capacity from complementary sectors
In the case of the solar thermal collector installation, the work involved considerable effort and time on the roof.
Working with heights on a steeply pitched roof (45-degree pitch angle) is not a typical working environment for the
plumbing trades. This made it more challenging for the trades to get comfortable on rooftops and performing
efficiently at the onset of the project. For the construction of the borehole thermal energy storage system (which
consisted of 144 vertical boreholes to a depth of 35 meters), a local drilling company was hired to perform the work.
With a few practice boreholes for inserting the U-tube and installation of the thermal grouting, the job was quickly
completed on schedule and on budget against a firm quote. It was important to note that drilling technology and the
drilling industry in Alberta was very strong from the production of conventional energy in the province.
The drilling contractor’s performance and their efficiency in carrying out the BTES field construction work was a
pleasant surprise as the project team did not realize the synergistic opportunity at the time of project development.
This kind of cross-sectoral skills transfer would be very beneficial in the development of innovative energy
technologies and the implementation of a demonstration project for the first time.
3.3 Expect the unexpected
An unexpected consequence of of a minor design change in the collector design impacted negatively on the DLSC
project at a critical juncture before the solar thermal collectors could be commissioned. From the commissioning test
of the first bank of solar collectors the project team discovered the inter-connecting component (a short piece of
bellow) between the adjacent collector headers underwent plastic deformation during high temperature excursions in
the collector system fluid. As a result of this plastic deformation (well outside the working range for elastic bellow
movement) the entire batch of installed connectors had to be replaced. The project team and the supplier worked
together to determine the root cause of the problem and worked to finding a solution to correct the situation.
The conclusion of a thorough review of the scenario pointed to the possibility in the insufficient rigidity (or being too
soft) of the rubber grommet used to secure the header pipe penetrating through the small opening on the sides of the
collector metal frame that allowed a larger longitudinal misalignment between the two adjacent header pipes. In
addition, in some areas of the roof, the adjacent collectors mounted on the surface of the roof were not well aligned
due to variations in residential roof construction.
The larger longitudinal misalignment then allowed the bellow device to bow rather than absorbing the expansion
linearly along the longitudinal axis of the header pipes, as shown on Figure 5. The collector manufacturer tested a
series of grommets having different stiffness in a set of test collectors subject to high temperatures in an attempt to reenact the bowing of the bellow-type of inter-connecting device. The findings conformed the hypothesis and
determined the stiffness required to hold the header pipes in alignment while still flexible enough to allow the
installation of the header pipes through the collector frame without undue difficulty. Based on this review and testing,
the production of solar collectors was put on hold pending the shipment of a new order of grommets to be made to the
new specifications.
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Fig. 5: Bowed bellow device between collectors.

The grommets were produced in a plant in southern China through a global supply chain in the production of the solar
thermal collectors. A 100-year typhoon happened to hit the southern China village where this plant was located and
completely destroyed the facility. Apparently the batch of grommets extruded for this order was just finished and
packaged ready for shipment. To the project team’s good fortune, even though the plant was completed destroyed,
the staff was able to find the package in the after-math of the storm and shipped the new grommets to Canada.
The resulting 3 months delay in the construction led to a serious water management issue in the short term thermal
energy storage tanks and a significant cost increase to drain the large water tanks, clean the biofouling deposits
throughout the tanks, piping system and the heat exchangers.
The unexpected issue with the grommet led to the redesign of the collector with new parts, the supplier was hit by a
unexpected typhoon, the ensuing delay then caused the biofouling.
4. Major Learning Points
Innovative technology demonstration projects offer great opportunities for shared learning on project implementation
and technology improvements. The journey of the DLSC technology demonstration is no exception. There were
many design, implementation and operation learning points. Five areas for learning from the DLSC project are
highlights below for discussions.

4.1 Solar thermal collector system scale-up
The solar thermal collectors deployed for the DLSC project came from a collector manufacturer specialized in the
design and installation of a solar domestic hot water (SDHW) system in Canada. The collector had a new design with
a number of innovative features that provided improvement in efficiency and cost reduction. The selection of the
solar thermal collector was based on its the cost-effectiveness after an international tender process. The collector was
originally designed for smaller residential roof-top SDHW systems. For the SDHW application, there was no
requirement for the bellow-style inter-connecting fitting between collectors in a two-collector SDHW system.
However, for a larger community-scale solar thermal collector system, the inter-connection between adjacent
collectors and thermal expansions control became an important design consideration. At that time, the DLSC project
team (and the Canadian solar thermal industry) was short on experience in roof-integrated large size solar thermal
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collector systems . The design of the bellow-style inter-connecting device was reviewed and accepted as the standard
design for the DLSC system. In retrospect, additional time should have been built into the project schedule for a larger
scale field test system (such as an array of 10 or 20 collectors) to be installed and tested subject to a range of anticipated
operating conditions. Design deficiencies might have been discovered and improvements sought before full-scale
implementation. As a result of this design deficiency the bellow connectors and the grommets in approximately onethird of the collectors already installed on the roof had to be replaced by new bellows and a stiffer grommet at extra
cost.

4.2 Solar thermal collector maintenance and market capacity
At the time of the DLSC project initiation and implementation, the price of natural gas in Canada was relatively high.
A number of government incentive programs (at both the federal and provincial levels) for solar thermal hot water
systems were in place. The solar thermal market was relatively strong with the promise that the strength in the demand
and market capacity growth would continue. However shortly after the commissioning of the DLSC system, the price
for natural gas in Canada (and North America) started to drop. Government policy change resulted in the termination
of solar thermal support program and incentives. The SDHW technology was no longer competitive. A gradual
decrease in photovoltaics (PV) system cost on top of the slow SDHW market attracted many of the solar thermal
suppliers to switch to the PV technology in Canada. It became increasingly difficult to find installers and plumbers
for routine, as well as emergency services, for the DLSC solar thermal system. The impact was higher service cost
and delays in scheduling qualified trades for service and maintenance work on site. Such global level change in the
energy landscape might be rare and would certainly be out of the control of the project team. However, the robustness
in the design of innovative technologies and the ease for transferrable skills from other trades or field of service should
be considered for new demonstration projects.

4.3 Borehole thermal energy storage system water chemistry issue
The DLSC borehole thermal energy storage system (BTES) and the short-term thermal storage (STTS) tanks are
connected. Water is circulated throughout the STTS tanks, the BTES loop and the piping system that connects the
BTES and STTS tanks to the two heat exchangers in the system (one for receiving heat from the solar thermal collector
loop and a second heat exchanger for delivering heat to the district loop). The design of the BTES/STTS water system
consisted of: open atmospheric STTS tanks for simpler operation management, carbon steel piping for potential high
fluid temperature from the solar collector loop or the back-up natural gas boilers, and circulation pumps designed for
closed circuits for lower cost.
After several years of operation higher than expected levels of corrosion product has been found in the system and a
reduced system flow rate in the BTES system has been observed. Although the DLSC system operated well even
under these conditions and continued to deliver high solar fraction performance in recent years, there has been an
increase in pumping electricity usage and the long-term positive trend in performance may be at risk. The water
chemistry question was not addressed sufficiently by the DLSC project team at the time of project implementation as
there were many other pressing issues at the time and there was a concern that if the water was heavily treated with
anti-corrosion additives and a leak in the BTES piping occurred, there could be potential groundwater contamination
risk. For innovative technology demonstration projects, one still needs to pay close attention to conventional
engineering design challenges, such as basic water chemistry and water system management.
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Fig.6: Pump impeller volute with corrosion deposits.

4.4 Controls and monitoring system equipment life cycle and support considerations
The implementation of the DLSC project included a comprehensive set of sensors and instrumentation with the
capability for data acquisition and storage. This data acquisition and storage system supports an operational control
and fault detection system, as well as a system performance monitoring system. The performance monitoring system
has provided invaluable data throughout the demonstration project to the project team and other interested
stakeholders. The trend analysis on parameters and the comparison between the actual system performance with
design performance revealed opportunities for improvement in system modification and operation. This contributed
to the high solar fraction observed over the past 12 years.
While the instrumentation and data acquisition system has performed well over the project period the electronic
hardware is also aging. Periodic component replacement and control programming changes required the services of
the control system vendor technicians. Within a limited research budget the expenditures on control system
maintenance is not always easy to rationalize for a relatively small technology demonstration project. In the DLSC
project case, the control system is supported by a commercial vendor and project team members and researchers were
not able to make any control logic changes or implement new algorithms. This turned out to be a constraint in carrying
out some of the research work. As the project moves into its second decade of operation, the life cycle consideration
of the control system is starting to enter the discussion. In hindsight, perhaps the option for a more “open” control
system (such as a PLC) would have facilitated easier programming changes by researchers as well as enabling a
broader base for technical support. It is recognized that a PLC would have required higher upfront implementation
cost, which is probably always a challenge for an innovative technology demonstration project.

4.5 Cold climate system start-up and operation – Murphy’s Law applies
The DLSC system is designed to operate and deliver heat for comfort reliably to the 52 homes in cold nights in Alberta

490

B. Wong et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Canada where ambient temperature could reach as low as -40 Degrees Celsius. Towards the end of March 2006, the
first bank of solar thermal collectors had been installed and the collector piping system was cleaned and flushed. Other
sub-systems were also being installed and being commissioned. This included a new control system.
The mishap started with the mechanical contractor not wanting to drain the collector piping system after cleaning and
flushing but decided to keep the collector loop circulation pump running throughout the night as the local overnight
temperature was forecasted to drop just below zero degrees Celsius. At the same time the controls engineer was
testing the control algorithm and implementing the program. The collector loop pump was operating and fluid was
circulating as the mechanical contractor and the controls engineer left late in the evening for the day. For reasons not
clear to the project team, an automatic control valve in the collector loop closed during the night which led to a
blockage in the collector loop circulation. The overnight ambient temperature dropped down to -3 degrees Celsius
for a short period of time. Next day, the construction crew discovered leaks from a number of collectors and the
piping network due to freeze damage. While the damage was limited and repaired, the incident took considerable
time and effort to resolve. The testing to identify the leaks, repairing the leaks and the steps required to ensure piping
integrity added significant cost to the project. Out of the first bank of collectors (just under 200 collectors), only 12
collectors had to be replaced. Had the sub-zero temperature lasted for a longer period of time, the damage could have
been much worse.
5. Considerations for Future Technology demonstration Projects
There were many positive learning outcomes from the DLSC project that contributed to its success. These positive
learning points should be noted for future innovative technology demonstration projects. These include the following
positive learning points:

5.1 Strong team approach to project implementation
The DLSC project team included the various disciplines of engineering, the homebuilder, the community developer,
municipal planners, utility partner and government researchers. The project team was formed based on the
understanding that the technology being tried was new and this project gave all team members the opportunity to learn
and contribute. There was no one individual claimed superior experience above others. Each team member brought
specialized and unique knowledge to the project with great respect for other team members’ contribution. This
atmosphere promoted a positive working environment with open and honest working relationships throughout the
project.

5.2 Facilitated integrated design process
The land development timeline was fixed and tight with home construction scheduled to take place with or without
the solar seasonal thermal energy storage project. The tight schedule necessitated the project design team to work
closely together and resolve issues in “real time” rather than the more traditional “silo” style of design for commercial
construction projects. From the start of the design phase to the end of commissioning, weekly teleconference calls
were held every Friday morning involving all project team members. Each call usually took two to three hours to
complete in order to cover deep technical discussions, key design decisions and action items. Several in-person
technical workshops were held at a number of critical junctures during the project. This integrated design process was
critical to meeting the development schedule and in the successful completion of the DLSC project.

5.3 Feasibility phase study technical tour
Meaningful engagement of the key stakeholders relevant to the DLSC project was a critical component of the
feasibility study. During the feasibility study a project team technical tour through three European countries (Sweden,
Germany and the Netherlands) was planned and conducted to provide a “first-hand” view for the key stakeholders on
what is possible to achieve in solar seasonal thermal energy storage. The homebuilder, the community developer,
planners, municipal engineer and all members of the stakeholder group came away with a sense of confidence inspired
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to create the DLSC project. The technical tour provided a strong foundation for the project team to begin the
challenging design process for a high solar fraction project in Canada. Excellent discussions took place during the
tour and in fact, some of the key design decisions started to form during the trip.

5.4 International technical steering committee
The success of the DLSC demonstration project was in part due to the active involvement and invaluable guidance
provided by a technical steering committee consisted of experts from across Canada and leading European researchers
in solar seasonal thermal energy storage. The international connections were made through Canada’s participation in
the International Energy Agency Solar Heating & Cooling Technology Collaboration Program. The connection
continued through the technical study tour and the relationship was strengthened during the design and construction
phases of the project. The project team kept the technical steering committee informed of key design issues and sought
advice. A two-day design review workshop was held towards the end of the design phase for the steering committee
members to check on the design and provide final recommendations before construction. The meaningful involvement
of the technical steering committee brought tremendous benefit to the project, however it also required more time and
patience to work through the design issues and for the project team to listen to the committee members for their
opinions.

5.5 The expert use of modelling tools and simulation software
The design of the DLSC energy system leveraged on the broad experience from members of the project design team
and the many sage technical advice from the steering committee members. One key element in the DLSC project was
the utilization of a transient thermal energy modelling and simulation tool to study the solar seasonal thermal energy
storage system in support of design decisions. The entire DLSC energy system was modelled and simulations were
conducted to test the various design options and in the selection of critical system parameters. The successful outcome
of the DLSC technology demonstration project – a first of its kind in North America – is a testament to the power and
usefulness of such modelling and simulation tools when used by modelling experts in consort with the relevant field
experience in the project team. Following the commissioning of the DLSC project, a full year of measured system
data was used to calibrate the model for enhanced accuracy in the simulation. The calibrated model has been used for
many feasibility studies in Canada and abroad with confidence in predicting system performance as well as used as a
design tool for other locations.

5.6 Strong government support
An innovative technology demonstration project would not happen on its own without the strong support from multiple
levels of government. In the case of the DLSC project the combined support from the Canadian federal government,
provincial government (the Province of Alberta) and the local government (the Town of Okotoks) was instrumental
to the success of the project. Without the strong alignment in objectives from the multiple levels of government it
would have been difficult for the project to materialize.
A number of important points should be considered for future projects involving highly innovative technologies. The
following topics were not considered as a top priority for the DLSC technology demonstration project during
implementation. However, after 12 years of successful operation for the DLSC, these topics are emerging as questions
that needing some consideration.
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Project exit strategy for a smooth transition out of technology demonstration;
Project designed to take into account of technology/component life cycle, include the flexibility for potential
“plug-and-play” technology enhancement;
Knowledge transfer and local sustainability for innovative technologies (including low maintenance cost); and
Earlier engagement and more frequent consultation with the homeowners in the community for a greater
community participation.
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For future technology demonstration projects coupled with a strong research focus, discussions on some of the softer
issues should be considered.
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Summary

Solar thermal energy has been the fastest-growing renewable heat technology, but most of the world’s solar
thermal installed capacity consists of a single house domestic system. Linear Fresnel collectors are
considered a cost-effective technology for applications such as heat for industrial process, concentrating solar
power, etc. In 2008, Diaz presented a novel mini-channel tube solar collector for low temperatures
applications, showing promising results compared to conventional flat plate and evacuated tube collectors.
Considering the benefits of using mini-channels, the present work presents a novel design of a LFC by using
a mini-channel tube as absorber. The main results show an increase of 2,8% of thermal power output and
21% in optical efficiency compared to commercial LFC, proving that this design could constitute a feasible
option to be integrated into solar solutions for medium temperature industrial processes.
Keywords: Linear Fresnel, mini-channel tube, medium temperature, direct steam generation
1. Introduction
During 2017, renewable energies presented a total growth of 49% in the global energy matrix. Within these
technologies, solar heat only represents 6.9% of installed capacity of renewable heat in domestic,
commercial and industrial applications worldwide. Most of the solar thermal capacity consists of small
domestic systems for single-family homes (IEA, 2017). Therefore, there is a vast potential for integrating
solar heat for industrial processes, especially in regions where heat demand is growing due to the presence of
industrial activity, such as food, agriculture, and chemicals. For this reason, it is of interest to study and
develop solar thermal technologies, particularly for industrial applications.
Solar collectors are thermal components which act as heat exchangers, transforming solar radiation into
useful heat by raising the temperature of a working fluid. Many industrial sectors require hot water at high
temperatures or even steam for their processes, therefore concentrating solar collectors represent a promising
technology for such applications. Linear Fresnel Collectors (LFC) are a type of line-focus concentrating
collectors, which consist of a series of flat or slightly curved mirrors which track the sun during the day at
different azimuth angles, reflecting solar radiation towards a fixed receiver, which depending on the absorber
technology, can reach temperatures high enough for steam production. The advantage of their simple
structural configuration, in terms of manufacture and installation, is usually concealed by the lower optical
efficiency of LFC, due to their distorted focal line, compared to other concentrating solar technologies such
as Parabolic Through Collectors (IRENA, 2012).
In 2001, the Belgian company Solarmundo developed a novel LFC prototype, claiming to be more costeffective than existing concentrating technologies, because of its simpler tracking system, inexpensive flat
mirror, and fixed absorber tube. The Solarmundo LFC prototype showed an optical efficiency of 61% at
normal incidence (Häberle, 2001). Regarding the thermal efficiency of LFC receivers, due to its complex
geometry, it has been mostly studied through computational simulations or experimental tests. For instance,
Facão and Oliveira (2011) analyzed a trapezoidal cavity receiver via ray-tracing and CFD simulations,
highlighting the influence of the receiver’s geometry on the thermal efficiency. According to the Solar Heat
for Industrial Processes (SHIP) database, there are only 13 LFC plants of a total of 313 CSP plants installed
worldwide (IEA, 2019).
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In an effort to increase the overall efficiency of solar collectors, in 2008 Diaz presented a novel design with
minichannel tubes as solar absorbers (Diaz, 2008). A channel is classified as mini-channel when its hydraulic
diameter lies between 200 𝜇m and 3 mm (Kandlikar and Grande, 2003). A mini-channel tube consists of an
extruded flat tube with several mini-channel ports along its cross-section, as shown in Figure 1b. The
purpose of the mini-channels is to increase the heat transfer area of the working fluid and reduce the thermal
resistance of the heat flow since no external fin is needed. Later, Sharma and Diaz (2011) showed that the
thermal efficiency of the evacuated-tube mini-channel collector increases significantly when compared to
experimental data from conventional evacuated-tube collectors. In the same year, the Finnish company
Savosolar presented a full-aluminum direct-flow absorber solar collector model using Multi-Port Extruded
mini-channel profiles. This design won the Intersolar AWARD in 2011 (Savosolar, 2011). Savosolar began
product deliveries in June 2011 and has since delivered over 75,000 𝑚 of collectors for applications such as
district heating, heat for industrial processes, space and building heating and domestic hot water.
Additionally, in 2014, Robles et al. (2014) presented the design, manufacturing, testing and numerical
simulation of an aluminum flat plate mini-channel solar collector, showing an increase in thermal efficiency
of 13% compared to flat-plate collectors. A year later, Duong (2015) studied the use of mini-channel flat
plate collectors for industrial applications at medium temperature (100-120ºC), reporting a low performance
in indirect steam generation. Indeed, only a steam fraction of 0.00024 was obtained (2.4 g/min of steam from
a 9.8 L/min water flow) under this configuration. Currently, there is no commercial mini-channel-based
collector capable of producing heat at medium temperatures.

Figure 1. Sketch of: a) flat-plate collector, b) mini-channel tube collector. Dimensions not to scale.

Considering the reported advantages of using mini-channel collectors at low temperatures reported in the
literature and the industry, this work presents a novel design of a LFC by using a mini-channel tube as an
absorber, improving its performance for medium temperature applications (100-200ºC). The design process
of the concentrator, receiver and mini-channel tube absorber is thoroughly described, and an optical and
thermodynamic model is developed to fully evaluate the collector’s performance in operational conditions.
Both mathematical models were validated against commercial references and experimental data reported in
the literature.
2. System description
A mini-channel-absorber LFC system is studied in this work. The main dimensions of this system are
summarized as follows: The primary mirror field is 5.4 meters wide and 6 meters long. The mirror field
consists of an array of 11 flat mirrors 40 cm wide and a trapezoidal cavity receiver with an internal copper
mini-channel tube absorber, as shown in Figure 2. The trapezoidal cavity receiver with a base dimension of
440 mm, a base angle of 80º and a height of 120 mm is located at 3.9 meters above the mirror field. The
mini-channel absorber tube is located at the top of the receiver and consists of a single flat tube with 128
rectangular ports. The dimension of each port is 2.5 mm wide by 2.0 mm height.
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Figure 2. Sketch of the mini-channel linear Fresnel collector. Dimensions not to scale.

The geometric parameters of the collector are described in Table 1, and the optical and thermal properties are
given in Table 2.
Table 1. Geometric parameters of the collector.

Parameter
Number of primary mirrors
Width of the field
Width of the mirror
Length of the collector
Height of the receiver
Bottom width of the cavity
Top width of the cavity
Acceptance angle of the receiver
Depth of the receiver
Mini-channel tube width
Mini-channel port width
Mini-channel port height
Number of ports

Value
11
5.4 m
0.4 m
6m
3.9 m
440 mm
360 mm
10º
120 mm
360 mm
2.5 mm
2.0 mm
128

Table 2. Optical and thermal properties of the collector

Parameter
Mirror reflectivity
Glass cover transmissivity
Glass cover reflectivity
Absorber coating absorptivity
Absorber coating emissivity
Copper thermal conductivity

Value
0.95
0.97
0.08
0.95
0.12
400 W/(m K)

3. Mathematical Model
The optical and thermal processes in the linear Fresnel collector were modeled by a ray-tracing algorithm
and a thermal resistance network, respectively. Both models are coupled at the base edge of the receiver. The
details of the models are described in the following sections.
3.1. Optical model
The optical efficiency of a solar collector is a measure of the optical performance before considering the heat
loss from the absorber to the environment. The optical efficiency of a concentrating collector is defined by
the following equation (Dufﬁe and Beckman, 2013):
𝜂

= 𝜌(𝛾 𝜏 𝛼) ⋅ 𝐼𝐴𝑀

(eq. 1)

where 𝜌 is the specular reflectance of the concentrator, 𝛾 is the intercept factor defined as the fraction of the
reflected radiation that is incident on the absorber, 𝜏 is the transmittance of any cover on the receiver, 𝛼 is the
absorptance of the absorber. The effect of the incidence angle on the previous parameters may be difficult to
compute analytically. Thus, optical properties are calculated at normal incidence angle (0°) and an Incident
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Angle Modifier (𝐼𝐴𝑀) is defined to account the deviations from the real angle of incidence of the radiation.
The IAM reflects the non-symmetrical optical properties, which is a function of the transversal and
longitudinal incidence angles, 𝜃 and 𝜃 respectively, therefore the optical efficiency at any incidence angle
can be calculated as (Zhu, 2013):
𝜂

(𝜃 , 𝜃 ) = 𝜂

,

⋅ 𝐼𝐴𝑀(𝜃 , 𝜃 )

(eq. 2)

where 𝜂 , is the optical efficiency at normal incidence (𝜃 = 𝜃 = 0). Assuming that the optical
properties of the materials do not change with the incidence angle, the relationship between the intercept
factor and IAM is given by:
(eq. 3)

𝐼𝐴𝑀(𝜃 , 𝜃 ) = 𝛾(𝜃 , 𝜃 )/𝛾

where 𝛾 is the intercept factor at a normal incidence. Finally, the IAM can be factorized into two
independent functions of the transversal and longitudinal angle of incidence:
𝐼𝐴𝑀(𝜃 , 𝜃 ) = 𝐾 (𝜃 ) ⋅ 𝐾 (𝜃 )

(eq. 4)

where 𝐾 is the transversal incidence angle modifier and the longitudinal IAM is represented by 𝐾 . The
transversal IAM is computed by two-dimensional ray-tracing algorithm, which was developed considering
the reflection, absorption, and transmission on every surface of the LFC, including the mirror field,
trapezoidal receptor, and the mini-channel flat plate absorber. The ray-tracing algorithm calculates the
nearest object that intercepts a ray path, then to compute the reflection process a uniformly distributed
random number between 0 and 1 is generated, and according to the optical properties of the surface of the
nearest object, the reflection process determines if the ray is reflected, absorbed or transmitted. This process
is performed for every ray until it is absorbed or escapes the collector’s transversal area. Then, the number of
rays absorbed by absorber, in this case the mini-channel tubes, is computed and the intercept factor and
transversal incidence angle modifier are calculated, as shown in the flowchart of the code in Figure 4.
To calculate the longitudinal angle modifier the following expression (Bellos and Tzivanidis, 2018) is
utilized:
𝐾 (𝜃 ) = cos(𝜃 ) − sin(𝜃 )

(eq. 5)

where 𝐻 is the height of the receiver and 𝐿 the length of the collector, as shown in Figure 3. Eq. 5 considers
the cosine and non-illuminating losses in the longitudinal direction. Finally, the optical efficiency at any
transversal or longitudinal angle of incidence can be calculated using eq. 1, eq. 4 and eq. 5.

Figure 3. Sketch of the mini-channel LFC. Longitudinal view.
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Figure 4. Flowchart of the 2D ray-tracing model to compute transversal IAM.

3.2. Thermal model
To analyze the thermal behavior of the absorber, a two-dimensional thermal model is proposed to represent
the physical phenomena which occur within the receiver, as shown in Figure 5. This model considers singlephase flow (both liquid and vapor, separately) as well as two-phase flow, including the boiling process
through the mini-channel’s ports. The heat balances are based on the work of Robles et al. (2014) and Duong
(2015), with modifications regarding the heat transfer assumptions on the heat conduction through the minichannel and convective heat transfer correlation utilized. Both studies originally modeled the mini-channel as
fin heat-exchangers, while the present work considers the heat transfer through the mini-channel as a
constant surface temperature heat flows through four walls. This consideration induces significant
modifications regarding the effect of boiling fluid through the channels.
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Figure 5. Energy transfer diagram through the receiver and mini-channel absorber.

Energy balances are performed in the collector’s glass cover, absorber’s inner and outer surface, and the
working fluid. They are used to calculate the glass, absorber and fluid temperature through the collector
length for a given mass flow rate and fluid inlet temperature. Due to the number of mini-channel’s ports,
transversal symmetry is assumed, then the energy balances are performed to only one port, considering the
corresponding solar radiation and mass flow rate. These energy balances are presented for each relevant
component in the following sections.
3.2.1. Glass cover
The energy balance for the glass cover is given by the following equation:

𝐺 +

=ℎ

𝜎
1
+
𝜖
𝜖
𝑇

1
−1
−𝑇

𝑇

−𝑇

,

+𝜖 𝜎 𝑇

+ℎ

−𝑇

+

𝑇

,

(

−𝑇

)

(eq. 6)

𝐺

where 𝐺 is the incident solar radiation, 𝜖 is the glass emissivity and 𝜖
the emissivity of the absorber. The
Stefan-Boltzmann constant is denoted by 𝜎. 𝑇 , is the external temperature of the absorber, 𝑇
,𝑇
and 𝑇
are the temperatures of the glass cover, the surroundings, and the sky, respectively. The heat
transfer coefficient ℎ is defined for the air between the absorber and the glass cover (ℎ ) and for the heat
transfer to the surroundings (ℎ
). 𝛼
is the absorber absorptivity, 𝜏 and 𝜌 are the glass cover
transmissivity and reflectivity, respectively.
3.2.2. Absorber’s inner and outer surface
An energy balance on the outer surface of the mini-channel absorber is carried out and it is defined by:
(

𝐺

)

= ℎ

𝑇

,

−𝑇

+ 𝜀 𝜎 𝑇

−𝑇

+

(

,

,

)

(eq. 7)

where 𝑇 , is the internal temperature of the absorber and 𝑅
is the thermal resistance of the absorber
and is determined by using the relation 𝑅
= 𝑒 ⁄(𝑘 𝑃 𝑁
𝐿). This is carried out under the
assumption of a heat flux through the four walls of the mini-channel. Additionally, 𝑒 is the mini-channel
thickness, 𝑘 the thermal conductivity of copper, 𝑃
and 𝑁
is the mini-channel perimeter and number
of mini-channels, respectively. 𝐿 is the length of the absorber.
On the other hand, at the inner surface of the absorber the heat transferred by conduction through the
absorber and the heat transferred to the working fluid are considered, thus, the energy balance is given as
follows.
,
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(eq. 8)
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where 𝐴 is the internal area of the mini-channels, 𝑇
coefficient for single-phase fluids ℎ .

is the fluid temperature and the heat transfer

3.2.3. Working fluid
The heat transferred to the fluid 𝑞
produces an increase in enthalpy Δ𝐻, that implies a rise of the fluid’s
temperature. The energy balance is given by:
ℎ 𝐴

𝑇

−𝑇

,

= 𝑚̇𝐶 𝑇

(eq. 9)

−𝑇

where 𝑇 is the inlet temperature of the collector with a mass flow 𝑚̇. 𝐶 is the heat capacity of the working
fluid.
Equations (eq. 8) and (eq. 9) are defined for single-phase flows. Considering the case where the temperature
of the working fluid is high enough to initiate the boiling process, the temperature of the fluid will remain
constant, increasing the steam fraction. In this case, the correlation of Kandlikar and Balasubramanian,
(2004) for two-phase heat transfer coefficient is utilized. Thus, the energy balance equations of the inner
surface of the absorber and the working fluid, respectively, are defined as it follows, replacing equations 8
and 9:
,

ℎ 𝐴

,

𝑇

=ℎ 𝐴
−𝑇

,

(𝑇

,

−𝑇

(eq. 10)

)

= 𝑚̇ ℎ + 𝑥(ℎ − ℎ ) − ℎ

(eq. 11)

where ℎ is the heat transfer coefficient for two-phase flows, and the term ℎ + 𝑥(ℎ − ℎ ) is the outlet
enthalpy of the fluid, as a function of the enthalpy of the saturated liquid, saturated steam and the steam
fraction, ℎ , ℎ and 𝑥 respectively.
The thermal efficiency of the receiver is calculated with the following equation:
𝜂

=

(
̇

)

(eq. 12)

where 𝐴 is the external area of the absorber. Finally, the useful thermal power output of the solar collector
is calculated with the optical and thermal efficiency by the following equation.
𝑄̇ = 𝜂

⋅𝜂

(eq. 13)

⋅𝐺 ⋅𝐴
4. Validation

A Python code was developed to compute the optical efficiency of the collector and the thermal energy
balances on the receiver and mini-channel absorber. IAPWS library was utilized to determine the
thermophysical properties of water and steam (IAPWS, 2018). To validate the results obtained with the
developed two-dimensional ray-tracing algorithm, the Tonatiuh Monte-Carlo ray-tracing software (Blanco et
al. 2005) was utilized to compute the transversal IAM of an evacuated tube LFC. The LFC consists of the
same primary mirror array and trapezoidal cavity receiver presented in Section 2 but using a conventional
evacuated tube absorber of 150 mm diameter. The same calculation procedure was performed by the twodimensional ray-tracing algorithm. The results are shown in Figure 6. It is shown that the transversal IAM
calculated by the two approaches are similar. The largest absolute error of the transversal IAM between
Tonatiuh and two-dimensional ray-tracing is 0.036 (a relative error of 13%) in the case of an incidence angle
of 80º.
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Figure 6. Transversal incidence angle modifiers for an evacuated tube linear Fresnel collector calculated with Tonatiuh and
the present work.

To validate the thermal model, the thermal efficiency of a flat plate mini-channel collector was simulated at
the same conditions as tested by Robles et al. (2014). The ambient temperature and global horizontal
radiation was set to 20ºC and 900 𝑊/𝑚 respectively. The set of energy balances equations were solved
using the bisection method implemented in Python. The thermal efficiency is plotted against (𝑇 −
𝑇 )/𝐺 in Figure 7, where a comparison between the model of Robles et al. (2014) and the present work
is established. Good agreement is obtained between both models as the maximum absolute in thermal
efficiency is only 0.013 or 1.25% in terms of relative error.

Figure 7. Comparison between mini-channel-based collector thermal efficiency of Robles et al. 2014, and the present work in
terms of (𝑻𝒊𝒏 − 𝑻𝒔𝒖𝒓𝒓 )/𝑮𝒔 .

5. Results
The performance of the mini-channel LFC is compared against a conventional LFC commercialized by
Industrial Solar (Industrial Solar, 2011). The parameters used to compare these models under nominal
conditions, such as ambient temperature, fluid inlet temperature, solar radiation and solar angles (zenith and
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azimuth) are shown in Table 3.
Table 3. Nominal conditions parameters used to compare LFC performance.
Parameter

Value

Solar radiation (DNI)

900 W/𝑚

Ambient temperature

30ºC

Fluid inlet temperature

160ºC

Azimuth angle

90º

Zenith angle

30º

The comparison of the thermal and optical performance under nominal conditions between both collectors is
shown in Table 4. The proposed mini-channel LFC shows an increase of 2,8% of thermal power output by
aperture area unit, reaching a value of 578 𝑊𝑚 , compared to Industrial Solar LFC. Due to the larger
absorption area and the receiver’s geometry, the optical efficiency reaches a value of 0.773 which is over
21% more than in commercial LFC. However, as the mini-channel tube absorber is not evacuated, thermal
losses are 7 times the reported in conventional LFC with evacuated tube absorbers.

Table 4. Performance characteristics of mini-channel linear Fresnel collector and commercial linear
Fresnel collector.
Presented work

Industrial Solar, 2011

Thermal output per aperture area unit

578 𝑊 ⁄𝑚

562 𝑊 ⁄𝑚

Thermal output per total installation area unit

471 𝑊 ⁄𝑚

377 𝑊 ⁄𝑚

Nominal optical efficiency

0.773

0.635

Thermal losses per longitudinal unit

519 𝑊 ⁄𝑚

< 70 𝑊 ⁄𝑚

After the promising results under nominal conditions, optical and thermal efficiencies are assessed under
operational conditions, considering the transversal and longitudinal incidence angles from 90º to 0º, mass
flow rate from 250 to 1400 kg/h, inlet temperature from 30ºC to 300ºC and direct normal irradiance from 300
to 1100 𝑊/𝑚 . Transversal and longitudinal IAM for different incidence angles are shown in Figure 8. Both
modifiers show good agreement with the typical optical behavior of a linear Fresnel collector, showing the
maximum value for the transversal IAM at an angle of 40º, when the shadow of the receiver is projected out
of the mirror field, and a decreasing longitudinal IAM due to cosine losses.

Figure 8. IAM as a factorized function of transversal and longitudinal incidence angles.
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The effect of the mass flow rate and the DNI on the thermal efficiency of the mini-channel LFC is shown in
Figure 9. A flat profile is obtained with any DNI when the mass flow rate is higher than 500 kg/h. This is due
to the decrease in the outlet temperature and the thermal losses caused by the increase in the mass flow rate.
Thus, higher flows do not generate a significant gain in thermal efficiency, while this is significantly affected
by convective and radiative losses.

Figure 9. Effect of mass flow rate on efficiency of the mini-channel-based collector for different values of radiation.

For a given mass flow rate, Figure 10 shows the effect of the inlet temperature of the fluid on the thermal
efficiency for different values of DNI. The thermal efficiency of the receiver decreases with the increase in
the fluid inlet temperature mainly because of higher convective and radiative losses at such temperatures.
However, for higher values of the DNI as 900 or 1100 𝑊/𝑚 , thermal efficiency maintains a high value,
close to 0.8, even for inlet temperatures of 300ºC, since the absorption of the solar radiation is higher than
the thermal losses of the mini-channel tube absorber.

Figure 10. Effect of fluid inlet temperature on efficiency for different values of incident solar radiation.
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6. Conclusions
The present work describes the assessment of a novel design of a linear Fresnel collector with a mini-channel
tube absorber. The proposed configuration presents favorable results; showing an increase of 21% of optical
efficiency over a conventional LFC. The performance of the collector is computed by numerical methods and
compared to commercial LFC models. A two-dimensional ray-tracing model is developed to characterize the
radiation’s reflection in the mirror field, concentrator and the absorption in the mini-channel tube absorber.
In addition, a thermal model was developed allowing to assess the heat transfer to the working fluid in
single-phase operation and for medium temperature applications. The proposed collector presents only an
increase of 2,8% of thermal power output by aperture area unit compared to commercial LFC, thus further
improvements are necessary to reach higher efficiencies and thus a higher thermal output. Nonetheless,
considering mini-channel tube absorbers could constitute a feasible option to facilitate the integration of solar
technologies into medium temperature industrial processes. Future work is proposed to analyze the thermal
model using CFD software; as well as experimental validation and annual energy production assessment of
the proposed mini-channel linear Fresnel collector.
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Abstract
The brewery industry has an extensive energy consumption which is mainly supplied by fossil fuels (heating) and
electricity (cooling). The unique solar resource available in Chile offers the opportunity to supply the brewery demand
with solar technologies. The present study assesses the integration of both solar thermal and solar photovoltaic
technologies into a Chilean brewery (Cervecera Guayacán), which will be relocated in order to increase five times its
current production. Three different scenarios of solar heat integration with flat plate collectors were technoeconomically studied. The best scenario presented a compound payback of seven years and a LCOH of 0.104
USD/kWht to supply 79 % of the hot process water.
The brewery currently has a 20 kWp photovoltaic (PV) plant that supplies partially the electricity needed by the brew
hours. In this study, five different scenarios, which consider moving (to the new location) and/or increasing the area
of the PV system have been assessed. The results show that the best economic option would be the movement of the
current PV plant which has a payback of almost 4 years and a LCOE of 0.022 USD/kWhe, it would supply 38.5% of
the total electricity consumption. If more PV integration wants to be achieved, LCOE values around 0.043 USD/kWhe
and paybacks of 7 to 12 years are obtained.
Keywords: Solar heat and PV integration, brewery, techno-economic study

1. Introduction
The industrial demand around the world consumes around 32% of the final energy (Solar Heat for Industry, 2017),
which is mostly supplied with fossil fuels. In the Chilean manufacturing industry, beverages production represents
nearly a 2 % of the total annual thermal energy consumption, from which an 85 % is used for heating purposes and
15 % for cooling generation (which is generated by electricity in its totality) as was presented by Castillo et al. (2018).
In the breweries, a high thermal and cooling demand is required for the beer production process. Thermal energy is
required for water heating, maceration and beer boiling. Cooling demand is required for the fermentation process and
for wort and beer cooling. Due to the high solar irradiation in Chile, solar energy integration into industrial processes,
especially in the north of Chile, stands as a good candidate to reduce costs and CO 2 emissions.
Many breweries around the world have PV installations to supply their electrical consumption (van der Linden, 2016).
The integration of PV in industrial processes is straightforward and doesn´t required a great understanding of the
thermal industrial process. On the other hand, the integration of solar thermal energy is not straightforward and
requires a deep understanding of the process and the identification of the best integration point from a techno-economic
point of view. Hence, fewer integrations of solar heat in breweries compared to PV integrations have been performed.
Nevertheless, some reports as the Task 49 (Hassine et al, 2015) present a guideline with different solar system
configurations to help solar planers and engineers to integrate solar heat in industries. Lately some studies about solar
heat integration have been published. Lauterbach et al. (2014) presented the integration of solar heat (155 m2 flat plate
collector) into a German brewery, which was methodically analyzed based on monitoring and simulations with a
validated model. Design and operation of the integration of the solar thermal field was explained, as well as faults of
the systems were identified. Joubert et al. (2016) presented a study to evaluate the integration of solar heat into a South
African brewery. A total of 120.7 m2 of flat plat collector were installed with a LCOH of 7.9 EURc/kWht and a
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payback of 9.3 years. Although different breweries facilities which consider solar energy integration have been
installed, usually just one technology, solar thermal or solar PV, is considered. In this work, a techno-economic study
of both solar thermal and PV integration in the brew house of Cervecera Guayacán has been performed. Solar thermal
energy is used to supply a fraction of the heat demand of the plant and solar PV will supply electricity to be used
mainly in the refrigeration process.
Cervecera Guayacán is a brew house located in Diaguitas, in a Region called Coquimbo, in the north of Chile, where
the global annual irradiation for an inclined plane of 30° of 2,460 kWh/m2 (“Explorador solar de Chile”). Currently
this brew house produces around 550 m3 of beer per year. The company is in an expansion phase and wants to increase
in five time its current production reaching almost 3,000 m3 of beer per year. The current brew plant has already a
photovoltaic plant of 130 m2 (20 kWp) that supplies more than 30 % of the electricity demand. The new brew plant
will be relocated a couple of kilometers away from the current plant. Since the company wants to decrease its carbon
footprint, a techno-economic analysis to increase the PV integration (considering also the current PV panels) to supply
their electricity consume has been performed. In parallel, a study to integrate solar process heat to their production
process has also been performed. The best integration point of solar heat consists of heating up process water up to
80 °C, which allows to work at low temperatures and to avoid high system pressure and high cost produced by high
working temperatures or water steam.
The present study will contain: In Section 2 the thermal processes of the brewery and their energy demands are
presented. In Section 3, the integration of solar heat into the brewery processes is explained, along with the technoeconomic analysis and the results of the solar thermal integration. Section 4 contains the analysis and results of PV
integration in the brewery plant. Finally, the conclusions of the study are presented.

2. Brewery process and energy demands
2.1. Thermal processes of the brewery
The production of beer from a thermal point of view starts by heating up process water in the “Brewing Liquor Tank”
(BLT) up to 80 °C (see Fig.1). The BLT is the tank where process water is prepared before starting the process of beer
making. This process water consists of a mixture of osmosis water, tap water and additives, whose proportions depend
on the type of bier to be produced. Osmosis water is stored in storage tank 1 (ST1) before being introduced in the BLT
and tap water is obtained from storage tank 2 (ST2). Once the process water in the BLT is at 80 °C, it is introduced
together with malt into the mashing/lautering tank where the mashing process occurs. During this process additional
heat is required to keep the wort around 75 °C. This heat is generally supplied by direct flame (small brewery) or by
a tank with a water steam jacket (medium or big size brewery). Once the lautering is finished, the wort at a temperature
around 75 °C is introduced in the boiling kettle where it is boiled during approximately one hour. After boiling, the
wort at around 100 °C must be cooled down to be introduced in the fermentation tanks. For this purpose, filtered water
at 15 °C exchanges heat with the hot wort, resulting in heat recovery in the form of filtered water at 50 °C, which is
stored in a tank (ST2) to be used in the next batch process. To start the next batch process, the required process water
must be at 80 °C in the BLT. To heat up the process water in the BLT from 50 to 80 °C extra-heat is provided through
the steam jacket of the BLT.
After the heat recovery, the wort is not yet at 20 °C, required temperature in the fermentation tanks. Hence, extracooling generated by a conventional chiller is necessary. A cold mixer of water-glycol stored in ST3 will cool down
the wort to temperatures suitable for the fermentation process. In addition, cooling is also required in two more
processes. The fermentation process can last between 7 to 20 days, where the bier inside the fermentation tanks must
be kept at different temperatures generally bellow 25 °C. During the bottling process bier is generally kept at
temperatures around 5 to 8 °C in storing tanks. For both the cooling of the fermentation tanks and the bottling tanks
cooling energy coming from a chiller is also required. Since high demand of cooling energy is required in a brew
house, the chiller is the first electricity consumer of the plant.
In addition to heating process water, also osmosis water is stored in ST1 and heated up to 80 °C for cleaning purposes.
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Fig. 1: Configuration of the future plant without solar heat integration (ST: storage tank)

2.2. Energy demands
The future plant is being designed to produce initially 1,375 of m3 of beer (2.5 times its current production) between
2020 and 2025, which corresponds with 2 batch per day from Monday to Friday. At 2025 the plan is to reach a
maximum production of beer of 2,750 m3 (5 times its current production), which corresponds with 4 batch per day
from Monday to Friday.
The thermal demands of the present study were defined based on information provided by the client about the future
plant. The future brew house of Cervecera Guayacán will use two types of water: osmosis water for water process
and/or cleaning processes and tap water for water process. Each batch process requires 9,200 liters of process water
(which can be just tap water or a mixture of tap water with osmosis water), in addition to osmosis water for cleaning
purposes. Both osmosis and tap water must be heated up from 18 to 80 °C. Process water is discharged to the “Brewing
Liquour Tank” before a batch starts. For the study of solar heat integration was decided to design the system to supply
process water for 2 batch per day.
The electricity demand was defined based on a monitoring campaigns of almost five weeks (22/02/2019 to
27/03/2019) of the electricity consumption of the current plant. A linear interpolation of the monitored electrical
demand was performed to estimate the electricity consumption of the future plant. The electricity demand used for the
study consists in the sum of two periods. For the period 2020-2024, a demand of 2.5 times the current electrical
composition will be considered and for the period 2025-2039 a demand of 5 times the current electrical consumption.
Furthermore, the demand was characterized generating a daily hourly curve representative of the period and to obtain
an approximate annual profile, these results were weighted with ratios proportional to the electric accounts that the
Guayacán brewery provided. The result of the annual consumption profile generated for the brewery gives a total
annual consumption of 297.2 MWh.

3. Solar Thermal Integration
3.1. Description of solar thermal integration
The integration of solar thermal energy to a brew house has been based in a previous study performed by Lauterbach
et.al (2014). However, several changes have been performed to adapt the integration to the present case.
The solar system considered in this study (see Fig. 2) consists in a primary loop which contains solar field of flat plate
collectors, a stratified storage tank (“Solar tank”) and a cooling system (to avoid overheating). In the secondary loop,
heat from the solar field is transfer trough a heat exchanger and stored in a “variable volume tank” (see Fig. 2) until it
is required by the production process. The proposed configuration of solar system requires of control strategies for its
good performance. The pump of the solar field is activated when the collector outlet temperature is 7 °C higher that
the upper temperature of the solar tank. The secondary loop, which sends feed water to the variable volume tank after
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absorbing heat from the solar field, is activated when the outlet temperature of the solar tank is higher than 40 °C and
the volume of the variable volume tank is below 55 %. The pump will stop when the volume in the variable volume
tank reaches 60 % of its maximum level. In order to protect the solar field from overheating, a cooling system exists,
which is activated when the bottom temperature of the solar tank is above 60 °C.

Fig. 2: Proposed configuration for solar heat integration

As it was mentioned in section 2.1, a heat recovery (H.R) is often used in breweries, between the wort leaving the
boiling kettle at around 100 °C and the feed water at around 18 °C (see Fig.1). Nevertheless, this heat recovery occurs
in the same range of temperature in which is ideal to integrate solar heat at a low temperature level. Hence, it is
proposed a change in the heat recovery of the hot wort to integrate easily solar thermal heat at low temperatures. The
feed cold water required for process water will be heated up by the solar field and stored in a “variable volume tank”.
The “variable volume tank” will be discharged every time that process water is required (twice per day) to the BLT.
In the BLT the process water will be heated up to 80 °C with a steam jacket in case that the water is not hot enough.
Additionally, a heat recovery between the wort at 100 °C and water coming from the “variable volume tank” will
occur in order to store hot water at around 95 °C in “H.R Tank 1 – 3,000 l” for the next batch process. This hot water
in the next batch process will heat up the wort leaving the Mashing/Lautering tank before entering the Boiling kettle.
This heat recovery will save water steam in the boiling kettle to heat up the wort to temperatures near 100 °C. The
new proposed configuration needs a new tank (“variable volume tank”) and the relocation of the tank ST2 (see Fig.1)
to be the “H.R. tank 1 – 3,000 l”. The variable volume tank is needed due to the discontinuity in the charging of the
tank and process demand.
Since in the new configuration the wort at 100 °C will exchange heat with a process stream at higher temperatures
(around 75-80 °C) versus 18 °C, the wort will need more cooling energy to reach the desired temperature around 20 °C
before entering the fermentation tanks.
3.2 Studied scenarios for solar thermal integration
Using the solar thermal integration described in section 3.1, three different scenarios were analyzed and simulated in
TRNSYS 18. The main TRNSYS types (models) used in the simulation are Type 1:”Solar Collector- Quadratic
Efficiency – Flat Plate Solar Collector” for the flat plate collector, Type 534: “Cylindrical Storage Tank” for the
constant volume stratified solar tank and Type 39:”Variable Volume Tank” for the variable volume tank. The
properties of the considered collectors are shown in Tab.1. The heat losses of the solar tank were obtained also from
Lauterbach et al. (2014). For the simulations, irradiation data from the “Explorador Solar de Chile” was used. Scenario
1 considers to heat up 100 % of the volume demanded of process water and scenarios 2 and 3 consider to heat up just
50 % of the volume. The three different scenarios are shown in Tab.2.
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Tab. 1: Properties of collectors used in the simulations

Parameter name

Collector 1

Collector 2

(Keymark 011-7S2688F, 2016)

(Keymark 011-7S659F, 2016)

a0

0.812

0.76

a1 (W/m2K)

2.936

3.779

a2 (W/m2K2)

0.009

0.009

Maximum temperature (°C)

225

193

Maximum pressure (bar)

10

6

15.9

2.12

2

Gross area (m )

Tab. 2: Studied scenarios for solar heat integration

Parameter name

Scenario 1

Scenario 2

Scenario 3

Thermal demand to heat by solar
field (liters/day)

9,200

4,600

4,600

Collector model

Collector 1

Collector 1

Collector 2

96

48

50

22

15

15

9

7

7

2

Total solar collector area (m )
3

Solar tank size (m )
3

Variable volume tank size (m )

The economic indicator Levelized Cost of Heat (LCOH), shown in Eq.1 was considered in order to compare systems
with and without solar thermal energy integration.
𝐶𝑡
(1 + 𝑡)𝑖
𝐸𝑡
∑𝑛𝑖=1
(1 + 𝑡)𝑖

𝐼𝑜 + ∑𝑛𝑖=1
𝐿𝐶𝑂𝐻 =

(eq. 1)

In Eq.1 𝐼𝑜 represents the investment costs, Ct corresponds to the operation and annual maintenance costs, E t
corresponds to the reference energy generated in the system, i symbolizes the analysis period in years and t corresponds
to the discount rate to consider. A system life of 20 years was used for this study.
3.3. Results of solar thermal integration
The results of the simulations for the three studied scenarios are shown in Tab. 3. As shown the results, scenario 1
allows to supply 79 % of the process water demand (137.6 MWht/year) since it was designed to heat up 9,200 liters
per day. The scenarios 2 and 3 were designed to heat up 4,600 liters/day of hot process waters, therefore their solar
fraction is much lower (36 and 33 % respectively) than scenario 1. Scenario 2 allows to integrate more solar energy
to process (63 MWht) than scenario 3 (58.2 MWht). This fact is due the higher efficiency of the collector of scenario
2 compared to scenario 3. This is also the reason why scenario 2 requires more cooling demand to avoid overheating
for approximately the same collector area than scenario 3. In addition to solar heat supply to the variable volume tank,
a part of the heat temporary stored in the variable volume tank for process heat recovery purposes is also transferred
to the process water in the variable volume tank. Therefore, extra-energy coming from the heat recovery is transferred
not only to the wort going to the boiling kettle, but also to the process water. This value corresponds to a value of
15.1, 11.8 and 13.5 MWh/year for each scenario. The highest solar-Heat Recovery system yield is obtained for
Scenarios 1 and 2, with a value of 60 %. Therefore, scenario 1 with a high system yield and a higher solar fraction
will be studied in detail.
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Tab. 3: Results of the three studied scenarios

Scenario 1

Scenario 2

Scenario 3

Required energy by process (MWht/year)

173

86.5

86.5

GHI on collector (MWht/year)

227

114

118.3

Energy generated by collector (MWht/year)

153

76.6

67.5

Energy supplied by solar to variable volume tank (MWht/year)

128

63

58.2

Energy supplied by H.R to variable volume tank (MWht/year)

15.1

11.8

13.5

Energy consumed for refrigeration (MWht/year)

14.3

4.6

2.2

Energy supplied to process (MWht/year)

137.6

69.1

66.6

Solar + H.R system efficiency (%)

60

60

56

Solar fraction to total process water demand (%)

79

36

33

67.2

67.6

65.7

Annual average temperature of delivered water (°C)

As the energetic results per month of scenario 1 shown in Fig.3, during summer time (November to March) the highest
solar heat integration is obtained. On the other hand, during winter time (May- August) lowest solar heat integration
and higher heat recovery to the variable volume tank is obtained. This fact happens since the water coming from the
heat recovery system is hotter than the water in the variable volume tank.
From the three studied scenarios, Scenario 2 presents the highest annual average integration temperature to process
with a value of 67.6 °C, however scenario 1 is very close with a value of 67.2 °C. In Fig. 4, the monthly average
temperatures of the water delivered to process from the variable volume water tank of Scenario 1 are presented. During
summer time the integration temperature is higher than during winter time, reaching values above 70 °C. The
remaining heat required by the process water to reach 80 °C, will be provided by a water steam jacket in the BLT tank.

Fig. 3 Generation results for the scenario 1

511

A. Crespo et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 4 Annual average temperatures for the scenario 1

The three scenarios where also studied from an economic point of view. A discount rate of 7 % was considered, as
well as investment costs of the main equipment (thermal collector, storage tanks, heat exchangers, cooler) based on
quotation and information provided by distributors and/or companies that install turnkey projects.
For scenarios 1 and 2 a fix price of USD per square meter of collector 1 was considered. However, this value includes
not just the price of the collector, but of the whole system, including also the solar tank, heat exchangers and cooling
system (turnkey case). On the other hand, scenario 3 considers quotations from different distributors, as there is no
turnkey possibility. For this reason, in scenario 3, collector 2, solar tank, heat exchangers and a cooling system were
quoted separately. Additionally, for each of the scenarios a variable volume tank was considered necessary for proper
solar heat integration. The main values of the investment costs are shown in Table 4.
Table 4: Investment values for main equipment

Equipment

Units

Cost

Collector 1

USD/m2

650

Collector 2

USD/m2

392

Heat exchanger

1957

Water - water

Storage tanks

USD/m

3

Equipment
Heat exchanger
Water – water-glycol

Units

Cost

USD/m2

715

USD/m2

665

For the economic analysis of solar heat integration the following parameters were considered: LPG price of
0.068 USD/kWht, electricity price of 0.098 USD/kWhe, a boiler efficiency of 0.85, an efficiency of the heat exchanger
in the water steam jacket of the tanks of 0.65 and a COP=4 for the cooling system of the solar field. O&M cost of 1%
of the initial investment costs was considered. The Tab. 5 shows the main results of the economic analysis.

Table 5: Results of the techno-economic study.

Scenario

Compound
payback (years)

IRR

NPV
(USD)

LCOH
(USD/kWht)

CO2 savings
(tCO2 / year)

1

7

18 %

84,365

0.104

41

2

9

15 %

35,042

0.116

20

3

19

7%

2,503

0.179

19

As shown Tab.4, scenario 1 presents the best economic indicators with a compound payback of 7 years and an IRR of
18 %. The lowest LCOH is also obtained for scenario 1 with a value of 0.104 USD/kWht, which is lower than for a
scenario without solar thermal integration (0.123 USD/kWht). If a turnkey business model cannot be achieved, the
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following option corresponds to scenario 3, which presents the most unfavorable economic indicators for solar thermal
energy, with a compound payback of 19 years and an IRR of 7 %.

4. Solar Photovoltaic Integration
4.1 Studied scenarios for the solar PV integration
In order to integrate solar PV in the Chilean industry specific regulations must be taken into account. Chilean law
(Ley 21118, 2018) determines that for industries with generation systems over 20 kWp is not possible to generate
profits from the sale of energy to the network, rather these injections will be discounted from the electric accounts of
the installations associated with the system during the period of one year. This means that any system above those
20 kWp should have an upper limit for the annual energy production of the system, which should not exceed the
expected annual energy consumption of the brewery facilities.
The demand for the PV analysis of the future plant is being designed, as mentioned before, to produce 2.5 times its
current production between 2020 and 2025 and from 2025 the plan will reach 5 times its current production. Bearing
in mind the just mentioned Chilean electrical regulation and future electric demands, simulations of five alternatives
of different installed capacities were carried out, which have a production limit of 140 kWac (theoretical maximum
production capacity). The electrical production simulations were carried out considering polycrystalline silicon
modules mounted on a fixed structure at ground level, distant obstacles such as the surrounding hills were evaluated.
These simulations were carried out with the PVsyst 6.63 program and irradiation data from Explorador Solar de Chile
was used. The brewery currently has a 20 kWp photovoltaic system that has been operating for 4 years, which will be
used in each of the options presented, since the costs of moving the system generate more benefits than the purchase
of a new system under economies of scale. The five scenarios considered in the present studied are presented in Tab.6.
Tab. 6: Main electrical characteristics of the five alternatives selected for the PV systems to evaluate

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Scenario 5

Nominal power of
PV array (kWp)

20.3

41.6

72.8

104.0

151.0

Nominal power od
inverter (kWAC)

20.0

40.0

70.0

95.0

140.0

4.2. Results of solar of PV integration
The technical results of the five PV scenarios are shown in Tab. 7. In scenarios 1 and 2 there is not electricity injection
to the grid, since the PV panels generate energy just for self-consumption. As the power of the PV plant increases, the
energy injected to the grid increases reaching a value of 174.7 MWh/year for scenario 5.
Tab. 7: Results of the energetic analysis of the five alternatives studied for the PV system integration

Energy
(MWh/year)

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Scenario 5

Generated by PV

41.1

84.0

149.0

210.5

302.8

Consumed from
the grid

255.8

213.4

182.6

174.3

169.1

Injected to the
grid

0

0.2

34.3

87.5

174.7

To analyze the scenarios from an economic point of view, it is necessary to have clarity about the income and expenses
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that this project will have for the user (in this case Cervecera Guayacán). For this study, it was considered that the
income for the owner of the plant would not only be the self-consumption, but also the energy injections from the PV
plant to the grid. These will be discounted throughout the year from the plant owner's consumption during periods
when the photovoltaic plant does not produce energy. The investment costs of the main photovoltaic elements were
also considered in a conservative manner, discounting the 20 kWp PV system that the brewery already had and adding
the cost of moving and installing the system, which in this case is around 0.6 USD/kWp due to the proximity of the
new location. The investment costs of the PV plants considered in this study are shown in Fig.5, which corresponds
to values of the Chilean market (G. Neumeyer, ACESOL 2018). Operational and maintenance costs of 10
USD/kWp/year were considered. Based on this information the payback, LCOE,VPN and IRR were obtained for each
alternative using discounted cash flows at a discount rate of 7 %, all the previous considering a duration of system
useful life of 20 years. Furthermore, the CO2 emissions for every alternative were also calculated.
The economic and environmental results are presented in Tab.8. As the results show, the best economic indicators are
obtained for scenario 1, which consists in just moving the current PV plant. If the solar PV integration wants to be
increased, the scenario which obtains a better trade-off between economic and environmental indicators is scenario 3,
which obtains a compound payback of 7.7 years and a zero-emissions indicator for the period 2020-2024. The zeroemissions are obtained because the CO2 emissions during the period 2020 to 2025 are 62.6 tCO2/year approximately,
which fits completely with the CO2 emissions savings of scenario 3.
Tab. 8: Results of the economic and environmental studied for the different alternatives of PV solar fields

Investment (USD)
Compound payback
(years)
IRR (%)
NPV (USD)
LCOE
(USD/kWh)
CO2 savings
(tCO2/year)
CO2 emissions
percentage (2020-2024)

Scenario 1

Scenario 2

Scenario 3

Scenario 4

Scenario 5

13,571
3.5

50,050
6.9

93,038
7.7

132,477
9.2

188,327
12.2

38.0
34,957
0.022

20.2
61,274
0.040

18.5
99,223
0.042

15.5
107,211
0.043

11.6
82,306
0.043

17.4

35.2

62.5

88.4

127.2

72%

43%

0%

-41%

-103%

In the present study, the effect of economies of scale for the studied PV plants in the economic indicators were also
studied. Without considering alternative 1, which only considers the existing plant, it can be noticed that the new plant
with the highest installed capacity (scenario 5 of 130 kWp aprox.) has a unit investment cost (USD/kWp) 25 % lower
than the smaller new plant (scenario 2 of 20 kWp aprox.). In addition, the generation of the PV plants is directly
proportional to the size of the plant. Therefore, in a 100 % self-consumption scenario, the investment-generation ratio
or investment/savings should be 25 % lower for the largest plant (130 kWp) than for the smallest plant (20 kWp).
Consequently, the payback for the large plant should be less than for the small plant. However, as the plant grows, not
all the energy goes to self-consumption, instead a percentage goes to the power grid, and this percentage increases as
the PV plant grows (see Tab.6). The fact that the percentage of self-consumption production is reduced is detrimental
to the payback of the project. This is due to the fact that the Chilean electricity regulation imposes a purchase price of
energy from the grid that is 23 % higher than the price applied to the injections of a regulated client photovoltaic
system into the grid. For this reason, the scenario with higher kWp PV integration doesn´t obtain the best economic
indicators.
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Fig. 5 Investment cost per kWp of new photovoltaic installations according to Chilean market values

In addition, it is important to note that these economic results are strongly affected by the installation and movement
cost assumptions of the old PV system. For cases where the installation labor or transportation price is expensive it is
highly recommended to evaluate the complete purchase of the system using economies of scale. This can be
appreciated in Fig.6 where it is clearly shown that when exceeding prices of 1.5 USD/kWp the payback ceases to have
attractive values for low capacity systems and the prices of economies of scale begin to have greater relevance.

Fig. 6 Sensitivity of the payback analysis due to varying plant sizes to be installed and the costs of transport and installation of old PV
equipment.

5. Conclusions
In this study a techno-economic assess of the integration of both solar thermal systems and solar PV in a Chilean
brewery has been carried out. Three different scenarios of solar thermal integration were assessed. The scenario which
present better economic indicators is Scenario 1, which consist in a 96 m2 flat plate collector and 22 m3 of solar tank
to cover 79 % of the hot process water. This scenario presents a compound payback of seven years with an IRR of
18 % with a turnkey business model. The LCOH for 20 years of system life corresponds to a value of 0.104 USD/kWh,
a lower value as for a system without solar thermal integration. Hence, this alternative is a very good option to
substitute fossil fuels, since it is cost effective and decreases 40 ton of CO2 emissions per year. If the turnkey business
is not possible, scenario 3 must be chosen. However, this scenario presents much adverse economic results.
Additionally, must be considered that for the good performance of the thermal system a good control is essential.
Regarding the integration of a PV system, the alternative that obtained the best economic indicators is scenario 1,
which only consist in moving the 20 kWp PV plant. This result is due to the significant savings in CAPEX when
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reusing the modules and inverters, however, it should be noted that this result is strongly affected by the assumptions
of costs of structures and mobilization of equipment and that these did not include risk studies due to the mobilization
of itself. If PV integration wants to be increased, the option of preference should be option 3 because of the trade-off
between economic and environmental indicators, which allows to obtain a good payback of 7.7 years and a zeroemissions factor during the period 2020-2024.
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Abstract
This work aims to identify the existing potential of solar energy for process heat production in Uruguay.
Both Parabolic Trough Collector (PTC) and Linear Fresnel Technology (LFT) are considered as candidate
tecnologies for their application in the Uruguayan industrial sector, and their performance evaluated as if
installed in five different locations. Simulations using TRNSYS were carried out in order to obtain the
annual power produced and efficiency –among other results – for the two technologies, five locations and
various working temperatures considered. Furthermore, an economic analysis was performed, in which the
Levelized Cost of Heat (LCOH) was calculated for all the cases. Since most steam generators in Uruguay
work with Fuel Oil and Firewood as fuel, comparison against these two energy sources is performed.
Key-words: Concentrating solar, Process heat, Uruguay

1. Introduction
Solar energy is a potential candidate for the replacement of fossil fuels, generating a decrease in CO2
emissions, and mitigating the dependence on heat generation from non-renewable sources. The evolution
of the global industry is accompanied by an increase in energy demand. For industrial purposes, heat
constitutes a large part of this energy. The application of solar technologies is potentially broad, since it
allows the fluid heat carrier reach temperatures ranging from 45ºC to 400ºC.
This same analysis has been carried out for different countries (Lauterbach et al. 2012; Lillo et al. 2017;
Parthiy et al. 2015; Schweiger et al. 2011; Rittman et al. 2017;), this being the first thermo-economic study
of solar concentration technology for process heat production in Uruguay.
In this study, the industrial heat demand in Uruguay was analyzed from the perspective of its suitability for
concentrating solar technologies utilization. Heat demand is supplied mostly with steam generation, and
the main sources for its production are Fuel Oil and Firewood, as seen in Fig. 1.
A typical temperature range of the steam produced in the industrial processes, which cannot be achieved
with solar technologies without concentration, is between 100 and 180ºC. Thus, this is the working
temperature range for the solar technologies considered in this study.
Three sizes of solar fields were considered –based on the typical capacity of steam generators installed in
Uruguay (URSEA, 2017)–, with the aim to represent small, medium and big solar plants. From this source
of data, it is also observed that most steam generators produce saturated steam at 100 - 200ºC, which is in
agreement with previous works. It should be pointed out that a high portion of these boilers are installed in
meat, milk and other food industries.
The geographical locations within the country selected for this study were Montevideo and Salto, since
Typical Meteorological Years (TMY) [LES, 2018] of all the relevant meteorological variables (DNI,
ambient temperature, etc.) are available for these locations (Table 1).
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Fig. 1: Distribution of fuels used in the steam generators of Uruguay

Tab. 1: Location where the typical meteorological year is avaible.

Location

Latitude

Longitude

DNI (kWh/m2.yr)

Montevideo

-34.83

-56.01

1862.5

Salto

-31.43

-57.98

1897.5

2. Model
A model was implemented in TRNSYS to simulate the behavior of PTC and LFT solar plants. The thermal
efficiency of both technologies was modeled using the empirical model (eq. 1).
Δ𝑇

𝜂 = 𝜂0 − (𝐶1 + 𝐶2 Δ𝑇) (𝐷𝑁𝐼 )

(eq. 1)

2.1 Incidence angle and optical efficiency
The direct radiation of the sun does not usually fall in the normal direction above the aperture area of the
collector, but with an incidence angle, called θ.
The effective reflection area can be calculated from the aperture area (eq. 2)

𝐴𝜃 = 𝐴𝑎𝑝 × cos(𝜃)

(eq. 2)

The optical performance at different angles of incidence (𝞰opt,θ) is obtained from optical and thermal
measurements and comparing them with optical efficiency at normal incidence, 𝞰opt,0º (Wei, 2014).
The total optical performance (first term on the right in eq. 1), which includes the effects of reducing
effective reflective area and modifying the angle of incidence, can be expressed as follows:

𝜂0 = 𝜂𝑜𝑝𝑡,0 × cos(𝜃) × IAM(𝜃)

(eq. 3)

Due to their differences in geometry and tracking system, IAM calculation is performed differently for PTC
and LFT. In the latter, it is necessary to consider longitudinal and transverse direction IAM, while in the
former only a longitudinal direction IAM is needed, since in this, the opening surface does not follow the
sun and remains horizontal. Because both components of the angle of incidence are different from zero,
there is a longitudinal and transversal incidence angle modifier, which multiplies to obtain the IAM.
It should be pointed out that there is no general consensus on how to present the efficiency of a solar
collector and the definition of the IAM. It is possible to find IAM values which already include cos(θ), i.e.
which correspond to the cos(𝜃)  × IAM(𝜃) product. For further insight see e.g. Eck et al., 2014.
2.2 Concentration ratio
The concentration ratio, Cr, can be determined geometrically as the quotient between the solar aperture
area Aap and the absorber area Aabs. The absorption tube must have a small diameter to keep the thermal
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losses at low levels, but large enough to allow a high interception factor of the incident solar radiation.
The dependence of the thermal losses with this parameter is observed in (eq. 4) (Duffie and Beckmann,
1974).

𝑞" =

1
𝐶𝑟

4
(ℎ𝑤 (𝑇𝑟 − 𝑇𝑎 ) + 𝜀𝜎(𝑇𝑟4 − 𝑇𝑠𝑘𝑦
) + 𝑈𝑐𝑜𝑛𝑑 (𝑇𝑟 − 𝑇𝑎 ))

(eq. 4)

3. Case studies
3.1 Selection of collectors
After having available information of several technologies (Tables 2 and 3) the optical and thermal behavior
of both PTC and LFT were analyzed in order to choose a manufacturer and model of each technology (Figs.
2 to 5).
Tab. 2: PTC models.

Technology

𝛈0

C1 (W/m2K)

C2 (W/m2K2)

Cr

Tmax [ºC]

1

(Lillo et al. 2017)

0.718

0.500

0.0005

--

--

2

Solitem (IEA, 2015)

0.75

0.1123

0.00128

15

250

3

Trivelli (IEA, 2015)

0.70

0.7

0

--

250

4

Abengoa PT-1 (IEA, 2015)

0.71

0.437

0.0029

50

288

5

Abengoa RMT (IEA, 2015)

0.65

0.404

0.0027

50

205

6

Solarite 2300 (IEA, 2015)

0.641

0.4201

0.00119

57.5

250

7

Solarite 4600 (IEA, 2015)

0.757

0.0191

0.00006

66

400

8

Nep (IEA, 2015)

0.689

0.36

0.00110

17

230

Fig. 2: Efficiency curves for PTC Technologies from Tab. 2.
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Fig. 3: Heat losses curves for PTC Technologies from Tab. 2.

Tab. 3: LFT models.

Technology

𝛈0

C1 (W/m2K)

C2 (W/m2K2)

Cr

Tmax [ºC]

1

(Lillo et al. 2017)

0.667

0.1020

0.0002

--

--

2

IS-LF11 (IEA. 2015)

0.635

0.0265

0.00043

25

400

3

Novatec (Mills, 2012)

0.67

0.056

0.000213

52

270

4

Fresdemo (Bernhard,
2009)

0.62

0.0366

0.000707

34

270

Fig. 4: Efficiency curves for LFT Technologies from Tab. 3.
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Fig. 5: Heat losses curves for LFT Technologies from Tab. 3.

This selection was made under the following criteria: minimizing thermal losses, prioritizing that the
technology was intended for process-heat generation (and not for electricity generation), similar
concentration ratio between PTC and LFT models. Selected models are presented in Table 4.
Both the incidence angle modifier (IAM) and the concentration ratio (Cr) have a great influence on the
performance of the technologies, so they are given special attention in this work.
Tab. 4: Selected models.

Technology

Model

𝛈0

C1 (W/m2K)

C2 (W/m2K2)

Cr

Aperture (m2)

PTC

Nep

0.689

0.360

0.011

17

18.45

LFT

IS-LF11

0.635

0.0265

0.00043

25

22

Regarding the values of IAM of the selected models (Figs. 6 and 7), which were obtained from their
technical datasheets, it can be observed that those of PTC Nep model do not include cos(θ), while those of
LFT IS LF-11 do. This can be concluded by observing that the values of IAM of the PTC model are higher
than cos(θ) while longitudinal IAM values of the LFT model are lower. Furthermore, if the values of
longitudinal IAM of LFT are divided by cos(θ), a curve close to that of Fig. 6 is obtained, with somewhat
lower values, which is what is expected for a LFT module.

Fig. 6: Incident angle modifier, IAM, for PTC technology [Sol, 2018]
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Fig. 7: Incident angle modifier, IAM, for LFT technology [Tec, 2018].

3.2. Plant operating modes
Two different limiting situations are evaluated from the point of view of the operating regime of the solar
plant:
•

Option 1: Normal operation continues throughout the night (when there is no solar radiation but
there are thermal losses).

•

Option 2: No night losses (limiting case of draining the receivers and storing the fluid in an
adiabatic vessel).

3.3 Typical sizes of steam generators and solar fraction
From the list of boilers installed in Uruguay (URSEA, 2017), three different sizes were chosen to represent
the power heat consumption industrial boilers (see Tab. 5). From the installed power and assuming a
working regime of the plant of 12 hours per day, 6 days a week, for small and medium sizes, and 16 hours
per day, 6 days a week, for the large size, the annual energy produced by each boiler was estimated.
Tab. 5: Representative sizes and annual energy production of steam generators in Uruguay.

Size

Power generated (kW)

Estimated anual energy (kWh)

Small

70

240000

Medium

4200

14650000

Large

13000

58000000

The solar fraction is defined as the amount of energy produced from solar, divided by the total energy
demanded by the plant:
𝐸𝑠𝑜𝑙𝑎𝑟

𝑓𝑠 = 𝐸

(eq. 5)

𝑑𝑒𝑚𝑎𝑛𝑑

This value depends on the relative size of the solar field, but also on the size of the storage system —which
allows saving energy in times of surplus for later use—. Since in this work, a storage system is not
considered, somewhat low values of fs need to be adopted in order to assure that no surplus power is
produced. It is observed that for fs = 26%, the power generated in the field is lower than that of the boiler
at any time of the year. Therefore, a value of 26% is adopted for sizing the solar plants located in Salto. In
the rest of the locations, the same sizes are considered, which results in slight variations of the solar fraction.
3.4 Costs and economic parameters
The levelized cost of heat (LCOH) is a measure based on the concept of the levelized cost of energy (eq.
6). Basically, it is about finding the “sale” price of heat, which would make the project profitable, for the
discount rate and the evaluation period considered.
Since the produced heat will not be considered as a product to be sold, the LCOH in this case can be seen
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as the effective price of the substituted fuel (in this work, Fuel Oil or Firewood) that would make the
investment profitable, due to the fuel savings obtained.

𝐿𝐶𝑂𝐻 =

𝑂&𝑀𝑡 −𝑆𝑡
(1+𝑟)𝑡
𝐸𝑡
∑𝑇
𝑡=1(1+𝑟)𝑡

𝐼𝑜 −𝑆𝑜+∑𝑇
𝑡=1

(eq. 6)

Here, LCOH is the levelized cost of heat (in US$/kWh), Io is the initial investment in US$, So are the
subsidies and incentives at the beginning and St at year t (in US$), O&M are the costs associated with the
operation and maintenance (in US$), r is the discount rate (in %), Et is the generated energy in year t (in
kWh) and T is the analysis period (in years).
Unlike what normally happens in power generation plants, the energy produced in the solar plant is not the
product to be sold, and this represents a problem for the estimation of the applicable tax exemptions. In
Uruguay, there is a potential tax exemption for promoted investment projects, such as those related to
renewable energy. The total tax exemption is a percentage of the initial investment of the project, which
depends on the characteristics of the project (e.g. location, invested amount). As it cannot exceed 60-80%
(existing-new) of the taxes paid in each year by the company, the total exemption can be distributed over a
certain maximum number of years. Table 6 shows some of the tax-exemption parameters used in this work.
Tab. 6: Initial investment (I0), tax exemption (as % of I0) and maximum period in which tax exemption can be distributed.

Location

Size (m2)

Technology

Initial Investment
(US$)

Percentage
(%)

Maximum
number of years

Salto

5736

Fresnel

1.76E6

78

10

Montevideo

5736

Fresnel

1.76E6

69

9

Salto

4650

PTC

1.92E6

78

11

Montevideo

4650

PTC

1.95E6

69

9

Three different situations are chosen, corresponding to different possible scenarios of tax exemptions in
Uruguay, “Option 1” is the best-case scenario, in which the total possible tax-exemption amount is obtained
in the second year of operation. This option could be possible if it is a big company and the initial investment
is lower than the taxes payed in one year. “Option 2” is an intermediate situation, in which the whole
possible tax exemption is obtained, but distributed in the maximum amount of years allowed. Finally, the
worst-case scenario is one in which no tax exemptions are applied, denoted “Option 3”.
Regarding the evaluation period and discount rate (T and r in eq. 6), two sets of parameters were considered:
•

20 years and 8%, which approximately correspond to the expected lifetime of the technology and
a discount rate usually applied to big power generation plants.

•

10 years and 12%, which correspond to more usually applied parameters for investments by local
industry. In this case, since the period is lower than the expected lifetime of the technology, a
residual value (RV) should be considered at the end of the evaluation period. In this work, a RV
equal to half of the initial investment is considered, as an income in year 10.3.4.1 Cost of Linear
Fresnel.

For estimating the cost of the LFT plant, two different sources were considered, a previous work from Spain
(MPE, 2015) and Solatom manufacturer’s website (ESP, 2018). The latter not only gives information about
the cost, but also about energy yield, solar fraction, and other useful information. Tab. 7 shows the initial
investment for different sizes of solar plant, from both sources.
Tab. 7: Specific initial investment for two representative sizes of LFT fields

MPE [MPE, 2015]
Size (m2)

Initial Investment (USD/m2)

Solatom [ESP, 2018]
Size (m2)

Initial Investment (US$/m2)
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100

370

237

277

15000

182

9504

190

34214

190

The efficiency of the IS-LF11 model (used in this work for the simulations), seems to be higher than that
of Solatom’s model, since the annual energy yield resulted respectively higher, for the same size of plant.
Therefore, and in order to adopt a conservative criterion with respect to cost estimation for big-sized plants,
a somewhat higher cost compared to Solatom’s was adopted. Furthermore, following the conservative
criterion, the highest of both prices in Tab. 7 was adopted for small-sized plants (which is already higher
than that of Solatom). Tab. 8 resumes the specific costs used in this work. For sizes between 100 and 15000
m2, a linear correlation was used, while for sizes smaller than 100m 2 and bigger than 15000 m2 the prices
were considered not to change.
Tab. 8: Specific initial investment for two representative sizes of LFT fields

Size (m2)

Initial investment, without accumulation (USD/m2)

100

370

15000

200

Regarding operation and maintenance costs (O&M in eq. 6), 3% of I0 is considered here, as used in [MPE,
2015].
3.4.2 Cost of Parabolic Trough
For PTC, no investment values nor maintenance costs were found of a plant for thermal energy generation,
from manufacturers. Therefore, the cost estimation used here is solely based on the Spanish study [MPE,
2015], where an analysis of the thermal generation is also made by making a breakdown of the costs
associated with a type plant and acquiring the relevant data for a plant of thermal generation without
accumulation. Table 9 summarizes the data used.
The situations evaluated are the same as in the case of Fresnel technology, working with the same sizes of
solar field. The solar energy collection and solar thermal energy conversion system where considered in
the initial investment [MPE, 2015], but no heat accumulation system was included. The solar energy
collection system includes: mirrors, metal structures, positioning system, earthworks, foundations,
assembly and assembly hall; while the solar thermal energy conversion system refers to thermal oil,
absorber tubes, rotating joints, pipes and oil transfer system [MPE, 2015].
Tab. 9: Specific initial investment for two representative sizes of PTC fields [MPE, 2015].

Size
(m2)

Specific initial investment, without
accumulation (€/m2)

Initial investment, without
accumulation (USD/m2)

100

400

456

15000

275

314

For sizes between 100 and 15000 m2 it is decided to perform a linear interpolation. Price values of 100 and
15000 are assumed to be the lowest and highest, respectively, without extrapolation for smaller or bigger
sizes.
O&M costs for PTC technology were considered as 4% of I0 [MPE, 2015]. The percentage is higher than
that of Fresnel given the higher complexity in the assembly and tracking system of the PTC.3.4.3
Substitution of other energy sources
Another parameter to consider is the price of the fuel used by the conventional boiler, which in Uruguay
are Fuel Oil and Firewood. Their respective costs are presented in Table 10, where typical low heating
values are indicated, as well as the assumed conversion efficiency of the boiler. The effective price indicated
in Tab. 10 is the actual cost of the energy contained in the produced steam, taking into account the
conversion efficiency of the equipment.
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Tab. 10: Current price of the main fuels used in steam generators in Uruguay.

Fuel

Market price
(USD/kg)

Low Heating
Value (MJ/kg)

Conv. Efficiency
(%)

Effective price
(USD/KWh)

Fuel Oil
Firewood

0.648
0.0724

40.9
11.3

85
85

0.0672
0.0271

4. Numerical results
In terms of annual energy generation, a relevant aspect to be considered is the occurrence of thermal losses
at night. Since selected LFT has lower thermal losses and somewhat higher Cr than selected PTC (see Table
1), if normal operation continues throughout the night (when there is no solar radiation but there are thermal
losses), LFT annually produces more thermal energy than PTC if the working temperature exceeds a certain
value in the 100-180°C range. However, if there are no night losses (ideal case of draining the receivers
and storing the fluid in an adiabatic vessel), PTC produces more energy (annually) than LFT, for all working
temperatures in the studied range. This is due to the higher optical efficiency and the lower incidence angles
achieved by the PTC.
Table 11 shows the results of size, gross and net production, efficiency and solar fraction, of both PTC and
LFT plants, working at a temperature of 140ºC, in the locations of Salto and Montevideo. These locations
are selected due to being where the best results are obtained (Salto) and where most of the Uruguayan
industries are located (Montevideo). The difference between gross and net values, in this context, comes
from the fact that 6-day operation per week has been assumed, and since there is no storage, it is not possible
to take advantage of the total (gross) solar production of the 7 days in the week, so the net production
(useful) is 86% (6/7) of the latter.
Tab. 11: Main results for selected PTC and LFT in Salto and Montevideo, with a working temperature of 140ºC.

Location

Technology/size

Size
(m2)

Gross energy
generated (Op. 2)
(kWh/yr)

Net energy
generated (Op. 2)
(kJ/yr)

𝞰

fs

Salto

PTC small

76

2.60E8

2.24E8

0.503

0.26

LFT small
PTC medium
LFT medium
PTC large
LFT large

93
4650
5736
18315
22720

2.59E8
1.60E10
1.60E10
6.30E10
6.34E10

2.22E8
1.37E10
1.37E10
5.40E10
5.43E10

0.408
0.503
0.408
0.503
0.408

0.26
0.26
0.26
0.26
0.26

PTC small

76

2.50E8

2.14E8

0.490

0.25

LFT small

93

2.47E8

2.12E8

0.396

0.25

PTC medium
LFT medium
PTC large
LFT large

4650
5736
18315
22720

1.53E10
1.52E10
6.02E10
3.04E10

1.31E10
1.30E10
5.16E10
5.18E10

0.490
0.396
0.490
0.396

0.25
0.25
0.25
0.25

Montevideo

Figure 8 and 9 show the LCOH of LFT fields located in Salto (left) and Montevideo (right). Fig. 8 show
results obtained for a discount rate of 8% and 20 years of evaluation, while in Fig. 9, r=12% and T=10 years
were used. Both figures also show effective prices of conventional fuels for comparison. There are three
different situations represented, corresponding to different possible scenarios of tax exemptions in Uruguay,
“option 1” being the best-case scenario (exemption of the total amount produced in year 1) and “option 3”
the case with no tax exemptions, as described in section 3.4.
It can be observed that in certain scenarios, the cost of the solar kWh is lower than that of conventional
energy if compared against Fuel Oil. This is especially true for large LFT plants both in Salto and
Montevideo. These can also compete against Firewood, in tax exemptions situations 1 and 2 and with r=8%
and T=20 years. Furthermore, it is observed that with the less rigorous financial parameters (r=8%, T=20)

525

D. De León et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

LCOH of LFT is lower than Fuel Oil cost even without tax exemptions, for medium and large sizes. This
is also true for the more rigorous parameters (r=12%, T=10 years) only for the large plant size.

Fig. 8: LCOH of Solar Thermal Energy of a Fresnel field in Salto (left) and Montevideo (right), working at a mean temp.
of 140ºC, with r=8% and T=20 years. Effective prices of Firewood and Fuel are included. The options 1,2 and 3 indicate
the different possible situations of tax exemptions described in 3.4. S, M and L indicate the plant sizes (small, medium and
large).

Fig. 9: LCOH of Solar Thermal Energy of a Fresnel field in Salto (left) and Montevideo (right), working at a mean temp.
of 140ºC, with r=12% and T=10 years. Effective prices of Firewood and Fuel are included. The options 1,2 and 3 indicate
the different possible situations of tax exemptions described in 3.4. S, M and L indicate the plant sizes (small, medium and
large).

Fig. 10: LCOH of Solar Thermal Energy of PTC fields in Salto (left) and Montevideo (right), working at a mean
temperature of 140ºC, with r=8% and T=20 years. Effective prices of Firewood and Fuel are included. The options 1,2 and
3 indicate the different possible situations of tax exemptions described in 3.4.

Fig. 11: LCOH of Solar Thermal Energy of PTC fields in Salto (left) and Montevideo (right), working at a mean
temperature of 140ºC, with r=12% and T=10 years. Effective prices of Firewood and Fuel are included. The options 1,2
and 3 indicate the different possible situations of tax exemptions described in 3.4.

Figures 10 and 11 show the LCOH for PTC solar fields located in Salto (left) and Montevideo (right)
respectively. In Fig. 10, r=8% and T=20 years were used, while in Fig. 11, r=12% and T=10 years were
adopted.
The same trends as for LFT technology are observed, but with somewhat higher values of LCOH for all the
cases. However, it is possible for PTC to compete against Fuel Oil if tax exemptions are considered (op. 1
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and op. 2) for both sets of financial parameters and all plant sizes. Competitiveness against Firewood is
only attained for large plant sizes located in Salto (best location) and with the most favorable tax exemption
situation (op. 1).

5. Conclusions
Regarding the thermal performance of PTC and LFT technologies for process heat generation, it can be
concluded that PTC generally present better optical behavior, both at normal and off-normal angles of
incidence. On the other hand, LFT generally have lower thermal losses, due to having a somewhat more
isolated absorber from the outside environment and a higher Cr. In case of disregarding night losses, PTC
model outperforms LFT, for the same size of aperture area.
To complement the production of the different sizes of steam generators considered —70 kW, 4200 kW
and 13000 kW—, it could be possible to replace around 25% of the annual production with solar fields with
sizes of 75-95 m2, 4700-5700 m2 and 18000-23000 m2, respectively. PTC fields result smaller (in aperture
area) than LFT fields. The corresponding investment costs are between US$ 35,000 and US$ 5-6 million.
Analyzing economic viability, it is noted that for all locations, as well for all levels of working temperature
and sizes analyzed, Fresnel technology has better return on investment than the PTC. Furthermore, in
certain scenarios taken into account in this study, the cost of the resulting solar kWh (LCOH) is lower than
that produced by a conventional energy source (Fuel Oil). For the most favorable cases considered (LFT
large plants, with high tax exemptions) competitiveness against Firewood is attained.
These results are promising with respect to thermo-economic performance of CSP technologies for process
heat production in Uruguay. Further work is needed to refine the analysis, including cost and performance
information for several models, as well as load profiles for specific industries. Furthermore, economic
analysis including bank loans are also necessary, since these normally result in lower LCOH.
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Abstract

Medium temperature heat required by industry and food processing facilities worldwide is provided mainly
consuming fossil fuel. Alternative renewable energy sources are needed to reduce the environmental impact of high
energy-demanding sectors and prevent fuel scarcity. Among solar technologies, concentrating collectors enable to
provide high and medium temperature heat, showing great potential as an alternative energy source.
In order to reduce the complexity and cost of the solar facility, a novel layout is proposed in this work, aiming at
the feasibility of direct air heating inside a linear concentrating collector. The drawback of modest air heat capacity
is mitigated by increasing the density and recovering the compression power through a turbine. It results in a special
solar Brayton cycle, aiming to produce medium temperature air instead of mechanical power. This paper proposes
a model for the dimensioning of facilities and estimation of their performances.
Direct Air Heating, SHIP, Solar Heat for Industry, Linear Fresnel collectors, Brayton cycle

1. Introduction
According to (European Comission, 2018) heating and cooling today, represent 46% of the EU energy system. The
EU industry uses 70.6% of the energy consumption (193.6 Mtoe) for space and industrial process heating and
around 50% of the energy consumption by industry is used for producing heat below 400 ºC, (IRENA, 2015). In
the medium temperature heat range (200 ºC to 400 ºC) a wide range of processes use air as heat carrier, some
applications are food processing, residual wastewater sludge drying and conditioning, painted products curing,
thermal treatment of different wood base materials, ceramics, mining products, plastic and rubber treatment to
grains, seeds, and biomass (Farjana, Huda, Parvez Mahmud, & Saidur, 2018). Linear concentrating solar collectors,
either parabolic trough PTC or linear Fresnel LFC types, are suitable for providing heat up to 400°C, so that they
are receiving growing attention as renewable energy source for industrial processes in the medium temperature
range. The wide range of industrial processes using hot air and the capability of linear concentrating collectors for
providing medium temperature heat, suggest to explore the feasibility of direct air heating inside the solar receiver
tube. Eliminating a dedicated heat transfer fluid HTF, usually, a technical liquid and the associated liquid/air heat
exchanger results in an open circuit heating system, using only ambient air as Heat Transfer Fluid HTF. Using air
as HTF offers lower cost, lower weight, and simplicity. Also, it offers reduced risks associated with leakages, no
need for antifreeze or thermal oil and reduced maintenance costs. In spite of these advantages, direct air heating
inside PTC or LFC is not a common practice due to physical air properties. In fact, low density, low thermal
conductivity and low heat capacity can lead to a poor internal heat transfer as well as high flow velocity inside the
receiver tube. As consequence high pumping power is required for air circulation in order to avoid tube overheating.
This issue is explained in Section 2. The drawbacks of using air can be overcome using a turbocharger to boost air
pumping, configuring a turbo-assisted solar air heater, presented in Section 3. In Section 4 main numerical results,
concerning the feasibility analysis of the proposed technology, are presented.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.12.04 Available at http://proceedings.ises.org

529

A. Famiglietti et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2. Direct air heating
Linear concentrating solar collectors, either linear Fresnel LFCs, or parabolic trough collectors PTCs, are receiving
growing attention as an available technology for solar heat production for industrial applications, both for their
economic cost and the capability to produce high temperatures. In common practice, a liquid Heat Transfer Fluid
HTF, carries solar heat from the receiver tube to a heat exchanger HX, which deliver it to the thermal process, as
in a closed-loop layout in Fig.1. HTF, such as thermal oil, molten salt or pressurized water are generally used for
this purpose, introducing several drawbacks, such as risk of hot liquid leakages, thermal degradation, fire hazards,
and corrosion. The HTF and the HX strongly affect the total cost of the solar facility.

Receiver tube r

Thermal
Process

HX
LFC

PTC

Fig 1. Common layout of solar heating for industrial process using PTC or LFC.

A wide variety of industrial processes that are in the midst of moderate temperatures suggest that the feasibility of
directly heating air inside the concentrating solar collector receiver tubes increases the safety, efficiency, and reduce
the complexity.
The low specific heat capacity 𝑐𝑝 of gaseous HTF compared with liquid substance is one of the main obstacles for
the implementation of them in concentrating solar collectors. For usual densities, in order to achieve the proper
heat capacity rate 𝑚̇𝑐𝑝 able to absorb the useful incoming solar power 𝑄̇𝑢 with an acceptable total static end
temperature 𝑇𝑜𝑢 , a high average flow velocity 𝑣𝑚 is required inside the receiver tube of diameter 𝐷, as stated in
Eq.1, where the last term is usually negligible in front of solar heating.
𝑇𝑜𝑢 = 𝑇𝑖𝑛𝑡 +

2
𝑄̇𝑢
𝑣𝑜𝑢
−
2
𝐷
2𝑐𝑝
𝑐𝑝 𝜌
⏟𝑚 4 𝜋𝑣𝑚

(eq.1)

𝑚̇

This results in a high stagnation pressure drop Δ𝑝𝑡 inside the tube. Considering a receiver tube length 𝐿𝑡 , the
stagnation pressure drop Δ𝑝𝑡 can be expressed assuming an incompressible average 𝑚 flow for simplicity, as in
Eq. 1. Friction factor 𝑓 for 𝑅𝑒 ≫ 1 can be estimated following (Blasius, 1913).
1
1
𝐿𝑡 1
𝐿𝑡
−
2
2
4
Δ𝑝𝑡 = 𝜌𝑚 𝑣𝑚
𝑓 = 𝜌𝑚 𝑣𝑚
(0.316𝑅𝑒𝐷,𝑚
)
2
𝐷 2
𝐷
⏟

(eq.2)

𝑓
−1
As a consequence of the high velocity, the pumping power 𝑊̇𝑝 = Δ𝑝𝑡 𝑚̇𝜌𝑚
required to drive the gas through the
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tube can be remarkable, resulting in excessive electricity consumption. Eq.3 defines 𝑊̇𝑝 . Introducing Eq.2 in Eq.3,
the dependency of 𝑊̇𝑝 on the average flow magnitudes can be obtained, as follows.
𝑊̇𝑝 =

Δ𝑝𝑡 𝑚̇
1 2 𝐿𝑡
𝐿𝑡
𝜋𝐷2
2
= 𝑣𝑚
𝑓 𝑚̇ = 𝑣𝑚
𝑓 (𝜌𝑚 𝑣𝑚
) ~ 0.04𝜋𝐿𝑡 𝐷 0.75 (𝜌0.75 𝜇 0.25 𝑣 2.75 )𝑚
𝜌𝑚
2
𝐷
𝐷
4

(eq.3)

For a given tube diameter, limited to commercial standards for evacuated solar receiver tubes, 𝑊̇𝑝 increases with
collector length 𝐿𝑡 due to a larger friction surface. On the other hand, longer collector rows as well as wider aperture
widths 𝐿𝑎 increase the gathered incoming solar power 𝑄̇𝑢 so that higher mass flow rates must be used to limit the
outlet tube temperature 𝑇𝑜𝑢 , leading to higher mean velocities, as in Eq.1. As a consequence, 𝑊̇𝑝 can be high, even
reaching the same order of magnitude of incoming solar power, for medium and large installations.
The large pumping power consumption can affect the feasibility of direct air heating, although this is not the only
drawback. In fact, besides to thermal capacity rate, the physical air properties also affect the heat transfer occurring
between the irradiated tube surface and the internal gas flow. The Dittus-Boelter expression for wall-to-air heat
transfer coefficient ℎ , indicated in Eq.4, gives a reasonable accuracy for the purpose.
𝑘
0.8
eq.(4)
0.023𝑅𝑒𝐷𝑚
𝑃𝑟 0.4
𝐷
Owing to the low thermal conductivity 𝑘 and low specific heat capacity 𝑐𝑝 of air, internal heat transfer is modest,
thus inducing higher wall over-temperature ∆𝑇𝑤 = 𝑇𝑤 − 𝑇𝑜𝑢 with respect to a liquid HTF application, as in Eq. 5.
This is critical at the outlet of the tube row, where the fluid temperature is maximum 𝑇𝑜𝑢 . Actually ∆𝑇𝑤 can be in
the same order of magnitude of the temperature rise ∆𝑇 = 𝑇𝑜𝑢 − 𝑇𝑖𝑛 . An excessively high wall temperature 𝑇𝑤 can
overcome the solar receiver thermal limit 𝑇𝑤,𝑚𝑎𝑥 .
ℎ=

∆𝑇𝑤 = 𝑇𝑤 − 𝑇𝑜𝑢 =

𝑞𝑢̇
𝑞𝑢̇ 𝐷
𝑞̇ 𝑢 𝐷0.2 𝜇0.4
=
=(
)
0.4
0.8
ℎ
0.023 𝑐𝑝0.4 𝑣 0.8 𝜌0.8 𝑘 0.6 𝑜𝑢
𝑘0.023𝑅𝑒𝐷,𝑜𝑢 𝑃𝑟

(eq.5)

3. Proposal description
The innovative layout proposed here, already patented (Spain Patent No. P201630068, 2016), aims to alleviate the
drawbacks of gaseous HTF through the implementation of a turbocharger. As stated in Eq. 3, pumping power is
strongly dependent on flow velocity. For a given mass flow rate 𝑚̇, needed according to solar power to limit end
air temperature 𝑇𝑜𝑢 as well as 𝑇𝑤 , an increase in density results in lower mean velocity, diminishing the pumping
power. For that purpose, a compressor 𝑐 is introduced to increase the air density before pumping it through the
solar receiver 𝑟, in Fig.2. Besides that, recovering the compressing and pumping power with a turbine 𝑒 can bring
the possibility of working with higher mass flow rates to limit the wall temperature, thus protecting the receiver
optically selective surface. This layout configures an open circuit Brayton cycle, its main purpose is to provide a
medium temperature airflow after expansion, instead of converting heat into mechanical power at the turbocharger
shaft, Fig.2. Direct solar air heating without external power consumption is achieved as the turbine drives the
compressor after solar heating.
Solar Brayton cycle have been studied by several authors with different purposes of the present proposal. (Bellos,
Tzivanidis, & Antonopoulos, 2017) and (Cinocca, Cipollone, Carapellucci, Iampieri, & Mattia, 2018) among others
studied the use of concentrating solar collectors in a Brayton cycle for power generation. High temperature
~1000°𝐶 required by a Brayton cycle for efficient power production (Wilson & Korakianitis, 1998), it can not be
reached inside linear concentrating collector, due to lower thermal limit of the solar receiver tube ~600°𝐶 (Zhu,
Wendelin, Wagner, & Kutscher, 2014). For that a combustion chamber or a post-heating unit is needed for further
increase temperature, while the solar collector are used for air pre-heating, reducing fuel consumption.
The layout presented here aim to use only solar energy source to run special Brayton cycle with null efficiency, in
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order to produce heat instead of power. Solar thermal energy provides the pumping power required for air
circulation inside the system and eventually up to user process. Hot air can be provided at moderate overpressure
above the atmospheric condition, which can be beneficial for the user thermal processes. For this purpose an
turbocharger is used, which is cheap and well known technology developed for internal combustion engines
industry.
Although the concept is more suitable for medium and large installation, it is applied here to a small scale linear
Fresnel collector LFC in order to evaluated the feasibility of prototype scale facility. The general analysis can be
extended to parabolic trough collector PTC as well.
amb
4

User

e

3

c

2

2n

Receiver tube r

1

atm
0

Concentrating mirrors

ca

n

𝑊̇𝑐𝑎
Fig. 2: General layout

A general model of the proposed layout is developed using the following equations. The auxiliary compressor 𝑐𝑎
in Fig.2 is excluded from the circuit during steady operation, being only needed during starting transient, so it does
not appear in the following model. Ambient air is compressed by compressor c up to total pressure 𝑝2𝑡 = 𝑝0𝑡 𝜋𝑐 .
With a total to total isoentropic efficiency 𝜂𝑐𝑡𝑡 and a total to total pressure ratio 𝜋𝑐 , the compressor consumes a
mechanical power 𝑊̇𝑐 , (Balje, 1981):
𝑊̇𝑐 = (𝜋𝑐

𝛾𝑐 −1
𝛾𝑐

−1
− 1) 𝜂𝑐𝑡𝑡
𝑚̇𝑐̅𝑝𝑐 𝑇0t ; 𝑇0𝑡 = 𝑇𝑎𝑡𝑚

Eq.(6)

The compressor feeds air to the receiver tube trough a connection pipe n. Thermal losses in pipe n, supposed to be
thermally isolated, are negligible so that air enters the collector a temperature 𝑇𝑖𝑛 , Eq.7.
𝛾𝑐 −1
𝛾𝑐

𝑣2 2
Eq.(7)
2𝑐𝑝2
Air heating inside the receiver results from the power balance over the tube length 𝐿𝑡 . According to the simplified
approach chosen, the solar power available at the receiver tube surface is estimated as 𝑄̇𝑠 = 𝑊𝑎 𝐿𝑡 𝐺𝑏𝑛 𝜂𝑜𝑝 as a first
approximation, resulting from the concentrating effect of the linear Fresnel collector of length 𝐿𝑡 and aperture width
𝑊𝑎 . 𝐺𝑏𝑛 is the normal direct beam irradiance impacting on the aperture area 𝐴𝑎 = 𝑊𝑎 𝐿𝑡 . A detailed model of
Fresnel concentrator to determine the optical efficiency 𝜂𝑜𝑝 = 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀 is out of the scope of this work,
according to simplified approach adopted in the preliminary viability study. Optical efficiency model of LFC
involves a maximum constant efficiency 𝜂𝑜𝑝,𝑚𝑎𝑥 , which is characteristic of the collector design and manufacturing,
and several effects dependent on solar incident angle, accounted by an incident angle modifier 𝐼𝐴𝑀. Cosine effect,
mirrors mutual shadowing, blocking, shadowing of secondary optics, as well as end optical losses must be taken
into account for determining 𝐼𝐴𝑀 . Mentioned effects are generally separated into transversal and longitudinal
effects, accounted by 𝐼𝐴𝑀𝐿 and 𝐼𝐴𝑀𝑇 and end losses accounted by a factor 𝑓𝑒𝑛𝑑 , so that results 𝐼𝐴𝑀 =
𝐼𝐴𝑀𝐿 𝐼𝐴𝑀𝑇 𝑓𝑒𝑛𝑑 . 𝐼𝐴𝑀 changes with sun position according to collector orientation and length. In order to hold
general validity in this study 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀 is considered as relevant input parameter, varying it in a reasonable
range for viability evaluation.
𝑇𝑖𝑛 = 𝑇2𝑛 = 𝑇2 = 𝑇0𝑡 [1 + (𝜋𝑐

−1
− 1) 𝜂𝑐𝑡𝑡
]−

The thermal losses to the ambient can be estimated considering an average wall-to-ambient heat transfer coefficient
̅𝑙 . According to the technical literature, for an evacuated tube equipped with selective coating a representative
𝑈
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̅𝑙 = 5
value of 𝑈

W
m2 K

is assumed in this study. Following (Duffie & Beckman, 1991) the incoming solar power

delivered to the air flow 𝑄̇𝑢 can be expressed only in terms of the inlet temperature 𝑇𝑖𝑛 , as in Eq. 8, introducing the
collector efficiency factor 𝐹′ and heat dissipation factor 𝐹𝑅 , which consider constant parameters along 𝐿𝑡 .
̅𝑙 (𝑇𝑖𝑛 − 𝑇𝑎𝑚𝑏 )] = 𝑚̇𝑐𝑝 (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛𝑡 )
𝑄̇𝑢 = 𝐹𝑅 𝐿𝑡 [𝑊𝑎 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀 − 𝑃𝑒𝑥 𝑈

Eq.(8)

𝑃𝑒𝑥 = 𝐷𝑒𝑥 𝜋 is the external tube perimeter. 𝐹𝑅 and 𝐹 ′ are defined as:
𝐹𝑅 =

̅𝑙
𝑚̇𝑐𝑝𝑚
𝐹 ′ 𝐿𝑡 𝑃𝑒𝑥 𝑈
[1 − exp (−
)]
̅
𝑚̇𝑐𝑝𝑚
𝐿𝑡 𝑃𝑒𝑥 𝑈𝑙

Eq.(9)
−1

̅𝑙
𝐷𝑒𝑥 𝑈
𝐹 =
≅ (1 +
)
𝐷
𝐷ℎ
Eq.(10)
𝐷𝑒𝑥 ln ( 𝑒𝑥 )
𝐷
𝐷
𝑒𝑥
̅𝑙−1 +
𝑈
+
𝐷ℎ
2𝑘𝑟
The outlet tube temperature 𝑇𝑜𝑢 = 𝑇3 resulting from Eq.(8) corresponds to the inlet temperature for the turbine so
that total temperature 𝑇3𝑡 = 𝑇3 + 𝑣3 2 ⁄2𝑐𝑝3 allows estimating the mechanical power extracted from the expanding
air by the turbine, assuming a total to total isoentropic efficiency 𝜂𝑒𝑡𝑡 (Balje, 1981):
′

̅𝑙−1
𝑈

𝛾𝑒 −1
𝛾𝑒

−
𝑊̇𝑒 = 𝑇3𝑡 𝑚̇𝑐̅𝑝𝑒 (1 − (𝑝3𝑡 ⁄𝑝4𝑡 )

) 𝜂𝑒𝑡𝑡

Eq.(11)

The inlet turbine pressure 𝑝3𝑡 = 𝑝2 + 𝜌3 𝑣3 2 ⁄2 − ∆𝑝𝑛𝑟 is affected by the pressure drops inside the pressurized
circuit ∆𝑝𝑛𝑟 , including the pipe (n at Fig. 2, which carries air to the receiver) the receiver (r at Fig. 2), the bends
and connections. 𝑝4𝑡 = 𝑝𝑎𝑡𝑚 𝜋𝑅 can be slightly higher than ambient pressure, depending on the turbine outlet
diffuser. This eventuality is only possible if there is a continuing circuit to the user.
The turbine delivers air at medium temperature 𝑇4 = 𝑇4𝑡 −
𝛾 −1
− 𝑒

𝑇4𝑡 = 𝑇3𝑡 [1 − 𝜂𝑒𝑡𝑡 (1 − (𝑝3𝑡 ⁄𝑝4𝑡 )

𝛾𝑒

)]

𝑣4 2
2𝑐𝑝,4

.
Eq.(12)

The layout presented in Fig. 2 defines a particular Brayton cycle. Due to the relatively moderate maximum
temperature, corresponding to 450 °C < 𝑇3 < 550 °C, a net mechanical work 𝑊̇ at the common turbocharger shaft
is expected to be negligible. Instead, the mechanical work provided by the turbine can be enough to drive the
compressor, allowing the air to flow inside the receiver tube without any external energy consumption. For that
purpose, the turbocompressor freewheeling conditions must be satisfied, as stated in Eq. 13.
𝑊̇ = 𝑊̇𝑒 𝜂𝑚 − 𝑊̇𝑐 = 0

Eq.(13)

𝜂𝑚 is the mechanical efficiency of the turbocharger, assumed here as 𝜂𝑚 = 0.95 (Heywood, 1988). Considering
Eqs.6 to 13, for a given collector and solar irradiance, assuming turbocompressor efficiencies and 𝜋𝑐 , the mass
flow rate 𝑚̇𝑤̇=0 that satisfy Eq. 13 can be obtained. For a given solar power, a high mass flow rate lowers the inlet
turbine temperature, according to Eq. 8, limiting the mechanical power extracted during the expansion 𝑊̇𝑒 . On the
other hand, a high mass flow rate induces a larger pressure drop in the receiver tube, resulting in lower pressure at
the turbine inlet, which also reduces the power 𝑊̇𝑒 . As consequence, for 𝑚̇ > 𝑚̇𝑤̇=0 external energy must be
supplied to compensate for negative mechanical power 𝑊̇ < 0; for instance, using the auxiliary compressor ac in
Fig.2. For 𝑚̇ < 𝑚̇𝑤̇=0 net mechanical power can be achieved. Alternatively, the turbine outlet pressure can be
higher than atmospheric, so having 𝜋𝑅 > 1, thus delivering air with a moderate over-pressure which can be
beneficial for downstream utilisation. Although working with low 𝑚̇ would increase 𝑊̇𝑒 , the risk of overheating
the receiver tube arises. Commercial standard solar tubes present a maximum wall temperature limitation 𝑇𝑤,𝑚𝑎𝑥
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due to risk the degradation of the selective coating, and mechanical stress issues. Consequently, the outlet tube
temperature is limited 𝑇3 < 𝑇𝑤,𝑚𝑎𝑥 − ∆𝑇𝑤3 , which turns into a minimum mass flow rate limit. During the
turbocharger starting transient, an auxiliary compressor ca power 𝑊̇𝑐𝑎 is needed to circulate air before the steadystate operation point is reached (Fig. 2).

4. Results
As a preliminary study preceding a prototype design, a small scale Linear Fresnel collector LFC has been
considered, having an effective reflective surface of length 𝐿𝑡 = 16 m and a lateral aperture 𝑊𝑎 = 5 m, equipped
with a receiver based on 4 standard evacuated solar tubes with internal and external diameter 𝐷 = 66 mm and
𝐷𝑒𝑥 = 70 mm respectively. Thermal losses correspond to an averaged heat transfer coefficient to the ambient
̅𝑙 ~5 W m−2 𝐾 −1 . The receiver tube length is considered equal to the reflector length.
𝑈
Autonomous operation, achieved for 𝑊̇ = 0 and turbocharger in freewheeling, Eq.13, has been investigated under
various conditions, as reported in Fig.3. Reaching autonomous operation is crucial to allows the system to work
without any external energy consumption for air pumping, which is the aim of the proposed turbo-assisted air
heating. The mass flow rate 𝑚̇𝑤̇=0 results from solving Eq.13 according to Eqs.8 to 12. Fig.3 shows 𝑚̇𝑤̇=0 versus
net solar power input to the receiver tube per unit of collector area 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀. In the numerical simulation,
𝐺𝑏𝑛 , 𝜂𝑜𝑝,𝑚𝑎𝑥 and 𝐼𝐴𝑀 have not been specified in order to hold general validity. Addressing proper values to them,
allows to determine the specific working point, using Fig.3. The simulation of mass flow rate has carried out for
several compression ratio 𝜋𝑐 = 𝑝2𝑡 /𝑝1𝑡 , in order to investigate its effect on the system behavior. On the other hand,
constant isoentropic efficiencies of turbine and compressor 𝜂𝑒𝑡𝑡 = 𝜂𝑐𝑡𝑡 = 0.7 have been considered, according to
performances of automotive turbochargers (Heywood, 1988). In fact variation of 𝜂𝑒𝑡𝑡 and 𝜂𝑐𝑡𝑡 with speed, pressure
ratio and mass flow rate, determined by their efficiency maps, are out of the scope of this viability study. Null
𝑝
overpressure at the turbine outlet, 𝜋𝑅 = 4𝑡 = 1 is assumed as reference case. As can be seen in Fig.3 the effect
𝑝𝑎𝑡𝑚

of 𝜋𝑐 is not remarkable in the considered range 1.7 < 𝜋𝑐 < 2.6, which allow great flexibility during operation,
according to turbocharger performances. Higher 𝜋𝑐 have not been simulated according to the common turbocharger
compression ratio range. On the other hand, increasing the compression ratio would translate into higher air
temperature at the tube inlet, Eq. 7, reducing the operating ∆𝑇 across the receiver, hence requiring higher mass
flow rate, which is a drawback in terms of pressure drops, Eq.2.
In addition to autonomous condition, the maximum tube temperature is a constrain. Maximum wall temperature
𝑇𝑤3 occurs at the tube outlet where air temperature is maximum, according to Eq.5. In this point of the cycle, high
air temperature 𝑇3 is required for producing enough power at the turbine, in order to ensure autonomous condition,
Eq.11. Wall temperature 𝑇𝑤3 induced by 𝑇3 under autonomous conditions must be below the receiver thermal limit
𝑇𝑤,𝑚𝑎𝑥 . For this reason 𝑇𝑤3 corresponding to the system operating at 𝑚̇𝑤̇=0 is shown in Fig.3. Here the limit
recommended by the manufacturers 𝑇𝑤,𝑚𝑎𝑥 = 600 °C is assumed. For presenting the results in a compact way, a
non-dimensional temperature parameter is introduced Ө𝑤3 = 𝑇𝑤3 ⁄𝑇𝑤3,𝑚𝑎𝑥 . In Fig.3 it can be observed that Ө𝑤3 <
1 for the considered 𝜋𝑐 , except for 𝜋𝑐 = 2.6, so that thermal limit is respected for almost all the working points.
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Figure 3. Characteristic mass flow rates and maximum wall temperature ratio vs. input power per unit of area

Fig. 4 shows the temperatures of the main representative points of the circuit versus the net solar power input to
the receiver tube per unit of collector area, 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀. They have been obtained with the system operating in
autonomous condition, previously showed in Fig.3, hence for 𝑚̇𝑤̇=0 at an intermediate compression ratio 𝜋𝑐 = 2.2.
Air enters the receiver at temperature 𝑇2 , which results from the imposed compression ratio 𝜋𝑐 , following Eq.7.
Compressed air is heated up to 𝑇3 . End temperature 𝑇3 depends on the input power 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀 for a given
collector area, as well as on the mass flow rate used. Receiver tube efficiency also affect the resulting 𝑇3 , Eq.8. It
shows a smooth profile with the increasing 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀 , due to the growing mass flow rate applied according
to autonomous operation requirements, shown in Fig.3. 𝑇3 grows smoothly in order to allows turbine to compensate
the increased pressure drop introduced by higher mass flow rates.
The maximum wall temperature 𝑇𝑤3 is shown. Its growing trend with power input, shown in Fig.4, is due to the
variation of heat flux transferred from the tube to the flow, which induce higher wall-to-flow temperature
difference. On the other hand the increase of internal heat transfer due to higher mass flow rate used, slightly
smooth the growing trend. The receiver tube outlet is lower than the considered thermal limit 𝑇𝑤3 < 𝑇𝑤,𝑚𝑎𝑥 within
the wide range of power input values, confirming the viability of the concept and its flexibility.
The main output parameter is the temperature of delivered hot air, corresponding to turbine outlet, 𝑇4 . Fig. 4 shows
that its value is almost steady, holding 𝑇4 > 350 ºC, which is useful temperature for many industrial process needs,
according to the aim of the present technology assessment.
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Figure 4. Temperatures vs. input power per unit of area for 𝒎̇ 𝒘̇ =𝟎

Fig.5 displays the mechanical power provided by the turbine 𝑊̇𝑒 as well as the compressor mechanical power
consumption, for the system working in autonomous condition with 𝑚̇ 𝑤̇ =0 . The simulation has been carried out
across a wide the range of net solar power input per unit of collector area 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀. Solar power gathered
by the receiver tube 𝑄̇𝑠 = 𝐿𝑎 𝐿𝑡 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀 is also shown. As a consequence of thermal losses to ambient,
Eq.8, it holds that the thermal power 𝑄̇𝑑 < 𝑄̇𝑠 is delivered to air and is available for user’s thermal process.
According to Eq.8, the thermal efficiency of the collector increases with 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀 as confirmed in Fig.6.
The final output of the system is the power delivered to the produced hot air flow, at the turbine exit 𝑄̇𝑑 =
𝑚̇𝑤̇=0 (𝑇4𝑡 𝑐𝑝4 − 𝑇𝑎𝑡𝑚 𝑐𝑝,𝑎𝑡𝑚 ), Fig 5. The system is working in autonomous condition: the turbine is able to produce
the mechanical power needed by the compressor 𝑊̇𝑐 𝜂𝑚 as shown in Fig.5.
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Figure 5. Powers vs. input power per unit of area for 𝒎̇ 𝒘̇ =𝟎

As shown in Fig.3, working with 𝑚̇ 𝑤̇ =0 ensures the turbocharger to work in freewheeling. Moreover working with
𝑚̇ 𝑤̇ =0 keep the maximum wall temperature below the thermal limit 𝑇𝑤,𝑚𝑎𝑥 . Moreover, for given values of input
power 𝐺𝑏𝑛 𝜂𝑜𝑝,𝑚𝑎𝑥 𝐼𝐴𝑀, compression ratio 𝜋𝑐 and efficiencies 𝜂𝑒𝑡𝑡 = 𝜂𝑐𝑡𝑡 , this is not the only possible working
point. In fact, previous analysis has been carried out considering the turbine outlet at atmospheric pressure, hence
with 𝜋𝑅 = 1. As mentioned above, according to operating constrains, producing hot air at certain slightly
overpressure than ambient would be beneficial for the potential user, either for pumping hot air flow up to the
thermal process location, and for driving the thermal process itself, if required.
In order to explore this possibility 𝜋𝑅 > 1 must be considered in the numerical simulations. Reducing the mass
flow rate with respect to 𝑚̇ 𝑤̇ =0 induces a frictional pressure drop reduction. As result, an increase of inlet pressure
at the turbine is expected, which is beneficial on the turbine mechanical power generation, at constant 𝜂𝑒𝑡𝑡 . The
excess of net power at the turbocharger shaft could be extracted, for instance coupling the turbine with an electricity
generator, but this seems not convenient in our case. Instead, the expansion pressure ratio can be reduced so that
air exits the turbine at higher pressure 𝑝4𝑡 > 𝑝𝑎𝑡𝑚 . This means reaching autonomous conditions using 𝜋𝑅 =
𝑝4𝑡 /𝑝𝑎𝑡𝑚 > 1 . As a drawback, smaller mass flow rate leads to lower internal heat transfer, which is controlled by
Reynolds number as in Eq.4. As consequence, the maximum wall temperature increases and the risk of tube
overheating arises. The minimum mass flow rate allowed is the one which gives 𝑇𝑤3 = 𝑇𝑤,𝑚𝑎𝑥 .
Fig.6 depicts ∆𝑝𝑅 = 𝑝4𝑡 − 𝑝𝑎𝑡𝑚 for several turbocharger efficiencies 𝜂 𝑇𝐶 = 𝜂𝑐𝑡𝑡 𝜂𝑒𝑡𝑡 𝜂𝑚 (Heywood, 1988). High
performing turbochargers allow higher delivery overpressure, as expected. On the other hand, higher ∆𝑝𝑅 are
possible when working with low solar power, due to the lower mass flow rate required and lower internal pressure
drops, ceteris paribus assumption.
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Figure 6. Delivery overpressure vs input power per unit of area for several turbocharger efficiencies

5. Conclusions
Directly heating air using concentrating collector either parabolic trough or linear Fresnel types reduces the
complexity and the initial and operating costs of solar plant by eliminating the liquid HTF as well as its heat
exchanger.
Using ambient air as HTF in an open circuit layout is attractive for driving the thermal process with intensive hot
air consumption. Due to air physical properties, the pumping power consumption for large installation can be high,
and the moderate internal heat transfer of air can lead to the receiver tube overheating.
The innovative layout presented uses compressed air to reduce the pressure drops and pumping consumption.
Thanks to a Brayton cycle configuration, compression power is recovered by a turbine driven by solar energy
enabling the system to run without any external mechanical energy consumption, delivering to user hot air up to
350°C.
The study performed supports the viability of this innovative direct air heating system proposed. The results
indicate that a small installation is feasible, although is performances are limited by the moderate turbocharger
efficiencies of very small size. Larger sizes promise higher efficiencies, enabling very favourable performances of
the layout here scrutinized.
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7. List of Symbols
Latin
𝐴𝑎
𝑐𝑝
𝐷
𝑓
𝐹′
𝐹𝑅
𝐺𝑏𝑛
𝐺𝑏𝑇
ℎ
𝑘
𝐿𝑡
𝑚̇
𝑚̇𝑤̇=0
𝑄̇𝑑

Aperture collector area
Specific heat capacity
Diameter
Friction factor
Collector efficiency factor [-]
Heat removal factor
Normal direct irradiance
Direct irradiance on tilted surface
Heat transfer coefficient
Thermal conductivity
Tube Length
Mass flow rate
Autonomous operation mass flow rate
Delivery power
Solar power to receiver tube
Useful solar power to air flow
Useful heat flux to air flow
Mean velocity
pressure
Perimeter
Prandtl Number
Reynolds number
Temperature
Heat losses coefficient
Aperture Width
Pumping Power

𝑄̇𝑠
𝑄̇𝑢
𝑞𝑢̇
𝑣
𝑝
𝑃
𝑃𝑟
𝑅𝑒
𝑇
̅𝑙
𝑈
𝑊𝑎
𝑊̇𝑝
Greek
Variation
∆
Pressure drop
∆𝑝
Isentropic exponent
𝛾
Density
𝜌
viscosity
𝜇
Compressor efficiency total to total
𝜂𝑐𝑡𝑡
Turbine efficiency total to total
𝜂𝑒𝑡𝑡
Turbocharger mechanical efficiency
𝜂𝑚
Optical efficiency
𝜂𝑜𝑝
Compression ratio
𝜋𝑐
Residual overpressure ratio
𝜋𝑅
Ө𝑤3max Maximum wall temperature ratio
Subscripts
a
air
ac
Auxiliary compressor
amb
ambient
atm
atmosferic
c
compressor
e
turbine
ex
external
in
Inlet
L
longitudinal
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m
Average value
max
Maximum
n
Connection tube
r
Receiver tube
R
Residual
t
Total, tube
T
Trasversal
ou
outlet
w
Wall, tube surface
Acronyms
IAM
Incident Angle Modifier
LFC
Linear Fresnel Collector
PTC
Parabolic trough Collector
HTF
Heat Transfer Fluid
HX
Heat Exchanger
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Abstract
Within two UNIDO-GEF5-projects industrial companies in Malaysia and Egypt are supported along the
identification and implementation of energy efficiency and the optimized implementation of solar heat for industrial
processes (SHIP). The main goal is to prove the feasibility of solar process heat in terms of technical and economic
criteria and by this initiate a sustainable market penetration beyond the project. Based on the specific demands of
industry as well as the status quo regarding awareness and capacity in the countries, a tailor-made program for
training and involvement of relevant stakeholders was developed and implemented. Within this capacity building
more than 1,100 trainees were trained on the identification of optimized solar integration concepts, applying a
feasibility tool along the well-recognized methodology of IEA-SHC-Task 49/II. Real implementations of energy
efficiency and SHIP were achieved (resp. initiated) and project findings implemented in a roadmap, expecting a
maximized impact in both countries.
Keywords: Solar heat for industrial processes, SHIP, energy efficiency, tool, standardized methodology, innovative
financing

1. Introduction
Objective of the UNIDO project „Green House Gas Emissions Reductions in Targeted Industrial Sub-Sectors through
Energy Efficiency and Application of Solar Thermal Systems in Malaysia“ is to introduce a resource efficient
production in the most energy relevant industry sectors as basis for the technical and economic feasible
implementation of solar heat for industrial processes. The structure of Malaysia’s energy consumption and
distribution is, except residential heating demand, comparable to a typical European country. Malaysia is the third
largest energy consumer in South-East Asia and according to the World Energy Outlook 20151 report, Malaysia will
almost double its energy demand between 2015 and 2040. As per the National Energy Balance 2 2016 figures, the
energy consumption in Malaysia in 2016 was about 2,400 PJ (equivalent to 57,218 ktoe), of which 28 % are
dedicated to the industry. The largest consumer is the transportation sector with a share of about 42 %. Accounting
for a portion of 40.7 % of the primary energy supply, natural gas is the dominating energy carrier, followed by crude
oil (29.7 %), coal and coke (20.2 %) and hydropower (4.8 %). The share of renewables is, although steadily growing,
with 0.8 % at a very low level. In the industry sector, also natural gas (37.0 %) and electricity (33.6 %) are beside
coal&coke (13.5 %) and petroleum products the most important energy sources. The Malaysian government has been
proactive in discovering new thrust areas for development in the renewable energy space, especially after setting
such enterprising targets for clean energy in alignment with its Nationally Determined Contribution (NDC) pledge.
At the 21st COP summit in Paris, the country officials declared their INDC to reduce the country’s greenhouse gas
(GHG) emissions intensity of Gross Domestic Product (GDP) by 45% (35% unconditionally and 10% upon receipt
of technology transfer and capacity building from developed countries) by the year 2030 relative to its emissions
intensity of GDP in 2005. The most important industry sectors in Malaysia are “iron and steel”, “petroleum products”
and “production of food and beverages”. Especially in the industry the share of renewable energy is, beside
hydropower, negligible. At the same time the conditions for the integration of renewables and in detail solar process
heat is excellent, as the solar irradiation of minimum 1,600 kWh/m².a is by far higher than in regions with
1
2

Data from World Energy Outlook- South-East Asia Energy Outlook 2015
Malaysia Energy Statistics, 2016
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significantly lower solar irradiation but high number of SHIP implementations as e.g. in Central Europe. Also the
share of diffuse radiation is due to the weather conditions comparable to Central Europe. As shown, the Malaysian
industry (sectors, applied processes and energy demand) is comparable with Europe and by this has a high solar
process heat demand in the low and medium temperature range (>100°C / 100..250°C). Addressing this demand is
the objective of the above-mentioned project.

2. Methodology
Initiating solar heat for industrial processes (SHIP) has to start with awareness rising and capacity building. As in a
lot of countries, terms as industrial energy efficiency and solar energy are linked to optimized electric utilities as
pumps or fans and the use of solar for the generation of power via photovoltaic panels. Addressing these expectations
is based on the awareness for the technical and economic potential and feasibility of thermal efficiency and solar
process heat. Based on long-lasting experience identified relevant stakeholders are: (i) decision makers and industrial
top management, (ii) production and energy managers in industrial companies, (iii) consultants and technology
suppliers and (iv) training and capacity building. It is crucial to develop tailor-made communication and
dissemination strategies. Key notes to decisions makers in half-day workshops, followed by 2-day-trainings for
production and energy managers are the basis for detailed trainings for those who are finally doing the identification
and design of real implementations. The objectives of the first strategies are to transfer knowhow and reduce barriers
and address reservations. Very often, solar process heat is seen as new to the market including high technological
and economic risks. Cost and risk reduction are by this the basis for the innovative training approach for consultants
and energy managers.
In two 4-day trainings, the methodology for the optimized concept development is the core of the apprenticeship. It
is seen crucial to have motivated industry on board with a high potential for energy efficiency and solar process heat.
By this, the theoretical background trained in classrooms can be applied in so called host companies, acting as
playground for the trainees. Standardized methodologies as the ISO 50001 or the European standard EN 16247 for
industrial energy assessment and energy management systems are the basis for the training and more important the
identification and the evaluation of possible integration of EE and SHIP in industrial energy systems. “Efficiency is
the first fuel” is the slogan, so a very good overview of the status quo of the industrial energy system has to be
achieved. This is mainly part of the first 4 days of training, followed by doing the job in the field. Normally, after 4
to 6 months the trainees come back to the classroom to focus on the solar integration with the second 4-day-training.
Objective is to develop concepts for the optimized integration of SHIP without using detailed simulations or tools,
in most cases not available and affordable in this project phase. Being able to evaluate different opportunities and
having the basis for a further assessment decision was the starting point for the development of the SHIP tool at
AEE INTEC. This is tailor-made on the one hand for the demand during a feasibility study and on the other hand
available data after doing the performed assessment of the industrial status quo.

3. SHIP-Tool
The SHIP tool supports trainees and users along the identification and evaluation of solar concepts and finally the
decision-making process in order to initiate real implementations. A guideline developed within IEA SHC Task
49/IV presents the overall necessary steps of an assessment methodology for solar process heat projects and leads
the planner in detail through the following steps: 1) consideration of process integration for solar process heat; 2)
specification of integration concepts; 3) planning of solar process heat systems concepts; and 4) criteria for
selecting most promising integration points.
The starting point of the methodology is always a detailed assessment of the processes (load profile, energy demand,
temperature, etc.) and the energy supply system to serve as a baseline for to evaluate the concept. This also includes
possible excess heat recovery potentials (thermal energy efficiency), which is an important topic in industrial drying
and depends on the drying temperature and system. Based on this assessment, the most efficient industrial process
can be designed, followed by the solar energy system. There are several tools available supporting the planner in the
system design (see IEA SHC Task 49).
Following this methodology, addressed features of the tool are:
• Process integration: based on yearly load profiles (hourly resolution), process and supply parameter (mass
flow, temperatures), optimized integration concepts on process and system level are identified (design of heat
exchanger, storage, losses, collector, etc.)

542

J. Fluch et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

• Solar concept: collector type, climate data (solar irradiation, ambient temperature), collector placement and
storage size included in evaluation of concepts based on a yearly simulation and defined key performance
indicator
• Technical and economic evaluation: comparison of identified concepts as basis for optimized system
design and feasibility studies

Starting point is the definition of industrial load profiles for the energy demand. It is important to identify day-today differences, weekend breaks or holiday season, especially in case these match with the highest solar availability.
The user has to provide capacity rates, while the tool will generate the graphical output of these automatically (see
Figure 1)

Figure 1: Automatically generated load profile for industrial energy demand based on user’s input – weekly, monthly and yearly

The next step is the identification of an optimized integration point for solar process heat as this influences
significantly the efficiency and complexity of the system, and by this its costs and economic feasibility. The way
solar process heat is integrated in the industrial supply system significantly influences its technical and economic
feasibility. Integration issues are becoming more important as the existing industrial supply and distribution system
is much more complicated than in buildings due in part to the varying demand load profiles over a day, week, month
and year. Therefore, several research projects have addressed this issue by developing methods to assist in the design
and planning of solar process heat with an emphasis on feasibility. One of the most important projects is the
International Energy Agency Solar Heating and Cooling Programme Task 49/IV (IEA SHC Task 49/IV) that contains
three Sub-Tasks (A-C). In particular, Sub-Task B Process integration and Process Intensification combined with
solar process heat has produced many resources to assist with integration issues. As a starting point, integration is
possible at the “Supply Level” and “Process Level”. Supply level integration means integrating solar heat within the
central heat distribution lines or central heat storages (see Figure 2 – pathway A: Integration on Supply Level, A1A3), while process level means integrating solar heat to one specific process step or process heat storages (see Figure
2 – pathway B: Integration on Process Level, B1-B3).
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Figure 2: Integration of Solar Process Heat based on IEA SHC Task 49/IV

During the training the trainees learn how to apply available information by studying integration concepts appropriate
for their cases studies. Overall, a system for solar process heat consists of up to 5 subsections as shown in Figure 3:
•

collector loop

•

charge

•

storage

•

discharge

•

integration point

In low-temperature SHIP systems with storage, usually all five sections can be distinguished but depending on the
envisaged system design, specific components can be dropped (e.g. the storage) and/or a backup system may be
included to ensure a trouble-free and continuous production irrespective of variations in solar resources.

COLLECTOR LOOP

CHARGE

STORAGE

DISCHARGE INTEGRATION
POINT

CONVENTIONAL
PROCESS HEAT
Q conv
Process
temperature

Integration
flow temp.

Process flow
temp.

Process

ΔT

Integration
return temp.

Process return
temp.

Figure 3 General SHIP system for pre-heating with five subsections supplying an industrial heat consumer (Helmke and Hess, in
Muster-Slawitsch et al., 2015)
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The key for reliable continuous energy supply to the energy demand is the design of the overall system including the
collector, the storage, the integration point, the charging and discharging strategy and if needed a backup system.
•

Collector: The selection of the most efficient and appropriate collector technology and the design of the
collector field strongly depend on the process requirements (temperature, load profiles, capacity, production
breaks, holiday breaks, etc.). Depending on the temperature levels needed, all collector technologies can be
implemented as flat plate collector, evacuated tube collector and concentrating technologies as parabolic
trough collector or others. An optimized system design increases the efficiency and yield of the collector by
the interaction with charging and discharging strategies and components, the orientation and placement of
the field. Finally, this influences the costs of the system and is a key not only in supplying drying
technologies.

•

Storage and backup system: Part of the system is in most cases also storage when the heating demand and
the solar availability do not match in matters of time and load profiles. By the optimized integration and
design of the storage (size, insulation, etc.) the economic feasibility can be significantly increased.
Especially for industrial processes, an interruption-free supply is mandatory. Therefore, a backup system
might be required. The use of existing systems and its best integration in the solar system (e.g. via the
storage) is part of the overall design methodology.

•

Integration point: This can be done on both levels, the supply and the process level. Going for the supply
level means the (pre)heating of a supply medium or the drying gas delivering the heat to all industrial
consumers, not only the dryer(s). On the process level, the solar energy would be designed specifically for
the demand of one single process, the dryer. This is, in most cases more complex (hydraulic design) than
the supply level integration. Supplying more processes means more heat exchangers and storages.On the
other hand, the required temperature (to be delivered from the solar system) is in most cases lower on
process level than on supply level, that is in most cases designed to supply energy to the whole system and
therefore is operating at higher temperature levels. This also leads to higher distribution losses. Due to this
fact, process integration is more efficient (higher specific solar yield) than supply integration. The whole
energy system has to be designed in the most technical and economic optimized way, including possible
excess heat recovery as well as a backup system (if necessary).

As a sidestep to be mentioned, for industrial processes and the used technologies, steady development is ongoing.
New process technologies aim to enhance heat and mass transfer to “intensify” reactions, mixing or heating/cooling
of process media, including mechanisms of drying. These intensification strategies can also increase the potential for
solar thermal process heat by decreasing the process temperatures (higher system efficiency), increasing the process
efficiency or smoothing the energy demand (reduction of peak loads). Strategies, also tackled within the training,
used in new technologies with impacts on solar heat supply are:
•

Heat transfer enhancement

•

Batch to continuous

•

Increasing selectivity in separation processes

•

Intensification of electro hydrodynamics

In order to make this approach applicable to real cases and increase the technical understanding of the trainees, a
direct link between the integration concepts of IEA SHC Task 49/IV and the training methodology is established.
Trainees study these documents and identify the most suitable integration concept for their case study. In Figure 4
an exemplary scheme of a heat integration concept is presented, including solar heat as a utility. Simulations allow
the designing of heat exchangers and storages to achieve best performances.
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Figure 4: Integration concepts for direct solar steam generation based on Muster-Slawitsch et.al.

Based on the pre-studies, trainees learn how to apply this knowhow within the SHIP tool. First step is to identify the
most appropriate collector type based on the requested process parameter (mainly temperature), the selected
integration concept (number of heat exchanger and storage type) and the location (solar irradiation). Within the tool,
the user can select one of the pre-defined collectors or add new ones by using available data of curve definition out
of e.g. the certificates of Solar Keymarks. This is visualized in the tool (see Figure 5)

Figure 5: Selection of solar collector type based on input parameter and achievable efficiency

For the detailed simulation and calculation of the collector efficiency as well as the yield and solar fraction, more
data on solar irradiation and ambient temperature is necessary. The SHIP tool is by this linked to a platform of the
European Commission “PHOTOVOLTAIC GEOGRAPHICAL INFORMATION SYSTEM”, provided by JRC the
European Joint Research Centre1. By clicking on any location world wide the necessary data can be downloaded and
implemented in the SHIP tool. A detailed guidance is provided in the tool (see Figure 6).

1
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Figure 6: Guidance to import data on solar irradiation and ambient temperature necessary for the solar simulation in the SHIP tool

Using this information, the user has to finalize the collector field in terms of sizing and placement (inclination and
azimuth) as well distance between rows to consider possible shading. Based on this, the size of the storage is adapted
to the demand (half-day, day, 2- or more day storage). These adaptations finally influence the performance of the
overall system, evaluated based on specific key performance indicators (see Figure 7).
Solar yield [kWh/a]
Spec. solar yield [kWh/m².a]
Solar heat delivery [kWh/a]
Spec. solar heat delivery [kWh/m².a]
Solar fraction
Utilization rate (weighted yearly collector efficiency)
Heat losses storage [kWh/a]
Stagnation losses

1.948.929
743
1.697.508
737
61,5%
49,2%
14.963
3,5%

Figure 7: Example of system evaluation based on design variations and defined key performance indicators in the SHIP tool

The performance of the system in terms of solar delivery, storage loading and unloading and necessary backup system
is visualized within the tool (see Figure 8).

Figure 8: Visualization of system performance in the SHIP tool
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Finally, the different selected and designed system scenarios are compared to each other and by this evaluated based
on technical and economic parameter as following:
• Technical KPIs: solar yield, specific solar yield, solar heat delivery, installed area (gross aperture), storage
volume, solar fraction and utilization rate
• Economic KPIs: investment costs, subsidy, annual O&M costs, levelized costs of substituted final energy
supply, levelized costs of solar system, project lifetime, simple payback, dynamic payback, annual final energy
savings and net present value
Based on this assessment the user has the chance to identify the most feasible option including variations of specific
parameter.

4. Implementations
The main objective of the project is the real implementation of identified and developed concepts, both on thermal
energy efficiency and solar heat for industrial processes. Out of the Malaysian UNIDO project by now, more than
50 measures were implemented to increase the industrial efficiency. Examples are the so-called low-hanging fruits
as the reduction of losses by insulation, optimization of process and system control but also the recovery of waste
heat based on performed Pinch analysis, being a major part of the first 4-day-training. The first realized SHIP-plant
in Malaysia was done in a food processing company. PPNJ Poultry & Meat Sdn. Bhd.is located in the region of
Johor, producing poultry for selling in supermarkets and restaurants. Slaughtered chickens have to be cleaned in a
water bath at 80°C, originally supplied by electrically-produced steam. The described SHIP tool was used for the
feasibility study and design of the solar system respectively the optimized integration on process level. Linked to the
comparable high costs for electricity and the inefficient process of heating the water bath with steam, the study for
solar thermal supply has proven the technical and economic feasibility. The system (see Figure 9) supplies direct hot
process water at a temperature of 91°C, by implementing 119 m² collector area and a hot water storage of 8 m³. The
electric backup system also supplies the storage, seen as the energy switch in the system. Due to relatively high
temperature needed vacuum tube collector were selected and evaluated to be economically more efficient than flat
plate collectors. The optimized system achieves a solar fraction of approximately 80 % and by this CO2 savings of
more than 260 t per year. By implementing the first industrial application of SHIP in Malaysia the awareness on solar
thermal increased significantly. The whole project was by this awarded with the „ASEAN ENERGY AWARD 2018“
and solemnly inaugurated by the Malaysian ministry. The objective of the project is a high number of SHIP
implementations achieved as a result of the training and by the high multiplication initiated a sustainability of the
project.

Figure 9: Implementation PPNJ Poultry & Meat SN.BHD. (Source: PPNJ, SIRIM)

A recently drafted roadmap for the Malaysian industry showed the market potential of more than 6,100,000 m²
collector area supplying more than 7,000 GWh per year. Following a conservative market penetration strategy about
20 % of this potential could be realized, leading to a work force requirement of more than 6,000 jobs created. This
highlights the rentability of green investments, including hotels and hospitals (and also the potential for solar
cooling). By an optimized financing and funding scheme these figures could be even increased significantly. Besides
this tailor-made policy and regulatory, technology and R&D, testing and certification as well a sustainable awareness
and capacity building program were identified as crucial for the achievement of the set potential and objectives.
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5. Outlook
The project in Malaysia focuses on the set potentials and their realisation in the upcoming years. This includes the
official release of the roadmap and its implementation in Malaysian policies and climate targets. In Egypt the project
recently started phase 2 including at least 2 more batches of trainings and design of solar systems for the industry,
expecting a high number of implementations based on the already gained interest of companies. As the identified
market potential, respectively its realisation, cannot be initiated and supported “just” by funding schemes, the
economic feasibility has to be proven to the companies themselves as well as investors. Companies are still more
willing to invest available capital in the extension of production capacities instead of energy supply systems, so it is
seen crucial to gain interest and willingness on investors side. For a fast-track procedure and to reduce technical and
financial risks, a standardised project assessment is the key for the reduction of transaction costs and to increase the
number of externally financed projects significantly. The outcome of the H2020 funded project “TrustEE” (GA no
696140) and its standardised, semi-automated technical and financial project assessment based on high level system
simulations are applied in Malaysia and Egypt. Specific workshops in the financing sector are planned.
Further information, project outline and the free accessible SHIP database on implemented plants on solar process
heat can be found following these links: www.ship-plants.info / IEA SHC Task 49/IV http://task49.iea-shc.org/,
project information: http://bit.ly/AEE_SHIP
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Abstract

This study focus on the integration of solar thermal (ST) systems in the Swiss pharmaceutical industry to provide
the thermal energy need for their processes. An analysis of the heat demand in this sector showed that around 2
TWh of heat could be supplied with conventional thermal solar systems, such as flat plate collectors or vacuum
tube collectors. To identify the obstacles to integrate solar systems and define appropriate solutions, two case
studies were considered to assess the technical feasibility and economic viability of these solutions. The two
feasibility studies focused on drying processes. The solar heat supplied to the pharmaceutical processes was
estimated using the simulation tool Polysun for both case studies. The solar plant sized for case study 1 produces
617 MWh/year with 1060 m² of solar collector (solar field gross surface) and 50 m³ of storage. Whereas for the
case study 2, the heat production reaches 382 MWH/year with 684 m² of solar collector and 30 m³ of storage.
Finally, the economic evaluation of the ST systems, based on different offers, shows that the price of the heat
produced by the solar thermal system reaches almost twice the price of the gas, which allows to determine the
competitiveness of the ST system in both cases comparing to conventional heating systems.
Keywords: Solar thermal systems, industrial process heating, pharmaceutical sector, integration point,
Switzerland

1. Introduction
As shown in Fig. 1, the Swiss industry sector accounts for about 19% of final energy consumption corresponding
to more than 43 TWh in 2017 (Swiss Federal Office of Energy, 2018). Heat represents the largest part of this
energy consumption. 70% of this heat consumption is used for processes (Kemmler et al., 2018). Currently, 66%
of this heat is produced from fossil fuels (Swiss Federal Office of Energy, 2018) resulting in an important impact
on the environment.

Fig. 1: Energy consumption of the industry in Switzerland and distribution of the heat consumption by application (own
calculation based on Swiss Federal Office of Energy (2018) and on Kemmler et al. (2018))
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In a previous study, Guillaume et al. (2019) highlighted the large potential for solar thermal (ST) systems to cover
low temperature process heat in the Swiss industry. The theoretical potential for conventional thermal solar
systems, such as flat-plate collectors and evacuated tube collectors, represents more than 8% of the industry energy
consumption, and is equivalent to more than 3 million square meter of installed ST collectors. Some ST systems
have been set up in Switzerland to supply process heating applications in different industrial sectors such as in
dairy products manufacturing, machinery products manufacturing or bitumen production (Rittmann-frank et al.,
2017), but they remain uncommon.
The chemical and pharmaceutical sector has an important place in the Swiss economy since it is leading the export
market with 36% of the total Swiss exports reported in 2011 (Scienceindustries, 2018). Despite its potential, no
solar systems are currently installed to provide decarbonized energy to this energy-intensive industry. Like many
others, this sector has a high heat demand for its processes that can be covered with ST systems. Nevertheless,
several incentive indicators such as cost, process integration and matching energy demand and production, which
could provide compelling arguments to persuade industries to invest and adopt ST technologies, are no yet
available for this sector.
This study aims at estimating the potential of ST systems to cover process heat demand occurring at low
temperature (<130°C) in this industrial sector. Feasibility studies have been performed for two pharmaceuticals
companies to identify the main barriers for ST system integration in pharmaceutical processes and define adequate
solutions. The objective through these case studies is to define simple integration schemes and estimate the solar
thermal energy production, corresponding fuel savings and also the levelized cost of the solar heat produced.

2. Theoretical potential of the pharmaceutical sector
According to the statistical reports on the energy consumption in Switzerland, published by the Swiss Federal
Office of Energy (Sauvin et al., 2018), the chemistry/pharma industrial sector is the highest energy consumer in
Switzerland representing 22% of the industry total energy consumption in 2017. Heat consumption accounts for
67% in the Swiss chemistry/pharma industry, mainly produced by fossil fuels such as gas and oil. Renewable
energy represents only 0.1% of the heat consumption and is obtained primarily with biomass.
The chemistry/pharma industry is also the sector with the largest share of thermal energy use for process heating.
Guillaume et al. (2019) have shown that the amount of thermal energy consumed by the chemistry/pharma sector
for this purpose reached 5 TWh in 2016, accounting for 27% of the total thermal energy consumption of the
industry sector for process heating. Pardo et al. (2012) provide the distribution of the heat demand by temperature
for different industrial sectors in EU-27 countries and the heat demand at temperatures below 100°C represents
40% in this sector. Therefore, a large part of the heat requirement could be covered by ST systems, a technology
perfectly suitable to supply heat within this temperature range.
The theoretical potential for solar heat in this sector has been estimated to about 2 TWh, representing 15% of the
energy consumption of this sector and 4% of the Swiss industry total energy consumption during the year 2016.
This value represents an estimation of thermal energy used for process heating occurring at low temperature and
that would be partially provided by ST systems.
This theoretical potential represents 2 million m² installed solar collectors considering an annual yield of 400
kWh/m² and 40% solar fraction. This potential becomes more relevant when considering that ST systems can
equally provide heat for hot water production, space heating and replace part of the electricity used for process
heating. However, to seize the real potential, the space availability for the installation of ST collectors on industrial
sites must also be considered.

3. Solar thermal system integration
Given the high heterogeneity of manufacturing processes in the pharmaceutical industry, standard solutions are
quite hard to define. Therefore, two case studies were considered to design solutions with a high replicability
potential in order to ensure a high success rate for the integration of solar thermal systems in industrial processes.
Both case studies are pharmaceutical multinational companies, manufacturing dosage–form products from active
drugs substances. These chemical components, conditioned in powder, are generally produced from aqueous
solutions mixed in chemical reactors. Firstly, dosing, heating, cooling and mixing operations are carried out to
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obtain the desired mixture. Secondly, this mixture is dehydrated to obtain powders with a desired granulometry
through various drying processes. In case study 1, based in Bulle (Fribourg, Switzerland), the drying operation is
done with simple and biconical dryers. In case study 2, based in St-Prex (Vaud, Switzerland), drying is achieved
using a fluidised bed dryer.
In both companies, gas boilers are used to produce steam that is distributed to the different processes throughout
the site. Therefore, it is not relevant to consider the integration of a conventional solar system, such as flat-plate
or evacuated tube, at the energy supply level because the temperature of the steam is higher than the heat that
could be produced with the solar system. IEA SHC Task 49 Integration guidelines (Muster et al., 2015) has been
used to identify the integration point of the ST system for both case studies. Technical visits to each of the
industrial sites were carried out and data (processes heat demand and profile, flows and temperatures) were
collected in order to design the solar thermal plants. Discussions with the companies' production managers were
also held to gain a proper understanding of how the processes work and how best to integrate the solar system.
3.1. Energy consumption analysis
For case study 1, a building where fourteen production processes are implemented is considered. Analyse of the
consumption profiles of a typical working day allowed the identification of five processes the most suitable for
solar thermal integration. These processes are all drying processes and represent 97% of the total heat consumed
by the processes in this building.
The five processes considered have a working temperature below 65°C during around 87% of the time. As show
in Fig. 2, except for the charging and preheating phase, the power reaches approx. 350 kW. The load duration
curve (red line in Figure 2), shows that 80% of the time, power is below or equal to this value. Therefore, the solar
system was sized considering this power and the annual heat consumption equals 1700 MWh/year.

Fig. 2: Cumulated power during a typical working day (from 24/02/2015 06:00am to 25/02/2015 06:00am) for the five considered
processes for case study 1 and with the load duration curve (in red). The green line represents the maximum power supplied by
the solar system to the processes that will be used to size the solar system.

For case study 2, the selected process is a slightly different drying process. Drying is obtained with a fluidised
beds in four drying chambers at different temperatures (50, 60, 70 and 100 °C), with air as the heat transfer fluid
(HTF). Air is firstly heated with four steam heat exchangers to the desired temperature level before being injected
into each drying chamber. The air leaving the drying chambers is then cooled at 25°C to lower its water content
(absolute humidity), before returning to the steam heat exchangers. Another air/air heat exchanger recovers heat
between the inlet and outlet of the chiller (Figure 3). The heat provided by the solar system is used to preheat air
to 50°C according to the process constraints. Based on the consumption profile of the process, the solar system is
sized considering a maximum power of 180 kW that could be delivered to the process.
3.2. Integration concept
One of the potential barriers to integrating a ST system on the process level is the difficulty for the operator to
manage multiple energy sources. The idea, in this project, was therefore to propose simple concepts without any
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constraints for the operator and with low impact on the maintenance work. Because of the normative aspect of the
processes, another important consideration concerns the control and operation of the processes, which must not
be altered by the solar system. All these elements have been considered to ensure that they are in adequacy with
the control requirements (such as FDA: Food and Drugs Administration, ISO: International Standard
Organisation). IEA SHC Task 49 Integration guideline (Muster et al., 2015) was used to identify the integration
point of the ST system for both cases.
Solar systems were integrated, in both cases, upstream of the actual heat exchangers (see Fig. 3), allowing the
control systems to work without any changes. Although heat exchangers cascade is not optimal from an exergetic
point of view, security, simplicity and practicality aspects were considered more important (no hydraulic
interferences between circuits allowing to work completely independent). Needs are also secured from
conventional heat exchangers and solar gains are there to support the system when solar energy is sufficient (not
to replace it).
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Fig. 3: Simplified scheme of the integration concept for the solar thermal system for case study 1 (left side) and for case study 2
(right side).

These solutions correspond to the PL_E_IC concept as defined by IEA SHC Task 49 (Muster et al., 2015). This
integration concept is simple and allows maximizing the efficiency of the solar system. Another advantage of this
concept is that it makes it possible to consider, depending on energy consumption and process temperature levels,
preheating or fully meeting the process energy demand.
The detailed integration and control principle for the case studies has been set (see Fig. 4) and used in the
simulation environment afterwards. Fig. 4 presents a simplified representation of the integration and control
scheme for case study 1. It is quite similar for case study 2, despite that the HTF is different. Upstream of the
conventional heat exchanger (1), a two-way valve is installed (2) with a heat exchanger (3) in parallel. If the HTF
temperature (4) is below that of the solar system (5), then the two-way valve is closed and the fluid passes through
the heat exchanger. If the set point at the exit of the conventional heat exchanger (steam exchanger 6) is not
reached, then the steam valve (7) is slightly opened to increase the temperature level and respect the set point. If
necessary, in order to have a stable control, a temperature sensor (8), between the two heat exchangers, could be
added. If the heat rate of the solar system is too low, then the two-way valve is opened again and the steam valve
increases the flow to reach the set point.
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Fig. 4: Simplified integration and regulation scheme for case study 1

4. Technical assessment
Solutions have been designed for both case studies according to the specific energy needs of the chosen processes
and technical constraints (process integration, available space and orientation). Based on several suppliers’ quotes,
simulations were carried out to estimate the energy production and the energy cost of each system. Simulations
were carried out on Polysun (VelaSolaris 2019, POLYSUN V.11.0.12) to assess the energy production of the two
solar fields including storage.
To compare the various quotes received, the same Polysun model was used for each case study (see Fig. 5). For
each case study, the characteristics of the process, the solar system and the auxiliary boiler were changed to match
the design of the installation.

Fig. 5: Polysun model used to simulate the energy production of the solar system for both case studies.

4.1 Case study 1
The solar thermal plant for the case study 1, located in Bulle, is considered to be installed on the ground, next to
the building where the processes are located since this building, as well as the surrounding buildings, have little
available roof space. Therefore, implementation of the solar field on the ground was defined in accordance with
the company requirements. The ST system was designed with a total collector surface area of about 1000 m² and
the solar field south oriented with a 35° inclination. The storage system is a 50 m³ water tank. This storage
mitigates the time lag between the consumption profile of the processes and the availability of the solar resource.
Five quotes were received for this system with different solar collector models and types but respecting the
previous technical requirements of the design. All systems proposed in these quotes were simulated in the Polysun
model.
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Simulations results depend largely on the type of solar collector installed. Indeed, they have shown that the specific
yearly production per m² of collector (solar field gross area) varies from 490 kWh/m² to 783 kWh/m² for the
various collectors proposed in the offers received. As the characteristics of the solar system also changes slightly,
average values of the solar field area, storage tank and energy production were taken into account. Tab. 1 gives a
summary of the technical considerations of the solar thermal plant and the simulation results, taking the average
values obtained with all the simulations carried out for this system.
Tab. 1: Summary of the technical indicators for case study 1

Technical indicators

Case Study 1 (Bulle)

Solar collector field

1060 m²

Storage tank capacity

50 m³

Solar resource (on the collector plan)

1261 kWh/m²/year

Annual energy production

617 MWh/year

Specific energy production

582 kWh/m²/year

Efficiency of the solar system

47%

Solar fraction

38%

Considering the average results between the different simulations, the ST system produces 617 MWh/year,
corresponding to 38% (solar fraction) of the consumption of the processes considered. As show in Fig. 6, the solar
fraction is quite steady between April and September, ranging between 44% and 53% of the energy demand.

Fig. 6: Estimated process energy consumption (in red), solar energy production (in blue) and solar fraction (in grey) over the year
for case study 1

As the company of this case study uses gas boilers to supply the heat to their processes, the solar energy produced
substitutes part of the gas consumption. To estimate the avoided CO2 emissions with the solar system, only the
gas savings are considered. Based on the KBOB database, the greenhouse emissions for the gas boiler is estimated
at 0.249 kg CO2-eq per kWh of useful heat (KBOB, 2017). Therefore, the Greenhouse Gas (GHG) savings with
the solar system correspond to 154 t CO2-eq per year.
4.2 Case study 2
For case study 2, located in St-Prex, the solar collector field is installed on the roof of the building where the
manufacturing process is located. Since the available roof area was limited, the area of the solar field could not
exceed 700 m². Three offers with this requirement were received. Likewise case study 1, the solar heat production
of the solar system changes according to the characteristics of the quotes. Tab. 2 gives the technical indicators of
the solar system considering the average values obtained from the three offers received.
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Tab. 2: Summary of the technical indicators for the case study 2

Technical indicators

Case Study 2 (St-Prex)

Solar collector field

684 m²

Storage tank capacity

30 m³

Solar resource (on the collector plan)

1328 kWh/m²/year

Annual energy production

382 MWh/year

Specific energy production

558 kWh/m²/year

Efficiency of the solar system

42%

Solar fraction

28%

Simulation results show that the ST system for case study 2 produces 382 MWh over the year with an efficiency
of 42%, similar to that found for case study 1. The energy produced by the solar system substitutes the gas
consumption and therefore the energy saving leads to an estimated GHG saving of 95 tCO2-eq per year.
The fraction of the process consumption (from the four drying chambers) is covered at 28% by the solar system
over the year. This low solar fraction is explained by the fact that the system only provides heat up to 50°C
(corresponding to the temperature of drying chamber 4). The heat to reach the temperature required by the other
chambers is covered by conventional heat exchangers.
As shown in Fig. 7 the solar fraction reaches a maximum of 45% in June and July. The very high consumption of
the drying process makes it possible to consume the amount of energy produced by the solar system, which is also
large. This type of process is ideal for ST systems because it operates continuously all year round, allowing large
solar fields to be considered without overheating problems during the summer months.

Fig. 7: Estimated process energy consumption (in red), solar energy production (in blue) and solar fraction (in grey) over the year
for case study 2

The solar systems considered in the two case studies are very similar. Indeed, both the efficiency of the system
and the specific production of the solar field have similar values. This is mainly due to the operating conditions,
which are almost identical in both cases. Indeed, the required temperatures are very close and the system is
controlled in the same way.

5. Economical assessment
In order to estimate the financial efficiency of the two solar thermal system, the energy costs of the solar thermal
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system were calculated based the costs stated in the quotes received and according to the methodology developed
on IEA SHC Task 54 (Louvet et al., 2017). Investment costs as well as operation and maintenance (O&M) costs
for both case studies were estimated from quotes and the energy production correspond to the results obtained
from the Polysun simulations.
5.1 Solar thermal system cost
The total investment cost accounts for all costs for the solar thermal system as well as for the distribution line
including engineering. Costs of the ST systems correspond to the average costs of the various quotes received
(five quotes for case study 1 and three quotes for case study 2) and include equipment for the solar field including
the storage, installation and commissioning. Distribution lines correspond to the part of the system between the
solar thermal system and the process. Its cost is estimated from various quotes received for the equipment and for
the installation and commissioning. Planning costs correspond to the human hours necessary to carry out the study
and the design of the solar thermal system, as well as the cost associated with the necessary equipment for the site
preparation. Last category, named “Various and unforeseen”, has been added and corresponds to 8% of the total
investment value. The following Tab. 3 resumes the total investment cost for both case studies.
Tab. 3: Initial investment cost by category for case studies 1 and 2

Cost category

Case study 1

Case study 2

Solar thermal system

844’000 CHF

533’000 CHF

Distribution line

243’000 CHF

153’950 CHF

Planning

39’500 CHF

25’000 CHF

Various and unforeseen

81’000 CHF

57’000 CHF

Total investment cost

1’207’500 CHF

768’950 CHF

The investment cost is estimated to 1’207’500 CHF for case study 1 and to 768’950 CHF for the case study 2. In
relation to the surface area of solar collectors, the specific cost of case study 1 is 1’040 CHF per square meter of
solar collectors (gross area) and is 1’124 CHF for case study 2.
O&M costs correspond to the energy consumption of the pumps and controllers as well as the cost for supervising
the installation. For case study 1, the annual O&M cost was estimated to 10’500 CHF and for the case study 2 this
cost was estimated to 7’300 CHF, which correspond to about 1% of the initial investment value of the case studies
installations.
The breakdown of these costs for both case studies are given in Fig. 8. The O&M costs were compiled over the
life span of the solar system, considered to be 20 years. It appears that the cost breakdown is similar between the
different solar systems.

Fig. 8: Breakdown of the total cost of the solar thermal system for case studies 1 and 2

5.2 Cost of the solar heat
Energy cost has been evaluated using the methodology and the formula as defined in the IEA SHC Task 54
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(Louvet et al., 2017). This methodology helps to assess the price of the heat produced with ST systems by
determining the levelized cost of heat (LCoH) which is very comparable to the concept widely used to determine
the cost of energy in the electrical sector:

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

𝐶𝐶𝑡𝑡
(1+𝑟𝑟)𝑡𝑡
𝐸𝐸𝑡𝑡
∑𝑇𝑇
𝑡𝑡=1(1+𝑟𝑟)𝑡𝑡

𝐼𝐼0 −𝑆𝑆0 + ∑𝑇𝑇
𝑡𝑡=1

(eq.1)

No subsidies (S0) were considered for this study because no subsidy mechanisms for the implementation of solar
systems for industrial processes is available in Switzerland. The initial investment (I0) and the amount for yearly
O&M costs (Ct) are as presented in section 5.1 for each case study. The period of analysis (T) is equal to the
expected technical life span of the solar thermal system and is considered in this study to be 20 years. The discount
rate (r) considered is 3%.
The saved final energy (Et) considered correspond to the gas savings. The efficiency of the boiler is estimated to
be 90% for the calculation of the final energy savings. Therefore, the final energy savings for case study 1 and for
case study 2 are 686 MWh/year and 424 MWh/year, respectively.
The resulting LCoH for the solar thermal system in case study 1 is 117.9 CHF/MWh. This cost is almost twice as
high as the gas cost currently paid by the company, e.g. 60 CHF/MWh. This gas cost is a common value in the
pharmaceutical industry in Switzerland and therefore a target value to be achieved for the cost of heat produced
by solar systems.
For case study 2, the LCoH is 122.7 CHF/MWh. This heat cost remains too high compared to the cost of gas and
is slightly higher than that obtained in case of study 1, but this difference can easily be explained by the fact that
this system is smaller and therefore the cost of the system per square meter of solar collector is higher.

6. Conclusion
The study of the integration of solar thermal systems into production processes of two pharmaceutical companies
was investigated in order to highlight the important parameters to consider for optimising the use of solar energy
in this sector of the Swiss industry. The identification of the potential, as well as simple integration and regulation
schemes, have made possible to estimate if these systems are interesting for this industry from a technical and
also from an economic point of view.
As well as being an important sector of the Swiss economy, the pharmaceutical sector presents the largest
consumption of heat for processes. About 15% of the energy consumed by this sector could be met with
conventional solar thermal system such as flat-plate or evacuated tube collector. This theoretical potential
represents 2 million m² installed solar collectors that could easily cover the heat demand for process occurring at
low temperature (<130°C).
Drying processes are very common in the pharmaceutical industry and are among the largest consumers of energy.
The study of energy consumption in case study 1 showed that drying processes accounted for 97% of the energy
consumption in a production line involving fourteen processes for the production of a pharmaceutical product.
The two case studies showed that the energy requirements of these processes correspond fairly well to what a
solar thermal system can provide with regard to temperature levels and the continuous consumption profile. In
both cases, the most interesting integration concept for the solar system was identified as PL_E_IC, as defined by
IEA SHC Task 49. This simple integration concept allows to maximise the solar energy production and to cover
a good part of the energy consumption while complying with the operational constraints and the standards for
each case study.
The simulation results allow to observe the behavior of the solar thermal system in relation to the processes
consumption and to predict the gas savings that could be achieved. The solar plant sized for case study 1 produces
617 MWh/year with 1060 m² of solar collector (solar field gross surface) and 50 m³ of storage. This energy
production corresponds to 38% of the heat requirements for the selected processes, allowing gas savings
equivalent to 154 tCO2eq per year. For the solar thermal system in case study 2, the energy production reaches 382
MWh/year with a smaller system (684 m² of solar collector and 30 m³ of storage), representing a solar fraction of
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28% and gas savings equivalent to 95 tCO2eq per year.
The cost assessment show that the levelized cost of the solar heat (LCoH) reaches almost twice the price of the
gas, considered to be 60 CHF/MWh for the industry in Switzerland. However, the economic calculation of the
installation does not take into account any possible solar incentives or CO2 taxes for the gas consumption that
could result in costs reductions of the installation and improve profitability. In addition, the LCoH of the solar
system corresponds to that of the heat produced by the system over its entire lifetime, which means a fixed cost
for at least the next 20 years.
Despite the costs, the results obtained in this study showed that the integration of a solar system into
pharmaceutical industry processes is a technically viable solution. In addition to avoiding the production of steam
to supply heat to processes with temperatures below 100°C (energy efficiency), a solar thermal installation also
has the advantage of significantly reducing greenhouse gas emissions by substituting fossil fuels which contribute
the Swiss Energy Strategy 2050 objectives.
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Abstract

A case study for a proposed concentrating solar power (CSP) integration into an existing Californian brewery is
highlighted. Using the System Advisor Model (SAM), the modelled annual thermal yield from the 1 MWth solar
field (SF) was approximately 2,636 MWhth. The economics considered the viability of the project where different
variables such as the installed SF cost were changed to determine the effect on the Net Present Value (NPV) and
payback period. With a 15-year project life, changing the tax rate from 35% to 21% (which occurred in 2018),
flips the Base Case from economically viable with an NPV > 0 (i.e. +$9k), to economically unattractive, i.e. with
an NPV = -$7k. For the Base Case, without the Investment Tax Credit (ITC), and with a Federal tax rate of 21%,
the project’s NPV reached $0 (i.e., the project becomes viable), when the installed SF cost reached $146/m2. The
biggest influences on project viability measured by NPV were the project life, Federal tax rate, and the SF cost.
For viability, solar industrial process heat (SIPH) projects, need SF costs of $150 to $200/m2 in California.
CSP, solar IPH, SIPH, NPV, food processing, case study, System Advisor Model (SAM), thermal yield, LCOH

1. Growing Demand for Solar Heat for Industrial Processes
It has been found that 32% of total global energy is consumed by Industry. From that, 74% of the total energy
used by Industry is for industrial process heat (IPH) applications, and 90% of that energy provided comes from
fuels such as coal and natural gas (Philibert, 2017). For any significant impact to decrease fuel use and emissions,
renewably generated heat, for example through solar thermal, is paramount for industry. Globally the examples
of solar thermal to provide a heated fluid e.g. water, synthetic oil or even steam for industry are increasing rapidly
(Business Wire, 2017; Solar Payback, 2017). CSP and non-concentrating systems are proven solutions to provide
the temperatures and quantity of heat needed in SIPH (Kurup and Turchi, 2015a). As an example of the benefit of
SIHP, in December 2018 Artic Solar installed a non-concentrating SF and boiler integration into the Four Father’s
distillery in Jacksonville, Florida (Digital Journal, 2018), where it is expected the integration will save thousands
of dollars annually from the avoided costs of burning natural gas (Dixon, 2019). Key sectors deploying SIPH
solutions today are the food processing and brewery sectors (Muang, 2018). This paper aims to showcase defined
conditions where NPV > 0 (i.e. economic viability), challenges and the key aspects to consider.

2. Introduction
A detailed case study using the liquid-heat transfer fluid (HTF), process-heat trough module in the SAM has been
undertaken for a brewery exploring the potential of a 1 MWth SF. SAM 2017.9.5 was utilized (NREL, 2017a), and
concentrating parabolic troughs were modelled. Note, SAM 2018.11.11 was not used, as the process-heat module
code relative to 2017.9.5 has not changed. This SAM process-heat module has been validated against operational
data for SFs providing heat, both for liquid-HTF and direct steam generation (DSG) systems (Kurup et al., 2018).
The potential project (near Los Angeles, CA) was being pursued by the developer Heat2Hydro Inc. (New York,
NY), who shared confidential project sensitive information e.g. SF layout. The SF of approximately 1,800 m2 in
aperture area, was expected to use unpressurized water as the HTF. Project finance sensitivities to SF cost, natural
gas price, project life, Federal corporate tax rate, debt interest rate, and project incentives were explored. The Base
Case (i.e. Case 1) set the expected project life at 15-years and was undertaken without incentives. Case 2 and Case
3 included incentives. The analysis that follows is based on the hypothetical integration using the Rackam S20
parabolic troughs (Rackam, 2016) as proposed by Heat2Hydro, and incorporating a hot water tank of ~189k liters.
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The operational 100 kWth S20 demonstration loop setup by Heat2Hydro in 2017 in Surprise, Arizona provides
heat for sludge drying, a byproduct of municipal wastewater treatment (Rackam, 2017). This is shown in Figure
1a (left). The modelled SF and the ideal thermal storage (TS) water tank, then couples with the brewery process
heat exchanger (HE), and can be seen in Figure 1b (right). The heated water from the HE is sent to the brewery
for further heating if needed by the existing natural gas burner. The simplified modelling scenario allows the
generated heat to be directed to the HE or the TS to store and to deliver ~80°C water to the HE at all-times.

Figure 1. Heat2Hydro/Rackam test loop in Surprise, AZ (a). Credit Heat2Hydro; Modelled solar field and water tank (b).

Incentives were considered after the Base Case (Case 1). The ITC (Case 2) and the California solar-thermal
production-based incentive (PBI) of approximately $800k (Case 3) were applied separately. Despite these
incentives and, the favorable economics they suggest (e.g. receiving $800k in Case 3 within 2-years due to the
potential natural gas displaced), deployment of SIPH in California has been weak, and time is running out on these
incentives. The 30% ITC is expected to decrease in 2021, and the PBI to be closed from 2019.

3. Base Case Assumptions
A key parameter in the analysis is the current and future price of California Industrial Natural Gas, since gas
consumption costs will be displaced by the solar heat and system integration. The 2017 annual California
Industrial gas price used for the analysis was $7.12 per thousand cubic feet (Mcf), as set by the Energy Information
Administration (EIA), based on monthly data to produce an average (EIA, 2019a). As of July 2019, the California
2017 annual Industrial Natural Gas price has been back adjusted by the EIA to $7.05/Mcf (EIA, 2019a). This is
approximately a 1% natural gas price change relative to that used in this analysis, as such the Base Case and
analysis have used the earlier gas price of $7.12/Mcf. The exact gas pricing for the brewery was not disclosed,
and the California average has been used. Conversion from Mcf to million British Thermal Units (MMBTU)
yields $6.87/MMBTU (EIA, 2019b). From 2017 the gas price is assumed to increase with inflation at 2.5%/year.
The assumptions used for the Base Case are highlighted in Table 1, which includes several parameters for the
Solar Field, Project and System, Tax, Integration into the existing site, and the Financial variables. It is worth
noting that from 2018, the Federal corporate tax rate changed from 35% to 21% (Murray, 2018; WSJ, 2017). As
seen in Table 1, conservative estimates and assumptions have been used, which are representative and valid for
multiple sites in California that could utilize a similar solar integration. The weather file for the site outside of Los
Angeles has been created using the National Solar Radiation Data Base within SAM, and the brewery site has a
daily average direct normal irradiance (DNI) of 6.5 kWh/m2/day (NREL, 2019). For different sites, the SAM
simulation would need to be run again to consider the DNI variation. As seen in Table 1, in 2017 $150/m2 for the
installed SF cost was representative of commercial parabolic trough collector fields for CSP electricity generation
(NREL, 2017a). The Base Case assumes that a CSP SIPH project developer and technology provider can meet
$150/m2 for the installed solar field cost, which is an aggressive aspirational target for a small process-heat project.
To note, the $150/m2 of installed solar field cost does not include the subsidiary system integration costs.
Consistent with the Department of Energy (DOE) SunShot goals for economic solar without incentives, the Base
Case has assumed that the ITC and the California gas displacement incentive are set to zero. Any project in
California today would likely benefit from the ITC and the incentive. These two situations will be highlighted as
separate Cases, i.e. Case 2 and Case 3, respectively. The project life for the Base Case has been set to 15 years.
Discussions with Heat2Hydro have confirmed key details such as the hourly thermal load of the brewery (annual
load is 2,201 MWhth/yr) and a 15-yr proposed project life. For a 1 MWth solar field, a 1-yr build and integration
is expected. The fixed operation and maintenance (FOM) of $8/kW-yr is from SAM (NREL, 2017a), based on SF
maintenance for items such as mirror replacement. Heat2Hydro agreed with this for a well-installed system.
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Table 1. Main assumptions for the Base Case (Case 1) of the brewery case study.

Area/Section

Assumption
The SF design is 1 MWth
The Base Case assumes a $150/m2 for the installed SF cost and is not the real project cost.
This is taken from SAM 2017.9.15 (NREL, 2017a)

Solar Field

Rackam S20 trough with 1,800 m2 of net aperture area (Rackam, 2016)
FOM per year is $8/kW-yr, i.e. $8k/yr e.g. for mirror replacement (NREL, 2017a)
SAM was used to determine the hourly thermal yield, which when summed over 365 days
provides the annual yield of 2,636 MWhth. The DNI was ~6.5 kWh/m2/day (NREL, 2019)
1-year construction period. Generation starts in 2019
15-yr project life

Project and
System

0% Salvage value at end of life
10% Contingency on Direct Cost (DC)
25% Project Indirect cost

Tax Rates

Federal Income Tax Rate: 35% and 21% for 2017 and 2018 (Murray, 2018; WSJ, 2017)
California Income tax rate: 8.84% (DePersio, 2015)
Gas price increases with inflation at 2.5%/yr

Integration
into existing
site

CA Industrial Gas price for 2017 of $0.0234/kWhth ($6.87/MMBTU). The 2017 average was
derived from monthly data in 2017 (EIA, 2017a)
With an 85% efficiency, the existing natural gas burner provides 2,590 MWhth/yr of thermal
energy to meet the 2,201 MWhth/yr thermal load of the site.
The process HE from the SF to the site is assumed to have a 50% heat exchanger
effectiveness i.e. 50% of the maximum possible heat is transferred to the process water.
Inflation set to 2.5% (NREL, 2017b). $2017-dollar year, using USD
Real discount rate of 5.5%
The debt borrowed is 100% of the Total Installed Cost

Financial
Parameters

10-yr loan for the new solar field and project, with a 7% annual interest on the loan
Investment Tax Credit (ITC) = 0%
California Incentives = 0, i.e. no use of the California Solar Thermal-Incentive for natural gas
displacement in the Base Case (CPUC, 2017)
5-yr Modified Accelerated Cost Recovery System (MACRS) applied
100% of the Total Installed Cost is subject to Property Tax.

4. Results
4.1: Case 1 - Base Case with Sensitivities
It was found that with the interaction of the thermal yield from the solar field (e.g. 2,636 MWhth/yr), the heat
exchanger effectiveness and the natural gas burner to make up the remainder of the site load, the natural gas energy
consumed at the site is reduced from 2,590 MWhth/yr to 1,047 MWhth/yr. This is effectively a decrease in gas
consumption from the site by 60%/yr. The Base Case, nor the other cases, assume no degradation of the SF. The
Base Case (as well as the sensitivities in Case 1, Case 2 and Case 3), have used the SAM financial model within
SAM 2017.9.5, and the SAM parametric capability to run the sensitivities. The Excel financial model was
exported from SAM’s ‘Physical Parabolic Trough Commercial model’ and modified to suit this case study
(NREL, 2017a). Table 2 shows the estimated direct cost and total installed cost of the Base Case for the system.
Based on a target $150/m2 SF cost (not real SF cost), the estimated total installed project cost is ~$514k or $285/m2
for the system cost. A Project Indirect percentage of 25% has been used as this is one of the first projects for SIPH
in California. It is likely for early projects, there would be a lack of knowledge in the construction of such a site.
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It is important to highlight that in all the cases; the SF is a key variable to determine NPV equal to zero conditions.
Table 2. Overall solar field, integrated system capital expenditure (CAPEX) and installed project costs.

Integrated System

Size/Count

Unit
Cost

Unit

Solar field

1,800

150

$/m2

$270k

Tank

189,271 litres (50,000 gallons)

0.23

$/litre

$44k

Pumps

3

3,000

$/pump

$9k

Piping

200

49.48

$/m

$10k

Heat exchanger

1

1,000

-

$1k

Installation

-

-

-

$40k

Total ($)

$374k

Direct Cost (DC)
Contingency (on DC)

10%

$37k

Project Indirect (on DC and
Contingency)

25%

$103k
$514k

Total Potential Installed Cost

The sensitivities varied around the Base Case are shown in Table 3. It is worth highlighting that the sensitives are
variables that in most cases have some level of influence from the project developer, the site-user benefiting from
the solar integration, or areas where research can help to address, such as the development of very low-cost CSP
collectors specifically designed for solar IPH. Case 2 adds the ITC at varying levels to the Base Case (and the SF
sensitivity), and Case 3 adds the California natural gas displacement incentive (PBI) for two natural gas scenarios.
In Case 3, the natural gas price increases with inflation as in the Base Case, or the price of natural gas halves from
the Base Case. All sensitives, and Case 2 and Case 3 include the 35% and 21% tax rates. The sensitivity analyses
vary one main parameter, while keeping other inputs and parameters as the Base Case constant.
Table 3. Sensitivities varied from the Base Case, and details for Case 2 and Case 3.

Case

Case 1: Base
Case with
Sensitivities

Sensitivity

Further Details

Solar Field Installed Cost
varied from 100 – 300 $/m2

The installed solar field costs is varied from $100/m2 to
$300/m2, as in previous NREL work (Kurup and Turchi,
2015b).

CA Natural Gas Price
Projections

CA industrial gas price changes using Henry Hub spot
prices projections (EIA, 2017b), as the basis from 2018
to 2040, in 3 scenarios: (1) High, (2) Mid (which is very
similar to Base, but with slightly higher natural prices),
and (3) Low

Salvage value as a percentage
of the Total Installed Cost

The end of life Salvage Value (as a percentage of the
Total Installed Cost) varied from 0 – 30% in 10%
increments (e.g. 0% as in Base, 10%, 20%, and 30%).

Project life

Project Life varied from 10-30 years in 5-yr increments

Interest rate of loan

Interest rate set at 5%, 7% (Base), 10% and 12%.

Total system installed without
debt

Debt for the project set to 0% of the Total Installed Cost.

Case 2: Base
+ ITC

ITC added to base case and
varied. California incentive = 0

ITC varied from 0 – 30%, in 10% increments based on
schedule (DOE, 2017): 30% as the current level , 20% as
the transition (rather than 22% at the end of 12/31/2021
(DOE, 2017), and 10% as permanent low

Case 3: Base
+ CA incentive

California natural gas
displacement incentive added
for two scenarios. ITC = 0

CA Incentives added using the current gas prices with
inflation as in Base. CA Incentives added, and the gas
price drops to half the Base and continues with inflation.
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Effect of Solar Field Costs. A key area that research and industry can both help to decrease the Total Installed
Cost, is through the installed SF cost. Prior detailed analysis has found that SIPH collectors have installed solar
field costs of at least $200/m2, which is more expensive than heat produced via natural gas (Turchi et al., 2016).
Figure 2 shows the resulting impact on the levelized cost of heat (LCOH) of the Base Case project, where the
installed solar field cost varies from $100 to $300/m2 at both tax rates of 35% and 21%.
LCOH (real, ¢/kWh)

Solar Field Installed Costs and LCOH impact
3.00
2.00

1.36

1.00
0.00

1.07
$50

$100

Base, 1.72
Base, 1.35
$150

2.78

2.43

2.07

21% Tax rate
35% tax rate

1.90

1.62
$200

$250

Solar field installed cost

2.18

$300

$350

Linear (21%
Tax rate)
Linear (35%
tax rate)

($/m2)

Figure 2. Impact on LCOH by varying the solar field installed cost for the project, 35% (blue) and 21% (orange) tax rates.

The impacts of varying the solar field cost are shown in Table 4. As shown, at the 21% tax, the real LCOH varies
from 1.36 to 2.78 ¢/kWhth, ($3.99 to $8.12/MMBTU). This is only less than the cost of industrial natural gas in
CA (i.e. $6.87/MMBTU), at the lowest SF cost of $100/m2. Due to the low cost of the displaced natural gas and
slow payback, few projects recoup the total installed cost sufficiently in 15 years to have an NPV > 0. It is
important to note that the 21% Federal tax creates higher LCOHs as less of the capital cost can be amortized.
Table 4. Impact on the Total Installed Cost and NPV of a project as the installed solar field cost varies, with 35% and 21%
Federal income tax rates.

Solar field
installed
Cost ($/m2)

Total
Installed
Cost ($)

NPV
with
35%
tax

LCOH
real,
¢/kWhth

Payback
Period
(yrs)

NPV
with
21%
tax

Payback
Period
(yrs)

LCOH
real,
¢/kWhth

100

$390k

$74k

1.07

8

$76k

8

1.36

150 (Base)

$514k

$9k

1.35

10

-$7k

10

1.71

200

$638k

-$55k

1.62

12

-$90k

12

2.07

250

$762k

-$120k

1.90

15

-$174k

15

2.42

300

$885k

-$184k

2.18

> 15

-$257k

> 15

2.78

Effect of Natural Gas Price. Here the sensitivity is the price of California industrial natural gas, from 2018 going
out to at least 2034 (i.e., 15-yr project life), with operation starting in 2019. Using the 2017 Annual Energy Outlook
(EIA, 2017b), the Henry Hub spot price in $/MMBTU to 2040 is used as a basis for the three gas price projections
created for California industrial gas prices. The 10-yr average ratio of Henry Hub prices to California industrial
gas prices was 1.93. That is, average California industrial gas prices have been approximately 1.93 times greater
than Henry Hub spot prices for 2008 – 2017. The three California industrial natural gas price projections (High,
Mid and Low) use the three Henry Hub projections to 2040, all with the 1.93 multiplier to get a rough estimate of
what California industrial natural gas prices could be going into the future. This does not include possibilities
related to California’s increasing efforts to de-carbonize and tax fossil fuels. This analysis also has no carbon tax.
As can be expected, the natural gas price plays a significant role in the viability and potential of a solar IPH
project, where the value of the heat is derived from the displaced natural gas. The four scenarios (i.e. Low gas
price, Mid, Base, and High gas price), and the effect on the minimum solar field installed costs, where NPV = 0
are seen in Figure 3. When the Low gas price projection is used, at 35% Federal income tax, the solar field would
need to cost $115/m2 for NPV=0, and similarly, with 21% tax, the solar field would need to be approximately
$105/m2 for NPV=0. These are challenging installed solar field costs for solar IPH, albeit within the scope of the
DOE’s recent Solar Desalination and COLLECTS programs, and the respective goals (DOE EERE, 2018; DOE
SETO, 2016). For example in the Solar Desalination funding, through research, low-cost CSP collectors are
targeting $100/m2 as the installed SF cost for producing heat for a large desalination system (DOE EERE, 2017).
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In contrast, in the High gas price scenario, with 21% Federal income tax rates, a project could withstand installed
solar field costs of approximately $289/m2 and still achieve NPV = 0. With 35% Federal income tax applied, in
the High gas price scenario, the project could install SFs of $309/m2 and be viable.

Minimum solar field installed cost to achieve NPV = 0, and the impact on
LCOH

LCOH (real, c/kWhth)

3.00

Low gas price projection (with 35% tax)

$289, 2.70

2.50

$309, 2.23

$146, 1.69 (Base with 21% tax)

2.00

$165, 1.83
$105, 1.40

$178, 1.50
$158, 1.38
$115, 1.15

1.50
1.00
0.50
0.00

Minimum solar field installed costs ($/m2)
$0

$50

$100

$150

$200

$250

$300

$350

CA industrial price with inflation (Base)
- with 35% tax
CA industrial price mid-projection with 35% tax
CA industrial high gas price projection with 35% tax
Low gas price projection (with 21% tax)
CA industrial price with inflation (Base)
- with 21% tax
CA industrial price mid-projection with 21% tax
CA industrial high gas price projection with 21% tax

Figure 3. Minimum solar field installed costs to get NPV = 0, and the impact on LCOH, for 35% and 21% tax rates.

Current and future gas prices will heavily influence the viability and profitability of solar IPH projects. California
industrial gas prices are heavily location dependent (e.g., proximity to the natural gas networks), and natural gas
prices are a variable over which solar developers have little control. Figure 4 shows the impact on the NPV, when
the variables of installed solar field costs and the natural gas price projections are varied simultaneously, creating
a 3D contour plot for the 21% federal tax rate. The green areas in the figure highlight conditions where NPV is
positive and improves (i.e. darker green) with decreasing installed solar field costs. The orange band is where
NPV is transitioning to > 0. As seen in Figure 4, all gas price scenarios allow for some cases where NPV is > 0,
even in the Low industrial gas price scenario, but only with sufficiently low-cost solar fields. In contrast, when
the 35% federal tax rate is applied, only solar fields with installed costs of $100 to $115/m2 have NPV > 0.

NPV as a function of Gas price projection and solar field installed cost (at 21%
tax)

$300/m2

$300,000-$350,000
$250,000-$300,000

$250/m2

$200,000-$250,000
$150,000-$200,000

$200/m2

$100,000-$150,000
$50,000-$100,000
$0-$50,000

$150/m2

-$50,000-$0
-$100,000--$50,000

$100/m2

-$150,000--$100,000
-$200,000--$150,000
-$250,000--$200,000
-$300,000--$250,000
-$350,000--$300,000

Figure 4. 3D contour plot of resulting NPV, by varying the solar field costs and gas projection, with 21% tax applied.

Effect of Salvage Value. The salvage value is a residual end-of-life value, e.g. recycling steel parts in the solar
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Solar field isntalled
cost ($/m2)

field, which is recovered at the end of the project life. Figure 5 shows the impact on the Base Case of varying the
salvage value from 0 – 35% of the Total cost, at 35% and 21% tax rates. Salvage value has a relatively minor
impact on NPV due to the time-value of money. That is, the recovered system value after 15 years of operation
has a relatively minor influence on overall economics.
$200

Minimum SF costs for NPV = 0, as the Salvage value increases
$165

$158
$150
$100

$146
0%

$174

5%

$183

10%

15%

21% tax rate

$168

$160

$153

35% Tax rate

20%

25%

Salvage value as a percentage of Total cost

30%

35%

Linear (35%
Tax rate)
Linear (21%
tax rate)

Figure 5. Minimum solar field cost as the Salvage Value is increased from 0-30%, with 35% (blue dots) and 21% (orange
triangles) tax rates.

Effect of Project Life. Out of the variables analyzed, the project life had the most significant impact on the resulting
NPV, i.e. simple project viability. After payoff of the project loan, project net savings of natural gas can be
substantial. Figure 6 shows a contour plot of NPV when the installed solar field cost and project life are varied for
the Base Case. The orange band highlights conditions where NPV transitions to positive values; thereby defining
the border of economic viability for the assumptions. As seen, the increase in life of the project significantly
increases project NPV. Conversely, a project with a 10-yr financial life would require a much cheaper solar field
cost of less than $100/m2 for it to determined viable (i.e. positive NPV).

Project Duration

$250/m2
$200/m2
$150/m2

10
years

15
years

20
years

25
years

Installed Solar Field Cost

$300/m2

$100,000-$150,000
$50,000-$100,000
$0-$50,000
-$50,000-$0
-$100,000--$50,000
-$150,000--$100,000
-$200,000--$150,000
-$250,000--$200,000
-$300,000--$250,000
-$350,000--$300,000

$100/m2
30
years

Figure 6. 3D Contour plot of NPV for varying the installed solar field cost and project duration in years.

Solar field installed
cost ($/m2 )

Effect of Varying Interest Rates. In this sensitivity, the interest rate on the loan for the project is varied from 5%,
7% (Base Case), 10% and 12%. Figure 7 shows the impact of changing the annual interest rate (for the 10-yr loan,
with a project life of 15 years), on the resulting minimum solar field costs that produce NPV=0. As seen in Figure
7, as the interest rate of a project increases, the likelihood of profitability decreases, and the viability decreases,
as cheaper solar fields are needed that can reduce the Total Installed Cost.
Annual interest rate impact on the minimum solar field installed cost for NPV = 0
5%, $179

$180

10%, $130

5%, $166

$130
$80

7%, $158
7%, $146
10%, $120

4

6

8

10

Annual Interest Rate (%)

21% tax rate

12%, $115
12%, $106
12

35% tax rate

14

Linear (35% tax
rate)
Linear (21% tax
rate)

Figure 7. Varying interest rates from 5 - 12%, and the impact on minimum solar field costs for NPV = 0.
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Effect of Debt Fraction. This sensitivity is the removal of debt from the project, for example, where the end-user
has a 100% equity available and can finance the project immediately. Most commercial and industrial projects
(either photovoltaics or CSP), utilize a mix of debt and equity. The 0% debt sensitivity has been used as a way of
showing the maximum effect of equity, where in the Base Case 100% of the project cost was borrowed.
When the project is without debt (for both the 35% and 21% Federal tax rates), project viability decreases with
0% debt when compared to the Base Case of 100% debt. For example, at the 35% tax rate, the Base Case NPV
goes from $9k to -$82k, with and without debt respectively. That is, it is economically more difficult to deploy
solar IPH projects when fully equity financed. This impact is mainly due to the time value of money and the tax
benefits received by companies in having project debt, i.e. the CAPEX and debt interest can be written off.
Effect of Federal Tax rate. When the main goal of the case study is considered, i.e. defined conditions where NPV
> 0, it is found that the NPV is highly dependent on the federal tax rate. As highlighted in Table 1, federal tax law
changes effective in 2018 dropped the 35% corporate income rate to 21% (Murray, 2018; WSJ, 2017). The federal
tax rate applied is based on the income generated (DePersio, 2015), but for conservative estimates, 35% has been
used for the various cases in the case study. For example in SAM 2017.9.5, a 28% Federal Income tax is applied
as the default (NREL, 2017a). The federal income tax rate makes a significant difference to the NPV. The Base
Case uses a 15-yr project life and a 10-yr loan at 7% interest. As seen in Table 5, with a 35% Federal Corporate
Income tax rate, the same project is effectively economic, with a NPV of $9k, while under the 21% tax situation,
the project is uneconomic and has a negative NPV at the end of 15 years of -$7k.
Table 5. NPV for the Base Case, and solar field conditions to reach NPV = 0, for 35% and 21% Federal Tax rates.

NPV for Base Case

For NPV to = $0

35% Federal Tax

21% Federal Tax

$9k (10-yr Payback)

-$7k

Minimum SF cost
($/m2)

Total Installed
Cost ($)

Minimum SF
cost ($/m2)

Total Installed Cost
($)

$158/m2

$533k

$146/m2

$504k

The minimum solar field costs to drive NPV to zero is calculated in Table 5, with the other Base Case assumptions
unchanged. Required Total Installed Costs were $533k and $504k, with the 35% and 21% Federal tax rates
respectively, and Payback is approximately 10-yrs with the 35% Federal tax for the minimum solar field
conditions. As mentioned, the NPV was a key metric used for project viability. For the Base Case, without the
30% ITC and using a 2017 Federal corporate income tax rate of 35%, the project’s NPV reached $0 (i.e., the
project becomes viable), when the installed solar field cost reached $158/m2. With the 30% ITC and 35% tax rate,
the solar field installed cost is estimated at $324/m2 to get NPV = $0. In 2018, the Federal corporate income tax
was decreased to 21%. With a 15-year project life, the change in the tax rate from 35% to 21%, flips the Base
Case from NPV > 0 i.e. economically viable at +$9k, to unattractive where the NPV is < 0 at NPV = -$7k.
Similarly, instead of the $158/m2 for the solar field costs in the 35% tax scenario, in the 21% tax scenario, the
minimum installed solar field cost of $146/m2 is needed for the NPV = 0.
The influence of tax rate and project life touches on the metric that is often most important to industrial users,
namely payback period. Industrial users may require relatively short payback periods (e.g., less than 3-5 years),
regardless of overall project NPV due to uncertainties in future costs and market projections. Sensitivities to the
loan interest rate, salvage value, and 100% equity (i.e. no debt for the project) had lesser effect on the NPV.
4.2: Case 2 - Base and Investment Tax Credit (ITC) added
The ITC is an important Federal tax credit for CSP for Commercial and Industrial applications, and allows an
end-user that installs a new solar IPH field to benefit from up to a 30% tax credit (DOE, 2017). The credit amount
applied for solar IPH projects is dependent on the construction start date. With the current 30% ITC valid till
12/31/2019, solar IPH projects that begin construction before the end of 2019 can receive the maximum credit.
The ITC in the present schedule, transitions to 26% by the end of 2020, to 22% by the end of 2021, and finally
tails off to 10% from 2022 (DOE, 2017). Case 2 has utilized the Base Case with the solar field sensitivity, and
then added three ITC percentages of: 30% (current level); 20% (for the transition); and 10% for the tail off. The
Base Case used a 0% ITC to remove the beneficial effects of the tax credit, consistent with other DOE SunShot
goals. Figure 8 shows the impact of the ITC on the resulting minimum solar field costs to get NPV = 0.
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ITC % and minimum SF cost to achieve NPV = 0

$350

$324

$300
$246

$250
Base, 35% tax, $158

$200
$150
$100

$194
$174

Base, 21% tax, $146

0%

5%

$261

$211

10%

0% ITC - Base, 35% tax
10% ITC - Tailoff, 21% tax
30% ITC - Current, 35% tax

15%

20%

25%

ITC % applied to project
0% ITC - Base, 21% tax
20% ITC - Transition, 35% tax
30% ITC - Current, 21% tax

30%

35%

10% ITC - Tailoff, 35% tax
20% ITC - Transition, 21% tax

Figure 8. SF costs required to achieve NPV=0 as a function of ITC % applied, for 35% (blue line) and 21% (orange line) tax rates.

As expected, the most benefit for projects occurs with the 30% ITC. For example, with the 35% Federal tax, a
solar IPH project can sustain installed solar field costs of up to $324/m2 ($945k for the Total Installed Cost) and
still achieve NPV = 0. With the 21% tax rate, this drops to $261/m2 of installed solar cost ($789k for the Total
Installed Cost). In the transition period (e.g. at 20%) and the tail off (10%), the decreasing ITC requires that solar
field costs come down for solar IPH projects to be viable.
4.3: Case 3 – Base and Production Based Incentive (PBI) for California added
The California PBI for solar process heat has been extended by two years (California Legislative Information,
2017), and has potential to be very valuable, if projects can be identified and built in time. As of June 2017, the
incentive for industrial customers using solar thermal to displace natural gas, was $0.3443/kWhth (CPUC 2017).
The maximum benefit available to a newly installed solar IPH integration is $800k (CPUC, 2017), after
performance is proven. Discussions with Heat2Hydro also confirm that they expect the brewery to gain the $800k
incentive with the solar integration, up to two years after the initial build of the solar field, though their current
expectations are that year one would bring in ~$550k of the incentive value, and year two with the remainder of
~$250k. The estimates from SAM and the financial modelling, indicate that the incentive earned in years one and
two is about $750k and $50k, respectively. Nonetheless, it can be expected, based on estimated gas displacement
per annum due to the solar integration (i.e. a 60% gas decrease/year), the full PBI could be earned in two years.
The two incentive scenarios used for Case 3 are: (1) the current California industrial natural gas price increasing
with inflation; and (2) a low-gas price case of California industrial natural gas prices halving from the current
2017 price (from 2.34 ¢/kWhth to 1.17 ¢/kWhth) but also increasing with inflation over time. Table 6 shows the
impact of the incentive scenarios, compared to the Base Case with the solar field installed cost sensitivity. With
the PBI applied to projects where the installed solar field cost ranges from $100-300/m2, for both tax conditions,
the entire range of projects was found to have NPV > 0.
As in Table 6, even with a 50% decrease in gas prices, projects that benefit from the PBI have a positive NPV
even with installed SF costs in excess of $300/m2. Payback periods without the incentive are much longer than
industry-preferred levels (< 3-5 years), though this fast payback is achieved in most scenarios with the incentive.
Table 6. PBI scenario, and impacts on NPV and Payback Period, for 35% and 21% tax rates.

Incentive Scenario

Without Incentive
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Solar field installed
Cost ($/m2)

Total
Installed
Cost ($)

NPV
with
35%
tax

Payback
Period
(yrs)

NPV
with
21%
tax

Payback Period
(yrs)

100

$390k

$74k

8

$76k

8

150 (Base)

$514k

$9k

10

-$7k

10

200

$638k

-$55k

12

-$90k

12

250

$762k

-$120k

15

-$174k

15

300

$885k

-$184k

> 15

-$257k

> 15
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(1) Incentive
applied for 2 yrs (at
current gas prices
and inflation)

(2) Incentive
applied for 2 yrs
and 50% decrease
in gas price

100

$390k

$510k

1

$606k

1

150 (Base)

$514k

$446k

1

$523k

1

200

$638k

$381k

2

$440k

1

250

$762k

$316k

3

$357k

2

300

$885k

$252k

4

$274k

4

100

$390k

$348k

1

$409k

1

150 (Base)

$514k

$283k

1

$326k

1

200

$638k

$219k

2

$243k

1

250

$762k

$154k

4

$159k

3

300

$885k

$90k

6

$76k

6

5. Discussion
The importance of project life points to the need for research and demonstration of durable technologies for SIPH
applications that reduce CAPEX. Under the constraint of fast payback for industrial users (e.g. 3-5 years), reducing
materials and concentration ratios of the collector for lower upfront cost may be suitable. For example, Sunvapor
Inc., SkyFuel and Hyperlight Energy have been funded through the DOE to develop new low-cost SIPH collectors
as an important lever to reduce the overall LCOH in SIPH applications (DOE EERE, 2018; DOE SETO, 2016).
The potential to receive the $800k California PBI credit for a SIPH installation within two years of operation,
yielding a positive NPV even with relatively high solar field costs of $300/m2, seems to provide a strong incentive
to end-users wanting to install SIPH. Yet, currently no new solar IPH projects have been built in California, even
with the very lucrative California incentive in place, and potentially the use of the incentive in conjunction with
the 30% ITC. There are likely several reasons for this, including that the majority of solar IPH projects in
California present risk due to the relative newness of the technology and the technology providers. The
incumbency of low-cost natural gas remains a hurdle. Research from the Climate Policy Institute (CPI) indicates
that large heat users like cement manufacturers, require a payback period of less than three years before they will
invest in carbon abatement options, even if the project can be profitable in the longer term (Zuckerman et al.,
2014). This confirms what solar IPH developers are highlighting about the demand for quick (< 3 year) payback
periods. Solar IPH developers like Heat2Hydro and Sunvapor, have found it is still very difficult to get projects
closed and constructed, especially when gas prices the end-users are paying can be as low as $3.30/MMBTU
(about half the average California industrial gas price), dependent on the site location.
Part of this lack of new projects, is also related to the extension of Bill AB-797, which has extended the natural
gas incentive for only two years, and was signed in late 2017 (California Legislative Information, 2017). Solar
developers working in 2017 with end-users would have faced a situation where the original incentive could have
been withdrawn by the end of 2017, and as such would have dissuaded the end-users from committing to go ahead
with the project. The extension of Bill AB-797 will make 2019 the last year where this specific California natural
gas incentive is available. But for end-users to fully benefit from the incentive the project must be built by the end
of 2018, to have the requisite year of operations data to show metered decreases in natural gas consumption.
In discussions with Heat2Hydro, it is clear the Engineering, Procurement and Construction (EPC) costs in
California can be a significant issue that can derail a project due to high costs and risk adders, in many cases EPC
costs significantly more than in other solar IPH markets. While the installed solar field cost assumed for the Base
Case has been achieved for large CSP power projects, smaller IPH projects do not benefit from those economies
of scale, and newer technical and business models will be needed to allow solar IPH to proliferate. Another reason
for the high installed cost estimated by the EPC contractors could be the lack of experience with small IPH
projects. Both the EPC contractors and the end-users are unfamiliar with solar IPH integrations. End-users also
perceive solar IPH integrations as potentially risky as the operation of the site could be affected. This perception
will be difficult to shake until there are multiple operating solar IPH plants in the region and U.S.
As of July 2017, the current CO2 Cap-and-Trade scheme for California was extended from 2020 to 2030, via Bill
AB-398 (Nemec, 2017a). In March 2019, the average price of CO2 emissions/ton was approximately $15.10/ton
(CPI, 2019), but currently the ‘pain’ of an emissions penalty is still quite low for most industrial natural gas users.
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The carbon price/ton in California is not included in the analysis, to remove the potential beneficial effects and
showcase the situation without additional penalties or incentives. There is potential that by 2030, the cost per ton
of CO2 could reach $55/ton (Nemec, 2017b). This could force large industrial end-users to not only consider
alternatives like solar thermal, but rapidly increase their uptake to reduce the additional costs associated with CO2
penalties. The impact would need to be understood for small industrial sites like food processors and brewers. It
is likely that California going forward will continue to penalize CO2 emissions, which would raise the future costs
of natural gas usage and thereby promote conservation. CO2 penalties, along with technology cost decreases,
business model and market improvements, could rapidly increase the deployment of SIPH systems.

6. Conclusions
A case study of a potential 1 MWth CSP solar field integration into an existing brewery in California was
completed, where the annual solar field thermal yield was approximately 2,636 MWhth. It is expected that the
solar field integration would last a minimum of 15-years. With the base case 15-year project life, changing the tax
rate from 35% to 21% (which occurred in 2018), flips the Base Case from economically viable with an NPV > 0
(i.e. +$9k), to economically unattractive, with an NPV = -$7k. The pronounced influence of the federal tax is due
to the large upfront costs of solar IPH projects that lead to tax-deductible losses in the early years of the project
period. A higher tax rate produces larger deductions, and lower LCOHs. There are likely several reasons for a
lack of SIPH projects in California. SIPH projects present risks due to the relative infancy of the SIPH
technologies, EPC contractors and the technology providers. The incumbency of low-cost natural gas remains a
key hurdle. For instance, industrial gas prices can be as low as $3.30/MMBTU in some locations, even though the
2017 California Industrial Gas price average was $7.12/MMBTU (EIA, 2017a). The biggest influences on project
viability (measured by NPV) were the project life, federal tax rate, and the solar field installed cost.
It is important to highlight that from this study, the target for SIPH developers must continue to reduce the installed
solar field and total system costs within the U.S. through various mechanisms such as learning through doing and
low-cost collectors. These mechanisms are also very important for SIPH projects globally. Even for small scale
SIPH projects, solar field installed costs need to reach at least $150 to $200/m2 within the U.S, which this case
study highlighted is currently not the case. The total installed cost of the system integration can be nearly double
the solar field installed cost e.g. due to EPC costs. Lower overall system costs are needed to compete with the low
incumbent natural gas prices in California at least. For other U.S. with higher natural gas prices, e.g. in Hawaii
where in 2017 the annual industrial natural gas price was $19.92/Mcf (EIA, 2019a), higher installed solar field
and system integration costs are acceptable for SIPH projects to still be viable i.e. via NPV and payback.
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Abstract
This study assesses the feasibility of using Solar Heating for Industrial Processes (SHIP) in the Brazilian dairy
industry, for both preheating and steam generation. Simulations were carried out in TRNSYS for three SHIP
integration concepts to a representative dairy plant at several Brazilian locations. The Levelized Cost of Heat (LCOH)
for each concept was calculated and compared to the levelized cost of the system operating only with natural gas.
Furthermore, a sensitivity analysis was performed to assess the influence of the discount rate and fuel prices in the
profitability of SHIP systems, allowing to calculate how much the costs of SHIP systems must be reduced for solar
process heat to be profitable. The results of this analysis may be useful for the development of policies to further the
use of renewable energy in the Brazilian dairy industry.
Keywords: SHIP, dairy industry, TRNSYS, LCOH

1. Introduction
Solar Heating for Industrial Processes (SHIP) has been widely used in applications in the food industry worldwide,
since the processes involved require thermal power at low and medium temperatures. In fact, recent studies present
the Brazilian food and beverages industry as one of the most promising industries for SHIP in the country (Solar
Payback,2018), due to its high heat demand and significant impact in the national GDP.
Despite the potential for its usage, SHIP systems have not yet spread into the Brazilian industry. Some of the main
reasons preventing the usage of SHIP solutions are the high cost of solar equipment and unfavorable financing
conditions, which make it difficult for such systems to be profitable. Investment costs for SHIP systems still need to
decrease so that solar process heat can be a viable alternative to the Brazilian industry.
The Brazilian dairy industry has been selected as a case study to assess the required conditions for SHIP to be
economically viable. The dairy industry has the second largest revenue in the Brazilian food and beverages sector
(ABIA, 2018) and its heat demand is relatively more stable along the year when compared to other food industries
(Goswami et al. 2000).
The magnitude of the cost reduction required for SHIP to be viable depends on the SHIP system performance. That
means that SHIP profitability is heavily dependent on the site selected to install solar process heat, the type of
collector used and the way that solar collectors are integrated to the industrial process. Other critical factors in SHIP
profitability are the discount rate considered and the cost of the conventional fuel that is going to be substituted by
solar heat. Assessing the influence of all these listed factors can help policy makers and investors to understand the
conditions needed for further usage of solar thermal energy in the Brazilian dairy industry.

2. Methodology
2.1. Heat demand
To evaluate the use of SHIP in the dairy industry, it is first necessary to estimate an industrial process heat demand
that is representative of the dairy sector. For that purpose, the pre-heating and evaporation of condensate was
considered. This process consists of a boiler operating at 900 kPa which supplies saturated process steam to a dairy
plant. The process condensate returns at a temperature of 45ºC. These pressure and temperature values were chosen
based on information presented by Bylund (1995) and in surveys and case studies found in the literature (Appsol,
2014; Mane, 2013; Quijera et al., 2011; Silva, 2014).
Based on the heat energy demand for each dairy product (Appsol, 2014), and on the total yearly amounts of several
dairy products produced by the Brazilian industry (FAS-USDA, 2018), a weighted average was calculated to estimate
the thermal power required by an average Brazilian dairy plant. By knowing the required thermal power and the
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boiler operating conditions, a steam flow was calculated.
2.2. Selected locations
The next step was to simulate SHIP systems to supply the thermal energy required by the average dairy plant from
section 2.1. To assess the impact of the location of SHIP systems on its performance and cost, five Brazilian locations
were selected. The cities of Juiz de Fora, Goiânia, São Miguel do Oeste and Porto Velho were selected since they
are in parts of the country with a high concentration of dairy processing industries. The city of Bom Jesus da Lapa
was also selected, due to its high solar irradiation along the year. Typical Meteorological Years (TMYs) were
generated for these locations using global irradiance measurements from the National Institute of Meteorology
(INMET,2019) together with a separation model previously developed to estimate hourly diffuse and beam irradiance
from global irradiance measurements in Brazil (Lemos et al., 2017; Machado et al., 2019).

Fig. 1: Yearly average global horizontal irradiation map in Brazil, with the locations selected for this study marked as follows: 1. Bom
Jesus da Lapa, 2. Goiânia, 3. Juiz de Fora, 4. Porto Velho and 5. São Miguel do Oeste. Source: adapted from World Bank Group
(2019).

2.3. Simulated systems description
Three different solar process heat systems were simulated: two for pre-heating of condensate and one for steam
generation. The pre-heating systems are schematically shown in Figs. 2a and 2b, where condensate water is heated
by the solar field and then directed to the boiler for evaporation. In the third system, illustrated in Fig. 2c, the solar
field operates in parallel with the industrial boiler to generate steam. The efficiency of the boiler was assumed to be
78%.
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Fig. 2: Systems with FPC or ETC without storage (a), with storage (b) and (c) for process steam generation with PTC.

The first system is composed of either a flat-plate (FPC) or evacuated-tube (ETC) solar collector operating with
compressed water, a pump (P) and a heat exchanger (HX). The heat exchanger operates with balanced mass flows,
in other words, the water mass flow rate in the solar field is equal to the condensate mass flow rate from the demand.
The design logarithmic mean temperature difference at the HX was set to 5 K. To size the system components, the
maximum solar irradiance at the analyzed location TMY was used. Thus, by specifying the collector area, the
operating temperatures and heat exchanger UA can be calculated, since the design solar irradiance and the cold and
hot design mass flow rates are known. More solar collector area results in higher temperatures of the preheated
condensate at the HX outlet, since the mass flow in the solar field is matched with the condensate flow in the HX.
The solar collectors selected were the Enertech Enersol HP 70-24 evacuated tube collector and the Arcon
HTHEATboost 35/10 flat plate collector (Solar Keymark, 2019). The evacuated tube collectors were simulated in
TRNSYS using Type 71, and the flat plate collector was simulated using Type 539 from the TESS library
(TESS,2014). The heat exchanger and single-speed pumps were simulated using Types 5b and 3b, respectively. An
instance of Type 92 (auxiliary cooling unit) was added at the collector field outlet, in order to simulate a heat removal
system in case the field outlet temperature happens to be larger than the maximum allowed collector temperature
during simulation. This Type acts as a mathematical equivalent of an overheating prevention system in the solar
field. A Type 2b differential controller activates the single-speed field pump based on the temperature difference
between the solar field outlet and the demand condensate return temperature.
The second system is similar to the first one, with the addition of a storage tank (ST) and a tank recirculation pump
(TP). The storage volume is proportional to the solar field area by a ratio of 0.05 m³/m². The mass flow rate in each
row of the collector field is equal to the test flow rate of one collector, while the mass flow rates in both sides of the
HX are matched. The design collector outlet temperature is calculated by assuming the peak solar irradiance value
from the location TMY. The heat exchanger is sized by assuming that the hot water from the storage enters the HX
at the calculated design collector outlet temperature, and that the log mean temperature difference in the HX is 5 K.
The TRNSYS simulation was executed using the same Types as in the simulation of the system from Fig. 2a, with
the addition of Type 534 to simulate the thermal storage tank. The pump that drives the flow between the tank and
the heat exchanger is activated by a differential controller that compares the temperature difference between the tank
hot outlet and the demand condensate return temperature.
The third system is equipped with a parabolic trough collector (PTC) with Therminol VP-1 as heat transfer fluid and
a steam generator (SG) operating in parallel with the conventional boiler that supplies the steam demand. The PTC
collector selected was the NEP PolyTrough 1800 (SPF, 2019), which was simulated in TRNSYS by Type 536. As
in the previous simulated systems, an instance of Type 92 was used as a mathematical equivalent of an overheating
prevention system, in the PTC case the defocusing of collectors. The steam generator was simulated by Type 637a
from the TESS library.
2.4. LCOH calculations
The Levelized Cost of Heat (LCOH, in €/MWh) of the heat substituted by solar thermal energy was chosen as a
figure of merit to compare the different solar designs and technologies at different locations. Its evaluation was based
on IEA-SHC Task 54 (Louvet et al, 2017). A parametric analysis was performed with the simulations described in
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section 2.3, to obtain the effect of collector field area on the LCOH, and to find the optimal field size that delivers
the lowest heat cost. The initial investment cost of the system is the sum of the solar field, heat exchanger and storage
costs.
The specific initial investment costs for the solar field include the cost of the solar panels, pipes and pumps. The
assumed specific cost of the FPC was 315 €/m² (Solar Payback, 2018). For ETC, a price of 475 €/m² was considered,
based on a difference in price between ETC and FPC technology (Sokhansefat et al, 2017). An area-dependent
equation presented by Tian (2017) was used to calculate the specific cost of the PTC. Plate heat exchanger areadependent cost equations were obtained from Rahimi and Chua (2017), whereas cost equations for steam generation
components were taken from Cortés et al. (2017), Ulrich and Vasudevan (2004). All heat exchanger costs were
adjusted by the Chemical Engineering Plant Cost Index (CEPCI). The cost of storage tanks was estimated from IEASHC Task 52 (Mauthner and Herkel, 2016). The cost equations used in this work are summarized in Table 1, along
with the CEPCI indexes considered.
Tab. 1: Cost equations and CEPCI for SHIP equipment

Cost equation (€)
Flat plate collector

𝐶 = 315𝐴

Evacuated tube
collector

𝐶 = 475𝐴

Parabolic trough
collector

𝐶 = (1865𝐴−0.17 )𝐴

Plate HX

€
𝐶𝐸𝑃𝐶𝐼2017
(
) ∗ 2 ∗ 1281 ∗ (𝐴0.4887 ) (
),
𝑈𝑆𝐷
𝐶𝐸𝑃𝐶𝐼2002
𝐶=
€
𝐶𝐸𝑃𝐶𝐼2017
(
) ∗ 2 ∗ 702 ∗ (𝐴0.6907 ) (
),
{ 𝑈𝑆𝐷
𝐶𝐸𝑃𝐶𝐼2002

𝑖𝑓 𝐴 ≤ 18.6 𝑚2
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

𝑃𝐸𝐶2004 = exp{−0.0062log(𝐴)4 + 0.0472log(𝐴)3 − 0.0328log(𝐴)2
+ 0.3631log(𝐴) + 3.2021}
Preheater /
Superheater

𝐹𝑝 = 0.0444𝑙𝑜𝑔(𝑃)2 + 0.1078𝑙𝑜𝑔(𝑃) + 0.8534
𝛼
𝐹𝐵𝑀
= 1.3125(𝐹𝑝 𝐹𝑀 ) + 1.6875

𝐹𝑀 = 3
𝐶= (

€
𝐶𝐸𝑃𝐶𝐼2017
) 𝐹 𝛼 𝑃𝐸𝐶2004
𝑈𝑆𝐷 𝐵𝑀
𝐶𝐸𝑃𝐶𝐼2004

𝑃𝐸𝐶2004 = exp{0.8674log(𝐴) + 2.8154}
𝐹𝑝 = 0.1433log(𝑃)3 − 0.6387log(𝑃)2 + 1.2141log(𝑃) + 0.2795
Evaporator

𝛼
𝐹𝐵𝑀
= 6.2

€
𝐶𝐸𝑃𝐶𝐼2017
𝐶= (
) 𝐹 𝛼 𝐹 𝑃𝐸𝐶2004
𝑈𝑆𝐷 𝐵𝑀 𝑝
𝐶𝐸𝑃𝐶𝐼2004
Storage tank

𝐶 = (403.5(𝑉 −0.4676 ) + 750) 𝑉
𝐶𝐸𝑃𝐶𝐼2017 = 567.5

CEPCI

𝐶𝐸𝑃𝐶𝐼2004 = 444.2
𝐶𝐸𝑃𝐶𝐼2002 = 395.6

In Table 1, 𝐴 is the area of the solar field or the HX area, in m², 𝑃 is the HX operating pressure in barg and 𝑉 is the
tank volume in m³. The ratio €/USD is the conversion factor from US dollars to euros, herein considered equal do
0.88. In order to determine heat exchanger areas, heat transfer coefficients were taken from the VDI Heat Atlas (VDIGesellschaft, 2010), and were equal to 775 W/m²K for the plate HX, 675 W/m²K for the preheater and 1150 W/m²K
for the evaporator.
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Subsidies and incentives to use the solar technology were considered equal to zero. Operation and maintenance costs
per year were held constant at 1% of the initial investment. The asset depreciation was considered equal to 10% of
initial investment in the first ten years and afterwards equal to zero. The corporate tax rate used was 34%. The residual
value was considered zero, and the weighted average cost of capital (WACC) was used as discount rate, as suggested
in the guideline by Louvet et al. (2017). An average WACC disregarding inflation equal to 9.43% to renewable
energy projects in Brazil was used based on Rocha et al. (2012) in a study of the Brazilian Institute for Applied
Economic Research. The period of analysis was 20 years and the generated energy in each year of operation was
considered constant throughout the years.
The LCOH of the simulated systems was compared with the levelized cost if all the process heat was supplied by the
boiler using natural gas. The purchase and maintenance costs of the boiler were not considered, as it is assumed that
the SHIP system is installed to substitute natural gas in a previously installed system. The price assumed for natural
gas was 39 €/MWh (Solar Payback, 2018). It is worth mentioning that the LCOH of a heating system using only
natural gas is slightly higher than the market price of gas, due to boiler inefficiency. So, the LCOH of natural gas
assuming a 78% boiler efficiency is 50 €/MWh. The economic parameters assumed in this work are summarized in
Table 2.
Tab. 2: Economic assumptions

Parameter
Subsidies

0

Operation and maintenance

1% of initial investment cost (in €)

Depreciation

10% in the first ten years

Corporate tax

34 %

Residual value

0

Discount rate

9.43%

Period of analysis

20 years

Reference cost of fuel

39 €/MWh

3. Results
In Fig. 3 the LCOH of different systems are shown as a function of collector area and compared with the levelized
cost of natural gas. Almost none of the systems whose simulation results are shown in Fig. 3 have presented a lower
LCOH than that of natural gas, demonstrating that high SHIP costs relatively to conventional fuels present a
challenge to SHIP applications in Brazil. The only exception was the system from Fig. 2a in Bom Jesus da Lapa,
which has the highest yearly irradiation among the selected locations, thus resulting in the smaller LCOH among the
selected locations.

Fig. 3: LCOH for different simulated systems as a function of collector area. From left to right: system from Fig. 2a using FPC
collectors, system from Fig. 2b using ETC collectors, system from Fig. 2c with PTC collectors
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São Miguel do Oeste was the worst location for FPC and ETC systems, while Porto Velho has one of the highest
LCOH for the PTC system. Even tough Porto Velho has a slightly higher yearly global irradiation than São Miguel
do Oeste, the latter has clearer days while cloudy days are more common in the former. Thus, concentrating systems
perform better in São Miguel do Oeste than in Porto Velho.
For a comparison of the profitability of each simulated SHIP system, the influence of discount rate and conventional
fuel costs on the payback time of each system is shown in Figs. 4, 5 and 6, for São Miguel do Oeste, Porto Velho
and Bom Jesus da Lapa, respectively. In each of these figures, constant payback time curves are plotted for each pair
of system integration and collector types. The field areas used to generate these curves were the optimal field areas
obtained from Fig. 3. The curves show not only how the site selection for the SHIP system influences the cost of
delivered heat, but also show which type of system integration is more profitable at each location.
The curves in Figs. 4, 5 and 6 show how much the solar field cost must be reduced for the system to pay itself, at a
given discount rate or a given fuel cost. For instance, in Fig. 4 the blue curve more to the right shows the combination
of discount rate and initial investment costs required to obtain a payback time of 5 years for the system shown in
Fig.2c operating with PTC collectors. So, in São Miguel do Oeste, if the discount rate is equal to 3 % instead of
9.43%, the initial investment costs must be reduced to 32% of its current value, so that the PTC system can have a
payback time of 5 years. For this curve the cost of fuel is maintained constant at 39 €/MWh. Similarly, the orange
curves show the influence of fuel and initial investment costs for a constant payback time and fixed discount rate.
So, at a discount rate of 9.43%, if conventional fuel prices were up to 74 €/MWh, the initial investment cost of the
PTC system would still have to be 51% of its current value in order to achieve a payback time of 5 years. With the
fuel price equal to the current price of natural gas and with a discount rate equal to the calculated WACC, a payback
of 5 years can be achieved for the PTC system if the cost of initial investment is reduced to around 26% of its current
value. For a payback of 2 years, the initial cost must be as low as 11% of its current value. Even greater cost reductions
are required for the FPC and ETC systems to achieve payback times of 2 years in São Miguel do Oeste, as evidenced
by the other orange curves more to the left.

Fig. 4: Constant payback time curves for each simulated system in São Miguel do Oeste, as a function of the reduction in initial
investment cost. Curves in blue show the relationship between the discount rate and initial investment for fixed payback times.
Orange curves show the relation between conventional fuel cost and initial investment for fixed payback times.

577

L.F.L. Lemos et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 5: Constant payback time curves for each simulated system in Porto Velho, as a function of the reduction in initial investment
cost. Curves in blue show the relationship between the discount rate and initial investment for fixed payback times. Orange curves
show the relation between conventional fuel cost and initial investment for fixed payback times.

Thus, in São Miguel do Oeste, the PTC system requires smaller investment cost reductions at fixed discount rate and
fuel costs, when compared to fixed collector systems. For Porto Velho (Fig. 5) the opposite is true, with larger
investment cost reductions being necessary for PTC to reach payback than for FPC and ETC systems. Even so,
significant cost reductions are necessary, usually higher than 50% in most of the scenarios summarized in Fig. 5.
Even in the location with the highest yearly total irradiation, Bom Jesus da Lapa (Fig. 6), the required reduction in
investment costs is considerable. For instance, if the initial investment costs were around 41% of its current value, a
5 year payback time for the PTC system shown in Fig. 2c could be achieved if the discount rate was around 6% or if
the fuel price is around 42 €/MWh. At the current price of natural gas and the calculated WACC as discount rate, a
payback of 5 years can be achieved if the cost of the initial investment is reduced to around 37% of its current value.
For a payback of 2 years, the field cost must be as low as 16% of its current value.
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Fig. 6: Constant payback time curves for each simulated system in Bom Jesus da Lapa, as a function of the reduction in initial
investment cost. Curves in blue show the relationship between the discount rate and initial investment for fixed payback times.
Orange curves show the relation between conventional fuel cost and initial investment for fixed payback times.

While the results in these figures can help to compare how different SHIP integration schemes require different
capital cost reductions, they offer little information on the actual payback time achieved by these systems. For
instance, the results in Fig. 6 show that in Bom Jesus da Lapa fixed collector systems without storage require smaller
investment cost reductions than PTC systems. However, actual fuel costs in Bom Jesus da Lapa may differ from the
considered average value of 39 €/MWh, and discount rates may differ from the national WACC of 9,43% due to
state and federal policies for the region. Furthermore, both fuel costs and discount rates may vary over time because
of market changes and government policies. The curves in Fig. 6 are not able to show the required SHIP cost
reduction if both the discount rate and the fuel cost are different from the reference values used. It is also worth
mentioning that the SHIP system costs considered in this work come mostly from European references, so actual
costs in Brazil may be different.
Therefore, the combined influence of fuel costs and discount rate must be considered so that required cost reductions
and payback times can be calculated for each simulated SHIP system.
3.1. Sensitivity analysis
The final step on the study was to assess how much initial investment costs must be reduced for the SHIP system to
reach a given payback time, if both the discount rate and fuel costs vary. The optimal field areas obtained in the Fig.
3 were used to calculate the payback time of the simulated systems, under several discount rate values other than
9,43%, several fuel costs other than 39 €/MWh, and several fractions of the initial investment cost.
So, for instance, the simulation results from the PTC system in Fig. 2c with optimal field area were used to calculate
the system payback time under discount rates varying from 0 to 15%, fuel costs varying from 10 to 100 €/MWh, and
initial investment costs varying from 1 to 100% of the cost considered in Table 1.
Fig. 7 shows the relation between discount rate (d) and fraction of initial investment cost (fI0) along curves of
constant payback times. Each plot in Fig. 7 was generated considering a fixed fuel cost (FC) in €/MWh, for the PTC
system of Fig. 2c operating in Bom Jesus da Lapa. Similar results are shown in Figs. 8 and 9, for São Miguel do
Oeste and Porto Velho, respectively.

Fig. 7: Constant payback time curves for fixed fuel costs, for varying discount rate and initial investment cost fraction. Results for
the PTC collector system in Fig. 2c, operating in Bom Jesus da Lapa.

Fig. 8: Constant payback time curves for fixed fuel costs, for varying discount rate and initial investment cost fraction. Results for
the PTC collector system in Fig. 2c, operating in São Miguel do Oeste.
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Fig. 9: Constant payback time curves for fixed fuel costs, for varying discount rate and initial investment cost fraction. Results for
the PTC collector system in Fig. 2c, operating in Porto Velho.

These results show how a decrease in discount rate diminishes the required cost reduction in SHIP and, more
importantly, the significant effect of fuel cost on the system profitability. In all three cases, if the fuel cost is slightly
lower than the average national cost, 30 €/MWh instead of 39 €/MWh, investment costs must be reduced to 40% or
less of its initial value if the PTC system is to reach payback times of up to 5 years, depending on the discount rate.
When fuel costs are 50 €/MWh, costs must be reduced to 60% or less in Bom Jesus da Lapa, and 35% or less in Porto
Velho.
This highlights another very important barrier for the usage of SHIP in the Brazilian industry: the availability of
cheap biomass fuel in the country, especially firewood. Costs for firewood in Brazil vary along the country but can
be as low as 10 €/MWh (Solar Payback, 2018), a price against which solar process heat cannot compete. However,
even though most of the firewood in Brazil comes from legitimate sources, a significant share (around 25% according
to the Solar Payback report) still comes from illegal deforestation. In regions where illegal firewood is still used,
solar process heat may prove valuable.
The results for fixed collectors in Figs. 10 to 13 are similar to those obtained for PTC collectors. For a fuel price of
30 €/MWh, costs in Bom Jesus da Lapa must be reduced to as low as 35% in order to achieve payback times of up
to 5 years. For São Miguel do Oeste, the costs must be reduced to as low as 20%. This shows that even fixed collector
systems, that are cheaper when compared to PTC systems, have difficulty to compete with low fuel prices.

Fig. 10: Constant payback time curves for fixed fuel costs, for varying discount rate and initial investment cost fraction. Results for
the FPC collector system in Fig. 2a, operating in Bom Jesus da Lapa.

Fig. 11: Constant payback time curves for fixed fuel costs, for varying discount rate and initial investment cost fraction. Results for
the FPC collector system in Fig. 2a, operating in São Miguel do Oeste.
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Fig. 12: Constant payback time curves for fixed fuel costs, for varying discount rate and initial investment cost fraction. Results for
the ETC collector system in Fig. 2b, operating in Bom Jesus da Lapa.

Fig. 13: Constant payback time curves for fixed fuel costs, for varying discount rate and initial investment cost fraction. Results for
the ETC collector system in Fig. 2b, operating in São Miguel do Oeste.

4. Conclusions
The main result from this preliminary study is that the profitability of SHIP systems in Brazil is strongly dependent
on the location where solar process heat is to be installed. In locations where cheap biomass fuel is available, the use
of SHIP is currently not viable. In other regions of the country where biomass is not easily available, the cost of
natural gas or other fuel sources will determine whether SHIP systems can be profitable, depending on future cost
reductions of solar system components and on incentives such as subsidization and special financing. A more
detailed, nation-wide study is required to better identify the regions of the country where solar process heat can
compete with other fuels. Also, a more detailed breakdown of SHIP costs in Brazil can help to identify potential cost
reduction strategies. These and other studies will provide further information for policymakers and investors
interested in renewable energy in Brazil.
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Miraah, a 1000MWt solar thermal energy facility at the Amal oilfield in southern Oman, was announced in 2015.
The project is located 800km from Muscat, with seasonal daily peak windspeeds above 12 m s-1 (43 km h-1) and
temperatures above 40°C for much of the year. GlassPoint’s enclosed trough solar steam generators deliver steam
at lower cost than fuel-fired steam due to reductions in capital cost, land use, and operations costs. Fully automatic
system operation eliminates the need for specialist operators, and fully automatic washing with water recovery
eliminates one of the largest costs in operating solar facilities in dusty desert environments. The first 110MWt
phase of the Miraah project has been operating since late 2017. Solar steam is replacing a portion of the gas-fired
steam required at the field. Conditions experienced during the operations period have included high average
windspeeds, multiple sandstorms, and a direct hit by the most powerful cyclone ever recorded in the region. The
system has consistently exceeded contract specifications for energy production and availability. This operating
experience has validated the technology at large scale.
Keywords: solar thermal, concentrated solar power, CSP, industrial heat, enclosed trough, steam generation,
parabolic trough, enhanced oil recovery, process heat, automatic washing, line focus, Oman

1. Introduction
According to the IEA, energy used by industry is the largest sector of world energy use, and 74% of that energy
is in the form of heat, not electricity (IEA 2018). More than half of this need, over 40 EJ, is at temperatures
available from current solar thermal technologies. Decarbonizing the industrial sector is critically needed as to
achieve overall world emissions targets. The same study reports that the 110MWt project described in this paper
is larger than all other industrial solar thermal energy facilities worldwide combined.
A new type of high-temperature solar collector, “enclosed trough”, was introduced in 2011. The goal for the
technology was to supply energy (steam) used in industrial processes at a lower cost of energy than fossil fuels.
Many challenges to this goal associated with existing technologies were identified, including land usage (land is
limited near industrial facilities), environmental conditions (sites are determined by industrial logistics or mineral
resources, not cleanliness or sunshine), and cost (capital cost and operating cost). The enclosed trough architecture
delivered a new lightweight parabolic trough solar collector with a fixed receiver, contained and shielded from
the environment within an agricultural greenhouse which incorporated well-proven automatic agricultural
cleaning systems. These elements allowed the deployment of direct high-pressure solar steam generation from
oilfield water, making solar steam a “drop-in” technology for oilfield facilities.
Previous work has reported on experience and progress in building and cost-reducing enclosed trough solar
systems (Bierman et al. 2017). The remote project site and the intrinsic potential hazards of working at oilfield
locations made labor hour minimization a key objective. The reported results showed the importance of system
design and construction processes in achieving this goal. GlassPoint’s enclosed trough systems are built using a
modular design which organizes large solar fields into identical independent units, and an “assembly-line”
organization of construction steps and processes.
The basic architecture of the enclosed trough system is simple. A standard agricultural greenhouse is used to
provide an airtight enclosure that keeps the mirrors clean. An external air handler pressurizes the interior with
clean air that has been dehumidified to prevent condensation. The greenhouse not only provides protection, but
provides all required structural support for the mirror and receivers within. As the mirrors are not exposed to
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wind or dust, they can be of lightweight construction. A honeycomb aluminum composite is used to reduce the
full installed weight of all solar equipment to 3 kg per m2 of collector. The greenhouse also facilitates cleaning
of the only surface exposed to the
environment.
Automated roof washing
equipment is readily available and is capable
of cleaning the entire roof overnight, ensuring
the plant starts each day at peak energy
collection efficiency. The receiver is fixed,
with the mirrors pivoting around it. As a
result, there is no need for costly and leakprone ball joints. The customer’s process
fluid, typically non-potable water with Total
Dissolved Solids between 8000 and 15,000
ppm is directly heated in the receivers by the
parabolic troughs to temperatures as high as
342 degrees C and 140 bar. As low-quality Figure 1. Enclosed Trough architecture
feed water may result in scaling, the entire collector is configured for periodic hydraulic pigging to remove scale.
Figure 2 is a satellite image of the Miraah project during construction. Phase 1 began commissioning in September
of 2017, and commercial operation in 2018, while Phase 2A began operation in 2019, and Phase 2B is expected
to be brought online, depending on steam demand at the adjacent field in late 2019 or early 2020.

Figure 2. Miraah construction satellite photo

Solar steam generation has now been in operation for more than five years at the field, and the 110MWt installation
described here has been in operation since 2017. We review here the successful operations experience.

2. Project Success Criteria
A number of objectives were established for the Miraah project. The overarching goal was to prove the suitability
of the enclosed trough technology for Industrial Process Heat applications. Success criteria were as follows.
First, cost of energy needed to be competitive with fossil fueled alternatives. The energy delivered by the plant
reduces demand for steam generated using natural gas fired boilers. Levelized cost of energy for the completed
plant could not exceed the costs of operating these boilers using natural gas at US$4.75 MJ-1 ($5 per MMBTU).
Achieving this goal required high efficiency conversion of solar energy to high pressure steam delivered at
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approximately 10 MPa (100 bar) and 310°C. The steam is produced by from low-quality feed water with over
8000 ppm of dissolved solids, primarily salt, very different from the ultra-pure water or specialized heat transfer
fluids commonly used in CSP plants built to generate electricity. Designing for such high mineral content water
is a critical factor in reducing total cost of energy, as no costly water treatment plant is required beyond basic
water softening to remove calcium compounds. These capabilities must be provided at exceedingly low capital
expense. The details of this effort have been previously published (Bierman et al. 2013, 2017).
Industrial users of solar energy, particularly those in remote locations, require automatic, robust systems that
support their daily operations with minimal attention, allowing their operations and engineering staff to focus on
their core business. To substitute solar heat for fossil fuels, users expect systems with reliability that matches or
exceeds that of their existing energy sources. The minimum dispatch reliability target for this facility was
established at 99%. Output predictability is also critical; users are willing to accept the variability of solar energy
to achieve cost reduction and carbon emissions reduction goals but need to be able to plan for average monthly
output, as well as expected output for the next 24-hour period, with high confidence. Easy curtailment of energy
production is also required, as facilities at the site which supply electricity and water and downstream consumers
of energy may all experience planned and unplanned interruptions. Users seek a robust unit that can be turned
on and off at will, delivering any amount of output from a small fraction of rated output to 100%.
Staffing in remote environments is a constant challenge for energy and mining customers. Often the customer
must take responsibility for housing, feeding and providing medical care to every worker on their site. As a result,
operating staff requirements must be minimized. Successful solar plants will limit the number of workers required
to operate and maintain the plant and will not require substantial specialized training for new staff. Field workers
often work intermittent schedules, returning home every 4-12 weeks for extended periods. Turnover is inevitable,
and new staff will inevitably be added to operating teams over time.
Concentrated solar energy plants for electric power generation are usually sited after conducting extensive studies
to optimize location for the best solar resource, least soiling, access to good roads and utility interconnection.
Solar thermal facilities used for industrial applications does not enjoy this luxury, as they must be collocated with
the industrial facilities they serve. Most industrial locations in the sunbelt are in harsh desert locations, usually
remote from large cities and infrastructure, and sited based on the availability of oil, gas, or metals. As a result,
any solar plant for industry must be exceedingly robust. Three criteria of particular importance are resistance to
seismic and wind loads, as well as the ability to operate in areas with heavy soiling due to windblown dust.

3. Results
In September of 2019, the 110MWt Miraah Solar Steam Generation Phase 1 plant had completed 21 months of
commercial operation and celebrated 2 years since the plant first produced steam. A second 110 MWt module,
part of Phase 2 of the Miraah project, came online in 2019 and is showing similar operating results to Phase 1.
Enclosed trough technology beginning with the Solar
Steam Generation Pilot (SSGP) (Bierman et al. 2013),
has been in continuous operation at PDO’s Amal
Gathering Field in the remote Omani desert for nearly 7
years, with over 220 MWt now in daily operation. This
operating experience has proven the suitability of the
design for industrial processes anywhere in the global
sunbelt. For the purposes of this discussion, we compare
conditions with those near the city of Calama in Chile’s
Atacama Desert, which has excellent potential for
deployment of solar industrial process heat.
While tropical cyclones have been known to occasionally
strike the region where the plant is sited, they have
historically been rare and generally mild. This pattern
was broken in 2018, Miraah’s first year of operation,
when tropical cyclone Mekunu struck the site on May
Figure 3.Tropical Cyclone Mekunu (NASA),
25th followed by tropical storm Luban on October 25th.
Miraah Project site indicated in red
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Mekunu was the largest cyclone to strike the region since 1959, with windspeeds of 50 m s-1 (180 km h-1) over
the Indian Ocean. At landfall, nearby meteorological stations recorded winds reaching 33 m s-1 (120 km h-1).
Mekunu brought over 48cm of rain to the Miraah site in 48 hours. Figure 1 shows the plant location plotted on a
satellite image of Tropical Cyclone Mekunu. The plant was robust both in energy production and in its structure.
Figure 4 demonstrates the success and robustness of energy output in the face of these conditions. The Miraah
Phase 1 plant consists of 4 independent solar steam generators or “blocks”, two with a nominal capacity of 146.7
metric tons of steam per day and two larger units with 183.3 tons capacity, for a total average daily output of 660
tons of 10 MPa (100 bar) steam. Customer demand for steam has varied periodically, so steam output of the total
facility has had periods of limitation (curtailment). One of the blocks, Block 4, was designated as a reference
block and operated as frequently as possible with minimal curtailment. Data from days with good solar radiation
from before and after Mekunu, and after Luban, is presented in Figure 4. The performance data shows that both
before and after the storm passages, the plant measured performance closely matches the performance forecast
model for the plant.

Figure 4. Miraah Phase 1, Block 4 performance vs. forecast

Some operational factors are visible in Figure 4. First, notice that the peak Direct Normal Irradiance (DNI) in
May and August only reaches approximately 600 W m-2. This is common in the region, as high levels of airborne
dust and haze reduce DNI. Even in December, the peak DNI just slightly exceeds 900 W m-2. The same solar
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plant would have far higher energy output in the Atacama, where typical peak and total annual radiation are on
the order of 50% higher. Note also in the August and December plots the passing clouds which reduce the DNI
for brief periods between 10 and 11 AM. Such transient events are common, and the plant must operate smoothly
as incoming solar energy varies, often from more than 800 W m-2 to zero for periods of several minutes.
A contractual performance test for the entire plant was carried out during the second half of the first operating
year. The key tests included availability, automatic operation, and energy production. Energy production was
measured as weather-adjusted, curtailment-adjusted tons of steam delivered. Performance for all blocks was
compared to contractual performance targets on a monthly basis. Performance for the period averaged 104.6%
of target. Note that the low output in October and November was the result of curtailment, not weather; the
customer was unable to accept steam from the plant for part of this period.

Figure 5. Miraah Phase 1 2018 performance vs. contractual target

Achieved plant availability was very high. Regardless of what dispatch regime the customer requested (full
output, partial output, or no output), availability was measured based on the plant’s readiness to operate as required
during the period where available solar energy allows operation. By this metric, availability for the JulyDecember period was 100%. All required maintenance activity that could have caused plant downtime was
conducted at night or during planned periods of curtailment in the daytime; all the required work could have been
performed at night if necessary, which would keep the same availability with 100% dispatch.
In considering the plant’s performance, it’s important to note that no solar specialists were present at site. Plant
operators and maintenance technicians were recruited from the available workforce that normally operates other
oil and gas assets at the oilfield. Engineering staff were either located nearly 1000 km away in Muscat, Oman, or
in California. Plant operators and technicians all worked rotating schedules such that the mix of staff at site
changed constantly during the test period.
Resistance to wind loads was amply demonstrated during Mekunu, which delivered estimated gusts of 30 m s-1
(108 km h-1) or more. Other enclosed trough solar installations in California’s San Joaquin valley have been
designed for peak wind speeds of 38 m s-1. For comparison, the peak wind speed recorded since 1939 in Calama
is 28 m s-1 (101 km h-1). Structural wind loads increase as roughly the square of the wind speed, so the structural
impact of wind in Calama would be approximately 45% lower than the design loads in California.
Resistance to seismic loads is also important in many locations. Solar facilities in California and in the Calama
area must be designed for peak ground accelerations on the order of 5 N kg-1 (0.5 g). The largest force that the
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greenhouse foundations must resist is vertical uplift caused by wind. Mekunu’s extreme conditions caused no
structural damage and validated the foundation and structure designs. The enclosed trough design is inherently
resistant to seismic loads, as the structure is lightweight, flexible, and very similar to agricultural greenhouses.
As of 2019, such agricultural greenhouses covered 500,000 ha worldwide (Hortidaily 2019), including many
thousands of hectares in seismic zones. The framing system for a greenhouse is flexible and this results in a fairly
high fundamental period for the building. The anticipated earthquakes in the region near Calama are intense
seismic events with short period shaking. These short period earthquakes do not couple well with a long period
building. The building is essentially de-tuned from the dynamic motion of the earthquake. Seismic design building
codes recognize this de-turning effect and specify lower seismic design forces for buildings with long fundamental
periods. The masses of greenhouse buildings are much lower than in older CSP trough and tower designs. This
results in proportionally lower seismic design forces. These lower forces can easily be accommodated with
standard structural systems which utilize commonly available building materials and construction methods. The
glass covering of the greenhouse is organized as independent panes which each are free to move in their mounting
channels, allowing the structure to flex and move without glass breakage. The enclosed troughs themselves are
suspended by flexible members which accommodate both structural movements and the dilation associated with
daily thermal cycling without misalignment or damage.
Soiling resistance was the final success criterion. The Omani desert is subject to seasonal dust storms with far
higher frequency than major dust events in the Atacama region (Reyers et al. 2019). Major dust storms occur
several times each year in Oman, reducing specular transmission of glass surfaces by up to 20%. Figure 6 shows
the beginning of a typical storm. Within the dust cloud, visibility is reduced to less than 50m and airborne dust
driven by 8-17 m s-1 (30-60 km h-1) winds forces suspension of all outdoor activity until the storm passes.
GlassPoint has repeatedly measured the impacts of such events, measuring system efficiency before and after
cleaning the enclosure roof. The results show full recovery of system output (corresponding to 98% or higher
clean glass) after a single automated wash cycle, which takes less than 24 hours. Chronic daily soiling has greater
impact on total energy production than dust storm events. The Oman desert has high quantities of fine dust,
similar to the Chusca dust found in the Atacama. Soiling reduces specular transmission at a rate of about 2% per
day. Specular transmission studies of soiling are not common in the literature, but PV soiling studies provide a
good relative comparison of soiling rates. PV performance loss due to soiling in Oman has been reported at 3540% for 3-month periods (Kazem and Chaichan, 2016) while such loss rates at Calama have been reported at 15%
in two months (Cordero et al. 2018). We can conclude that soiling in the Atacama is similar to that experienced
in Oman, though of slightly lower intensity.

Figure 6. Typical Amal dust storm, photographed within 1km of project site

The SSGP and Miraah plants have operated successfully in this soiling environment for 7 years. Automatic roof
washers are operated nightly and return the roof glass to greater than 98% of its original specular transmission
each morning, regardless of whether the soiling is the usual 2% daily soiling, or a sudden 20% loss brought on by
dust storms. The common high wind conditions occasionally limit cleaning, as the washers are not designed to
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operate in winds in excess of 10 m s-1 (36 km h-1). In the Atacama, nightly cleaning can be even more reliable
than in Oman due to the much lower wind speeds typically encountered there.

Figure 7. Automated Roof Washing Equipment, Roof during cleaning

4. Conclusions
Enclosed trough technology has been proven an effective solution for large scale industrial process heat
requirements. The enclosed design is inherently resistant to high wind loads, soiling due to airborne dust and
seismic forces.
The Miraah operation to date has been an unqualified success. Performance, measured in tonnes of steam
produced each day, has exceeded forecasts. The plant has withstood dust storms, tropical storms and cyclones,
and routinely operated in soiling conditions that would reduce output by 2% per day if not for the integrated
automatic cleaning system. The conditions experienced in Oman, including soiling rates and events, wind loads,
and temperatures, are more extreme than those in other locations such as Chile’s Atacama desert.
The operations results at the Amal field support the premise that the enclosed trough technology can deliver
reliable, low-cost supply of solar thermal energy at industrial sites anywhere in the world, without degradation
due to soiling, mechanical failure, or system integrity.
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Abstract
The economic and ecological potential of solar process heat plants is far from being reached and mostly not
known by decision makers in industry and commerce. Additionally, just a small number of engineers, energy
managers, and consultants are familiar with solar process heat and its feasibility assessment. To counteract these
aspects, a new standard for solar process heat systems was developed by the VDI (Association of German
Engineers). This standard, which is also available in English, contains an approach for a fast feasibility
assessment including pre-dimensioning and yield estimation without the need of additional tools. Furthermore,
the complete planning process of solar process heat plants is specified according to the German HOAI (a legal
honorarium regulation for architects and engineers) including an LCOH calculation.
Keywords: solar process heat, pre-dimensioning, planning guideline, standard

1. Introduction
Solar process heat shows a large potential for a cost-effective decarbonisation of low temperature heat supply in
industry, agriculture, and commerce. Despite a relatively small number of implemented plants, many case
studies in different research projects (e.g. SolarAutomotive, EnPro or SolFood) showed that the levelized costs
of heat (LCOH) using national subsidy programs are in most cases already competitive to fossil heat generation
plants. Nevertheless, the potential for solar process heat is far from being reached and the market development is
visible but still much too slow.
Several reasons can be found why the number of existing solar process heat plants falls far short of expectations.
One finding of numerous case studies and ongoing communication with decision makers, energy managers, and
planers is that both the energetic and economic potential of solar process heat for specific companies is widely
underestimated. In order to assess the potential impact of a solar process heat plant without any cost intensive
system simulations or time-consuming estimations, a standardized approach for pre-dimensioning with easy-touse rules of thumb is needed. The pre-dimensioning is the basis for an economic assessment and subsequently
the decision making by the customer. A validated methodology for a preliminary design of solar process heat
plants was developed by Lauterbach (2014). This methodology was transferred to an easy-to-use online tool
(http://designtool.solar4industry.info/) and additionally implemented within the new VDI (Association of
German Engineers) standard 3988 “Solar thermal process heat”, which will be published mid of 2019 (VDI,
2018). Main target groups of the VDI guideline are energy consultants and end-user companies, which do not
have deeper knowledge about solar heating plants.

2. Prerequisites and necessary data basis
for the planning of solar heating plants
For the implementation of solar heating plants several prerequisites should be met. Firstly, suitable set-up areas
for the collectors should be available. In ideal cases, there are free unshaded ground areas that are not reserved
for production extensions. If not, also roof areas can be used. A roof statics analysis is mandatory during the
planning phase. In addition, the area to be used should be close to the selected integration points. Long pipes
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increase heat losses as well as costs and subsequently decrease solar yield and economics. This is particularly
relevant for small solar heating plants (smaller than 100 m²) where the pipe length should be below 30 m.
Secondly, the company must have a relevant heat demand during summer times which is existing at least four
days a week. The heat demand should be on a suitable temperature level and thus being below 150 °C or even
better below 100 °C (for European regions). With appropriate technical effort, also higher temperature could be
provided if there is a relevant share of beam irradiation available at the referring location.
Finally, the company should be aware and accept that in general typical payback periods in Industry of up to
three years are not possible with solar heating plants. Nonetheless, due to the long operation time of solar
heating plants, attractive interest rates are achieved which allows the companies to perceive solar heating plants
as an investment to strengthen its competitiveness. The other way around, there is an increasing market for
ESCO models which makes it possible for the companies to profit from low heat costs and a greener production
without any investment. Within the preliminary analysis of the company, it is important to collect all relevant
data regarding the implementation of solar heating plants. Technically, this refers to the installed fossil heat
generation unit(s), the heating network, the heat consumption, and the subsequent processes needing heat. Table
1Table 1 can be used thereby as guideline for the data to be assessed.
Integration concepts
Based on the gathered information, a suitable feed-in point must be identified. In general, a distinction must be
made between the central (Fig. 1, left) and the decentral or distributed (Fig. 1, right) integration. The even load
profile at a central integration must be challenged with the highest temperature which is determined by the
process with the highest temperature requirement. In contrast, the decentral integration can require more piping
and integration effort.

HS

HS

FB

FB

Fig. 1: Integration of a solar heating plant in the central (left) and distributed (right) level of a heat supply system,
HS: heat sink, FB: fossil boiler (VDI, 2018)

Depending on the existing heat supply equipment, solar heat can be integrated in different ways. Basically, a
distinction can be made between parallel and serial integration of solar heat in the existing system. With parallel
integration (Fig. 2, left) a part of the returning heat transfer medium is heated by the solar heating plant to the
required supply temperature and fed in again downstream of the heat generator. With serial integration (Fig. 2,
right) the return flow from the conventional heat supply system is preheated with solar thermal energy before
the boilers lifts the stream up to the set temperature.

HS

FB

HS

FB

Fig. 2: Parallel (left) and serial (right) integration of the solar heating plant in the existing system (central integration),
HS: heat sink, FB: fossil boiler (VDI, 2018)

The best choice for the integration point is very often not apparent and has to be balanced between the feed-in
temperature, the load profile of the heat sink, and the integration effort.
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Table 1: Checklist and data acquisition questionnaire with exemplary filled information (VDI, 2018)

Nr.
0

Contact data

Tank Cleaning “Spic & Span”
Industrial Park 1, Clean City



 Industrial  Commerce  Agricultural
Eligibility for assistance checked
Conditions for assistance met

Sector

1

Prerequisites






Suitable roof surfaces and unoccupied plots available
Temperature level and summer heat requirements are suitable
Reasonable distance between solar plant and feed-in point
Investment expectations/opportunities of company queried

2

Energy
consumption





Energy consumption figures available at least in monthly resolution
Production times known (company holiday, shifts, weekend)
Cost of employed sources of final energy known

3

Heat generator





Technical data, number and type of existing heat generators
Operating temperature and pressure
Hydraulic integration

4

Heat
distribution





Heat transfer medium, temperature, pressure
Operating times in the summer
Hydraulic circuitry and connection of heat sinks

5.1 Heat sinks,
central

5.2 Heat sinks,
distributed

6

Possible
feed-in points
for solar heat

No.

Z1

Z2

Z3

Designation

Flow heating circuit

Return flow heating
circuit

–

Required temperature

120 °C

90 °C

–

No.

D1

D2

D3

Designation

Building heating
system

Dishwasher

Water heating system

Required temperature

60 °C

80 °C

60 °C

No.

D4

D5

D6

Designation

Dryer

–

–

Required temperature

140 °C

–

–

No.

Z2

D1

D3

Designation

Return flow heating
circuit

Building heating
system

Water heating system

Tflow/return
of conventional heating

120 °C/90 °C

120 °C/90 °C

120 °C/90 °C

Running time per
day/week/year

Continuous

Daily October–April

Mo–Fr

Heat demand on summer about 2500 kWh/d
days

No summer heat
requirement

1200 kWh/d

Possibilities for
integrating solar heat

Return flow boost in
building heating
circuit

Cold water heating
and feed-in into
existing storage units

Distance to solar plant or 10 m
storage unit (one way)

20 m

30 m

Required temperature
Tset

100 °C to 130 °C

70 °C

20 °C to 70 °C

Max. time without heat
consumption

A few hours
on weekends

Summer half year

Friday midday to
Monday morning

WÜT and
valves/fittings

WÜT and valves/
fittings, possibly addl.
storage unit

Return flow boost

Additional equipment for Heat exchanger
integration of solar heat (WÜT) and
valves/fittings
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3. Quick dimensioning approach
Especially in industrial and commercial applications, solar heat must compete with low conventional heat
generation costs. To gain the maximum specific solar yield and thus the minimum solar LCOH, the solar
process heat system should not produce any surplus of heat.
The design approach of the VDI 3988 is oriented on the proven approach of the VDI 6002 (Solar heating for
potable water in residential buildings as well as student and retirement houses, hospitals, swimming halls, and
camping sites). The solar collector area is sized to fully cover the heat demand of a typical sunny summer day at
the selected integration point(s). This way, solar excess heat and stagnation are reduced to weekends or other
low heat demand periods (company holidays or maintenance). Consequently, the approach enables high specific
solar yields. By contrast, the possible solar fractions of this approach are comparable low. In general, this is not
too much of an issue because suitable areas to situate the collectors are quite limited in Industry anyhow. At this
point, it is highlighted, that the calculated collector area just indicates a first rough guess. It does not replace
detailed planning in terms of simulation and optimization of the system.
With the exception of ambient temperature, a sunny summer day is comparable all over the world with a solar
irradiation of 7..8 kWh/(m²∙d) reaching the tilted and well oriented collector area. For that reason, the presented
methodology can be used with just little modifications regarding the location all over the world. Depending on
the temperature, 3..4 kWh/(m²∙d) can be provided by the solar thermal system to the processes. This value is
defined as dimensioning factor fcol (see paragraph Collector array area estimation and eq. 2).
In the same way, the presented methodology can be used independent of the heat sink or integration point.
Solely, the temperature level and the load profile (5- or 7-day heat demand) influence the dimensioning and
yield estimation and make the approach quite flexible.
Mean collector temperature
The central parameter in the quick dimensioning approach is the mean collector temperature (𝑇𝑐𝑜𝑙,𝑚 ). It is
defined as follows.
𝑇𝑐𝑜𝑙,𝑚 =

𝑇ℎ𝑠,𝑓𝑙𝑜𝑤 +𝑇ℎ𝑠,𝑟𝑒𝑡𝑢𝑟𝑛
2

+ 𝑛 ⋅ 5𝐾

(eq. 1 )

It represents the arithmetic mean of the flow and return temperature of the heat sink (hs). Considering the
temperature drop at the heat exchangers, an additional temperature difference of 5 K per number n of the
required heat exchangers between collector and heat sink is added. To give an example, a typical hot water
heating process is considered. The cold-water temperature is assumed with 10 °C. The set temperature is 60 °C.
In a typical solar heating plants, two heat exchangers are included in the hydraulic system, separating the
collector loop and the storage charging loop as well as the storage discharging loop and the heat sink. with the
given example a mean collector temperature of 45 °C is obtained.
Collector choice
Typically, the collector type is mainly chosen based on the temperature level which must be reached. For solar
heating plants, the same standard collectors as for residential applications can be used. Alternatively, there are
also special collector constructions with larger collector areas. This reduces the implementation effort due to
scaling effects.
Flat-plate collectors (FPC) are the first choice for preheating processes. They can efficiently supply heat up to
process temperatures about 80 °C. Due to their simple but robust design, they have a good price-efficiency ratio.
If higher temperatures must be reached, flat-plate collectors with an additional glass cover or foil, reducing heat
losses, are available on the market. These flat-plate double glass collectors (FPC-DG) are well suited for a
temperature range of up to 100 °C.
If higher temperatures must be provided, evacuated tube collectors (ETC) should be used. The improved
insulation enables temperatures up to 120 °C being reached with a feasible efficiency. If the collectors are
equipped with a mirror on the reverse even higher process temperatures up to 150 °C can be provided (CPC).
Concentrating collectors, such as Fresnel or Parabolic trough (PTC), deliver process heat in form of steam with
working temperatures between 150 and 400 °C. The VDI guideline addresses mainly the low temperature heat
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demand up to 150 °C. In addition to the fact, that there is only little experience with concentrating collectors in
Europe with respect to standardised dimensioning and yield estimation, these collectors are only slightly treated
within this guideline. This is likewise for solar air collectors which can provide hot air up to 60 °C (FPC) or up
to 120 °C (ETC).
Collector array area estimation
As mentioned in the beginning, the daily heat demand in summer (𝑄𝑑,𝑠𝑢𝑚𝑚𝑒𝑟 ) is a key parameter for the
dimensioning of collector gross area (AG) and storage. The heat demand must be determined for a representative
(production) day in summer. Typically, this is in average value over a longer period. Single days with
significantly lower heat demand do not have to be taken into account.
The maximum possible solar collector area (𝐴𝑐𝑜𝑙,0 ) with minimized heat surplus is determined by the following
eq. 2. It represents an easy summer-working-day based energy balance between the heat consumption and the
possible solar heat production.

𝐴𝑐𝑜𝑙,0 =

𝑄𝑑,𝑠𝑢𝑚𝑚𝑒𝑟

(eq. 2 )

𝑓𝑐𝑜𝑙

The dimensioning factor 𝑓𝑐𝑜𝑙 is depending on the temperature level which must be reached and the collector
type. It indicates the solar heat that the chosen collector can provide based on temperature level per square metre
gross area. This factor is based on numerous simulations of solar heating plants for different temperatures levels,
load profiles and locations (Lauterbach, 2014). Based on the calculated mean collector temperature, the
dimensioning factor 𝑓𝑐𝑜𝑙 can be determined by Fig. 3 (Central and Northern Europe) and Fig. 4Fig. 4 (Southern
Europe). With increasing collector temperature, the specific dimensioning factor is decreasing as the collector
can provide less heat due to higher heat losses. Due to the higher irradiation in Southern Europe compared to
Central and Northern Europe, the solar collector can provide more heat. Thus, the specific dimensioning factor
is slightly higher for Southern European countries.

Specific dimensioning factor
fcol in kWh/(m²•d)

Central and Northern Europe
6
FPC-DG
FPC
CPC
ETC

5

4
3

2
1
30

40

50
60
70
80
Mean collector temperature Tcol,m in C

90

100

Fig. 3: Specific dimensioning factor 𝒇𝒄𝒐𝒍 in kWh/(mG2·d) for locations in Northern and Central Europe as a function of
mean collector temperature Tcol,m on the basis of Lauterbach (2014) and Solar KEYMARK test results (VDI, 2018)
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Southern Europe
Specific dimensioning factor
fcol in kWh/(m²•d)

6

FPC-DG
FPC
CPC
ETC

5
4

3
2

1
30

40

50

60

70

80

90

100

Mean collector temperature Tcol,m in C
Fig. 4: Specific dimensioning factor 𝒇𝒄𝒐𝒍 in kWh/(mG2·d) for locations in Southern Europe as a function of
mean collector temperature Tcol,m on the basis of Lauterbach (2014) and Solar KEYMARK test results (VDI, 2018)

Collector slope in

The dimensioning factor and subsequently the collector area are determined for an ideal orientation to south and
a collector slope of 35 °, which is a reasonable compromise for European regions. Nevertheless, also other
orientations and slopes must be taken into account, which can be done by the correction factor 𝑓𝑁𝐴,𝑐𝑜𝑙 in Fig.
5Fig. 5. With increasing collector slope, the collector area must be increased disproportionately due to the high
altitude of the sun and the reduced performance of the collector on a sunny summer day.

Azimuth in
Fig. 5: Correction factor 𝒇𝑵𝑨,𝒄𝒐𝒍 in dependence of collector slope and azimuth (VDI, 2018)

The final collector gross area can be determined as follows.
𝐴𝑐𝑜𝑙 = 𝐴𝑐𝑜𝑙,0 ⋅ 𝑓𝑁𝐴,𝑐𝑜𝑙

(eq. 3 )

Buffer storage sizing
The buffer storage should be dimensioned so that it could store the possible solar yield of at least one day. This
way, the solar yield of a sunny week-end day with low or no heat demand could be made available for the
following production day with relevant heat demand. Still, the load profile of the heat demand has an influence
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on the suitable storage size. Therefore, the VDI 3988 provides the following rule of thumb for the first
approximation.
Table 2: Specific storage volume v St,spec for preliminary dimensioning of the solar buffer storage unit (VDI, 2018)

Specific storage
volume 𝒗𝑺𝒕,𝒔𝒑𝒆𝒄

Properties of heat sink

Example

0 ℓ/m2

• Continuous load in weekly and daily profile
• Always complete uptake of the useful solar thermal yield

District heating feed-in
with solar fractions
< 10 %

50 ℓ/m2

• Inlet temperature from heat sink at cold water temperature
• Required temperature, heat sink, 50 °C to 70 °C
• Weekly profile: continuous, 7-day week

Heating of drinking water,
preheating of boiler
make-up water,
daily cleaning processes

75 ℓ/m2

• Inlet temperature from heat sink at cold water temperature
• Required temperature, heat sink, 50 °C to 70 °C
• Weekly profile: 5-day week

Cleaning processes on
workdays,
heating backup

100 ℓ/m2

• Inlet temperature from heat sink between 20 and 60 °C
• Weekly profile: 5-day week
• Required temperature, heat sink > 70 °C

Heating of electroplating baths

> 100 ℓ/m2

• Required temperature, heat sink, higher than 60 °C
• Only for extreme consumption peaks

Special cleaning processes

The absolute storage volume can be calculated by multiplication with the determined collector area A col.
𝑉𝑆𝑡 = 𝐴𝑐𝑜𝑙 · 𝑣𝑆𝑡,𝑠𝑝𝑒𝑐

(eq. 4 )

If possible, this volume should be realized with one storage. Sometimes, the conditions on site impede this and
the volume has to be divided into several storages. In this case, the storages should be connected in series. It is
strongly recommended to avoid more than three storages.

4. Yield estimation
The solar yield can be estimated with the mean collector temperature and the collector type by Fig. 6Fig. 6
(Central and Northern Europe) and Fig. 7Fig. 7 (Southern Europe) analogously to the dimensioning factor 𝑓𝑐𝑜𝑙 .
The result 𝑞𝐴𝐶𝑂 is based on representative collector data from the Solar KEYMARK test results and 35 ° tilted
and south oriented collector area. So, it represents the specific solar yield providing heat for an ideal heat sink
which has unlimited heat demand at every hour of the year.

Central and Northern Europe
qACO in kWh/(mG² a)

1100
FPC-DG
FPC
CPC
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PTC
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Mean collector temperature Tcol,m in C
Fig. 6: Annual specific collector output 𝒒𝑨𝑪𝑶 at constant mean collector temperature Tcol,m
for Central and Northern Europe (tilt 35°, orientation south), in relation to collector area A G (VDI, 2018)
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Southern Europe

qACO in kWh/(mG² a)
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Fig. 7: Annual specific collector output 𝒒𝑨𝑪𝑶 at constant mean collector temperature Tcol,m
for Southern Europe (tilt 35°, orientation south), in relation to collector area AG (VDI, 2018)

Typical heat sinks in Industry and Commerce are not ideal and have a specific load profile, especially during the
week. Therefore, the correction factor 𝑓𝐴𝐶𝑂 is introduced (Fig. 8Fig. 8). The correction factor 𝑓𝐴𝐶𝑂 is always
smaller than 1 because it does not only consider realistic load profiles but also heat losses (storage, pipes). With
increasing process (and therefore collector) temperatures, 𝑓𝐴𝐶𝑂 is decreasing due to increasing heat losses.
Regarding 𝑓𝐴𝐶𝑂 , it is differentiated between a 5-day- and 7-day-week which is referring to the heat load profile.
Very often in Industry, there is only a relevant heat demand on five days a week. During weekend, there is only
a comparably small base heat load. If the company only has a relevant heat demand on five days a week, the
correction factor decreases significantly compared to a 7-day-week. This is based on the surplus of heat at a
weekend which cannot be stored because of the dimensioning of the storage just for one day. With higher mean
collector temperatures up to 100 °C, the difference between 5- and 7-day-week reduces. This is the consequence
of the decreasing heat capacity of the storage. In consequence, the missing heat demand at weekend in a 5-dayweek gets less important than the heat losses by storage and pipes.

Correction factor fACO
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7-day-week
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Mean collector temperature Tcol,m in C
Fig. 8: Correction factors 𝒇𝑨𝑪𝑶 for European locations as a function of the mean collector temperature Tcol,m and
the weekly load profile on the basis of Lauterbach (2014) and Solar KEYMARK test results (VDI, 2018)

The effective useful specific solar yield can be determined as follows.
𝑞𝑠𝑜𝑙,0 = 𝑞𝐴𝐶𝑂 ⋅ 𝑓𝐴𝐶𝑂

(eq. 5 )

Analogously to the dimensioning, the orientation of the collector field has to be considered here too. Therefore,
the correction factor 𝑓𝑁𝐴,𝑠𝑜𝑙 is introduced. It can be determined by Fig. 9Fig. 9 using the respective azimuth and
slope.
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Azimuth in
Fig. 9: Correction factor 𝒇𝑵𝑨,𝒔𝒐𝒍 in dependence of collector slope and azimuth based on ScenoCalc-data (VDI, 2018)

The solar yield can be calculated by eq. 6 as follows.
𝑞𝑠𝑜𝑙 =

𝑞𝑠𝑜𝑙,0

(eq. 6 )

𝑓𝑁𝐴,𝑠𝑜𝑙

The absolute solar yield can be calculated by multiplication with the solar collector area.
𝑄𝑠𝑜𝑙 = 𝑞𝑠𝑜𝑙 · 𝐴𝑐𝑜𝑙

(eq. 7 )

5. Calculation of LCOH
The calculation of the LCOH in the VDI 3988 is based on the VDI 2067 and VDI 6002 and therefore considers
the demand-related costs, the operational costs and other costs like insurance. The approach is based on net
present value factors for the depreciation period and the useful lifetime. In addition, the anticipated increase of
the price of the fossil final energy source is included with a yearly rate.
Excluding the depreciation, the used approach leads to the same results as the calculation of the levelized costs
of heat according to the IEA Task 54 (Louvet et al, 2019), which was designed for small residential applications
where depreciation is not applicable. For industry and commerce in contrast, depreciation can be an important
factor to make a decision for or against a solar process heat system, as the yearly depreciation rate decreases the
companies’ profit before taxes and is therefore leading to a lower tax burden.
The result of the used approach of the VDI 3988 reflects the total costs of the heat produced by the solar process
heat system averaged over the systems useful lifetime. To achieve an economic feasible renewable energy
system, the solar heat generation costs must be below the conventional generation costs. As solar process heat
system does not substitute the installed capacity of the conventional heating system but is only a fuel saver, the
investment costs of the conventional system are not considered.
Within the VDI 3988 the calculation is based on one equation (eq. 8) including three auxiliary variables (eq. 9,
10, 11).
𝑘𝑠𝑜𝑙 =
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F. Pag et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

with the auxilary variables
𝑐1 = 𝑓𝑜𝑝 ⋅ 𝑏𝑡𝑁
𝑐2 =

𝑄𝑠𝑜𝑙
𝑃𝐹𝑠𝑜𝑙

(eq. 9 )

⋅ 𝑘𝑒𝑙 ⋅ 𝑓𝑒𝑙 ⋅ 𝑏𝑡𝑁

𝑐3 = 𝐷𝐸𝑃 ⋅ 𝑇𝑅 ⋅ 𝑏𝑡𝐷𝐸𝑃 𝑤𝑖𝑡ℎ 𝐷𝐸𝑃 =

(eq. 10 )
𝐾𝑖𝑛𝑣 −𝐾𝑠𝑢𝑏
𝑡𝐷𝐸𝑃

.

(eq. 11 )

The calculation of the LCOH includes the investment costs (𝐾𝑖𝑛𝑣 ) as well as subsidies (𝐾𝑠𝑢𝑏 ). The variable
𝑐1 represents the costs related to operation and maintenance. Typically, 1..2 %/a can be assumed regarding the
factor 𝑓𝑜𝑝 . Furthermore, 𝑐2 indicates the cost for electricity, using the solar seasonal performance factor 𝑃𝐹𝑠𝑜𝑙
(70..100 for large plants), the specific price for electricity, and the interest rate for price increase (𝑓𝑒𝑙 ). Finally,
𝑐3 considers the depreciation within the calculation. 𝐷𝐸𝑃 is the annual depreciation rate (only linear
depreciation is considered) over the depreciation period 𝑡𝐷𝐸𝑃 , which is given by national law. 𝑇𝑅 represents the
tax rate (in %/100), which also is country specific.
The solar heat generation costs have to be compared with the average conventional costs (𝑘𝑐𝑜𝑛𝑣 ) over the same
period. For this purpose, the following formula is stated by the VDI 3988 to calculate the conventional averaged
heat costs under consideration of the annual utilization factor of the boiler (𝜂𝑁 , typically 70..85 %) for the
conventional boiler and an anticipated price-increase rate for the respective fossil fuel (𝑓𝑓𝑜𝑠𝑠 ), whereas
𝑘𝑓𝑜𝑠𝑠 represents the actual specific price for the fossil fuel.
𝑘𝑐𝑜𝑛𝑣 =

𝑘𝑓𝑜𝑠𝑠
𝜂𝑁

⋅ 𝑓𝑓𝑜𝑠𝑠

(eq. 12 )

As the calculation of LCOH is dynamic, the present-value factors have to be taken into account (𝑏𝑡𝑁 , 𝑏𝑡𝐷𝐸𝑃 , 𝑓𝑒𝑙 ,
𝑓𝑓𝑜𝑠𝑠 ). These factors are a function of the company specific yearly rate of return (i) and in case of ffoss and fel also
depending on the anticipated price increase. They can be found in a table given in the VDI 3988 for selected
exemplary values or be calculated (see VDI 2067).
Subsequent to the economic comparison, the VDI 3988 offers an easy method to calculate the CO2-emissions
avoided by the solar process heating system. For this purpose, a table with CO2-equivalents in kg/kWh is given
based on the publications of the German Environment Agency.

6. Outlook
The new standard makes a fast and trustworthy feasibility assessment during just one phone call possible. The
required data such as the daily heat demand of a selected heat sink is known by most facility managers or can
easily be determined or estimated within a few minutes. This will help to spread the awareness of the economic
and ecological potential of solar process heat systems. Additionally, the new standard will serve as a practical
guideline for the whole planning and implementation process and therefore makes it easier for new players to
enter the market.
The German subsidy program "Energy Efficiency and Renewable Process Heat in the Economy" (BMWi, 2018)
contains all the relevant subsidies regarding energy efficiency and renewable heating systems for industry and
commerce. As part of this, the turnkey costs of solar thermal, biomass, and heat pump energy systems receive
subsidies of up to 55 %. To qualify for funding within this program, solar process heat plants must comply with
the presented new VDI-standard.
In summary, the standard will help to increase the trustworthiness of solar process heat and could prove to be a
decisive step towards a faster market development.
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9. Nomenclature
Abbreviations
FPC

Flat Plate Collector

FPC-DG

Flat Plate Collector Double Glazed

CPC

Compound Parabolic Concentrator

PTC

Parabolic Trough Collector

ETC

Evacuated Tube Collector

FB

fossil boiler

LCOH

Levelized Cost of Heat

VDI

Association of German Engineers

HOAI

honorarium regulation for architects and engineers

HS

Heat sink

ESCO

energy service company

Symbols
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A col,0

collector area (without correction factor for orientation), m²

A col

collector area, m²

Ag

collector gross area, m²

b tN

present value factor over lifetime

btDEP

present value factor over depreciation period
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c1

auxiliary variable

c2

auxiliary variable

c3

auxiliary variable

DEP

annual depreciation rate, €

fACO

correction factor for load profile

fcol

specific dimensioning factor, kWh/(m²d)

fel

price increase factor electricity

ffoss

price increase factor fossil fuel

fop

cost factor for operation and maintenance, %

ηN

annual utilization factor of the boiler, %

fNA,col

correction factor for collector area for orientation

fNA,sol

correction factor for solar yield for orientation

k conv

levelized cost of conventional heat, €-Ct/kWh

k sol

levelized cost of solar heat, €-Ct/kWh

K inv

investment costs, €

K sub

subsidies, €

n

number of heat exchangers

PFsol

annual solar performance factor, kWh th/kWhel

Q d,summer

daily heat demand in summer, kWh/d

Q sol

estimated solar yield, kWh/a

qACO

estimated specific solar yield based on ideal heat sink, kWh/m²a

qsol,0

estimated specific solar yield without corrector factor for orientation, kWh/m²a

qsol

estimated specific solar yield, kWh/m²a

t DEP

depreciation period, a

Tcol,m

mean collector temperature, °C

Ths,flow

flow temperature of the heat sink, °C

Ths,return

return Temperature of the heat sink, °C

TR

tax rate, %

vSt,spec

specific storage volume, l/m²

VSt

storage volume, l
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Abstract
The post-harvest processing at fruit and vegetable pack-houses and logistic centers (FVPLC) in locations where,
as it occurs in Southern Spain, these facilities and greenhouses co-exist in a dense and interconnected
environment constitute an interesting field for the application of renewable sources of energy. The availability
and conscious management of solar radiation, necessary for driving the greenhouses food production, as well as
the availability of biomass, both in the form of plants wastes and, eventually, in the form energy crops allow to
advance a high potential for the use of these renewable heat sources in such agro-industrial cluster constituted
by greenhouses, FVPLC and auxiliary industries. In this work, it is carried the estimation of the values of some
specific technical and environmental indexes of performance of the cold stores that are part of these facilities
under two energy supply scenario: a conventional mains scenario and an alternative scenario in which cooling
demand is fulfilled by thermally driven absorption devices. Cooling loads at regional and facility levels, the last
thanks to the access to actual case studies, have been evaluated and used as input for the estimation and analysis
of the following indexes under the two advanced scenarios: annual energy consumption, specific electricity
consumption for cooling and equivalent CO2 emissions.
Keywords: Renewable heat, absorption cooling, post-harvest processing

1. Introduction
Southeastern Spain is one of the European more relevant food producer areas having an average annual yield of
more than 3 million of tons of, mainly, tomato but also pepper, cucumber, eggplant, zucchini, melon and
watermelon. This plants production results, only in terms of exports, in a turnover of more than 2500 M€ and
accounts for 24% of the gross domestic product and 28% of employment of the region (Galdeano-Gómez, et al.,
2017) The magnitude of these figures has been reached thanks to intensive cropping techniques applied in
approximately 40.000 ha of greenhouses, most of them located in coastal areas in the provinces of Almería,
mainly, Granada, Málaga and Murcia. In this context, the energy demand of the cold stores for crops
conservation, both during post-harvest and commercialization phases, despite being well identified because its
relevance for the preservation of the food properties and for the design and operation of the systems, is a
scarcely investigated field for the application of renewable sources. This became especially interesting if we
consider these processes as a part of a higher level agro-industrial productive district in which the renewable
energies could play an important role and in which the on-going environmental impact analyses are mainly
devoted to the plants growing processes - indoor climatic control, irrigation,…- but no, at least at the same level,
to the rest productive stages. (van der Werf et al., 2014; Torrellas et al., 2013)
It is estimated that in Europe there are 60·106-70·106 m3 of food cold storage (Fikiin et al., 2017) Worldwide, it
has been also estimated that this sector is responsible for 20% of the total food industry electrical energy
consumption. Specific surveys on the above have shown a considerable variation between different facilities,
largely related, as it could be expected, to the size and location of the warehouses, storage temperatures and
product loads (Swain, 2009; Elleson and Freund, 2004)
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For the case of Spain, food processing industries account for 15% of national energy consumption, being that
percentage 20% for Andalusia region (Southern Spain). According GRIA (2013) also in Andalusia there are
about 740 FVPLC centers being Almería the province with the largest number of these facilities, with almost
one third of the total (Figure 1). Cooling installations at these FVPLC facilities are mostly 1) pre-refrigeration
stores (9%), 2) refrigeration stores (70%) and 3) rapid tunnel cooling (10%) having an average installed power
of 565 kW and a consumption of 294 MWh/year (Figure 2)

Fig. 1: Fruit and vegetable packhouses and logistic centres (FVPLC) and the radiation climate zones in Andalusia

cumulative
frequency

cumulative
frequency

d) Covered area (3472 4583 m2)
a) Pre-refrigeration (1482 1653 m3)
b) Refrigeration (1727 2238 m3) c) Cooling tunnel (395 565 m3)
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Fig. 2: Characterization of the horticultural industries in Andalusia (GRIA, 2011)

In this work it is analyzed the potential of the application of renewable heat for the cooling of the post-harvest
products in these FVPLC facilities, which are located, as advanced, in an extremely dense area of greenhouse
farms. The goal of the analysis is to contribute to the assessment and further reduction of the environmental
impacts of the processes involved in the greenhouses production agroindustry no directly related to the
cultivation ones. We have selected a representative case study based on actual data of a FVPLC at Almería’s
province. After establishing the energy demands related to cooling processes, the estimation of the specific
indexes annual energy consumption, specific electricity consumption for cooling and CO2 emissions for two
energy supply scenario has been carried out. The first scenario is the present one, the use of the available mains
for feeding compression chillers. The second scenario is the use of renewable sources provided both by solar
energy and biomass for feeding heat driven absorption cooling devices. Greenhouses exploitations are located in
sunny areas, as it is the case of Almería’s province (Figure 1) and crops residues are a well characterized source
of biomass (Callejón-Ferre et al., 2011). While photovoltaic solar energy could be also considered, this work has
been focused to thermally driven options because the actual possibility of continuous renewable operation of the
systems thanks to thermal storage. In upcoming works, a more complete approach will be tackled under the
emerging paradigm distributed energy networks for agro-industrial districts, including photovoltaics (Schweiger
et al., 2018)
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2. Case studies
2.1. Case study
This work uses as reference two FVPLC industries -denominated Case A and Case B - processing 126.000 t/yr
of vegetables during the studied period. This production comes from a crop area of 915 has, of which 92% are
crops grown under plastic greenhouses in Almería following typical cultivation cycles and 8% are summer crops
in mesh greenhouses. These two industries account for approximately 6% of the total vegetable crop production
tested in the Almeria region. In order to increase the pertinence of solar option, we have considered a third case
(Case C), in which production has increased over central months resulting in constant production throughout the
year. This case assumes that consumption could better fit solar availability in summer, increasing the load
thanks to outdoor mesh tomato contribution produced in other areas.
Both A and B facilities have cold room volumes of about 12.000 m3, divided equally between the refrigeration
and pre-refrigeration zones. The industry has an installed overall power of 980 kWe. The cooling facility A is
devoted to tomato, pepper, cucumber, eggplant and melon processing and the cooling facility B is exclusively
devoted to tamato (Table 1). In spite of the actual data of the electricity and fuel-oil annual energy consumptions
are known, 3,7 MWh and 0,4 MWh respectively, as usual in many industries, they do not discriminate the
corresponding particular uses (lighting, cooling, engines,...). Therefore, an indirect estimation is necessary to
evaluate the specific thermal load of the cooling chambers, 𝑄̇𝑟𝑒𝑓 , the load which is necessary to maintain the
temperature within the design point. Once 𝑄̇𝑟𝑒𝑓 is estimated, its integration on a daily and yearly basis allows
also to estimate of the energy demand for refrigeration, 𝐸𝑟𝑒𝑓 . The values of 𝐸𝑎𝑛𝑢𝑎𝑙 in terms of electricity or heat,
for the case of thermally driven devices, are calculated by corresponding systems coefficients of performance
values 𝑆𝐶𝑂𝑃.
In both cases the daily and monthly product patterns have been considered and the loads for the pre-refrigeration
and refrigeration processes. The following input quantities have been used: the processed product by the
FVPLC, the climate data, the cold room characteristics and, finally, the length, sequence and features of the
processes (ASHRAE, 2010; Trott and Welch, 2000; Ballard, 1992), b). Hourly climate data for a typical
meteorological year generated using Meteonorm v.7 were used as the reference for the location of the case
studies - in which the average temperature was 18.0±6.0 °C, relative humidity 65.0±14.0 %, wind speed 4.0±2.4
m/s and a yearly accumulated horizontal solar radiation 1.861 kWh/(m2yr).
Tab. 1: Crops production by case study
Refrigerated production

Crop area

Summer crop (tomato)

Energy
consumption

[t/yr]

Products

[ha]

[t/yr]

[MWh/yr]

A

68.304

tomato
(33%),
pepper
(27%),
cucumber (19%), 491
eggplant (14%),
melon (7%)

to. (32%),
pe. (37%),
1.972
cu. (17%),
eg. (14%)

15 (3%)

B

57.328

tomato (100%)

424

to. (100%)

7.571

56 (13%)

C

76.432

tomato (100%)

561

to. (100%)

26.177

194 (34%)

Case
Products

[ha] [%]

electrical:
3.700(90%)
fuel
oil:
402 (10%)

2.1. Energy indexes
For refrigeration facilities, the Total Equivalent Warming Impact index, 𝑇𝐸𝑊𝐼, provides specific information of
refrigeration systems environmental impact because, together to the indirect effect due to the impact of CO2
emissions from fossil fuels used to generate the energy to operate the equipment throughout its lifetime, it takes
into account the direct warming effect due to the refrigerant gases released during equipment operation,
including unrecovered losses (Wu et al., 2013; AIRAH, 2012). It is measured in units of mass in kg of carbon
dioxide equivalent (CO2-eq) and according to the above it is estimated by the Equation 1.
𝑇𝐸𝑊𝐼 = [(𝐺𝑊𝑃𝑟 · 𝐿𝑟 · 𝑛) + (𝐺𝑊𝑃𝑟 · 𝑚 · (1 − 𝛼𝑟𝑒𝑐 ))] + [𝐸𝑎𝑛𝑛𝑢𝑎𝑙 · 𝛽 · 𝑛]

(eq. 1)

The first term of (1) corresponds to the direct emissions potential of the installations due to the eventual release
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to the atmosphere of the refrigerant gases contained in their circuits. In this term 𝐺𝑊𝑃𝑟 is the well-known
Global Warming Potential index of the refrigerant gases, which provides the reference for comparing the impact
of other greenhouse gases different to CO2, with independence of its source and/or use once they have been
incorporated to the atmosphere. It is evaluated in relative terms to CO 2 radiative effects on the atmosphere for an
accepted period of time of 100 years, 𝐺𝑊𝑃𝑐𝑜2 = 1. 𝐿𝑟 [kg/yr] is the leakage rate, 𝑛 [years] is the system
operating life, 𝑚 [kg] the refrigerant charge and 𝛼𝑟𝑒𝑐 [-] the recovery factor, related to the eventual re-use when
installations finish their operative life.
In this sense, the refrigerant gases must be chosen not only due to their non-ozone depleting nature, but also to
their lower 𝐺𝑊𝑃𝑟 values. Some of the presently used gases in conventional compression systems have values of
𝐺𝑊𝑃𝑟 that are thousands of times greater than CO2 (Sarbu and Sebarchievici, 2014). Conversely, other classical
refrigerant as Ammonia, R-717, when used both in electrically and/or thermally driven (renewable or not)
compression cycles, has the advantage of having a null value of direct emissions potential.
The indirect, the second one, term in expression (1) takes into account the energy consumption 𝐸𝑎𝑛𝑛𝑢𝑎𝑙
[kWh/yr] and the indirect emission factor, 𝛽 [kg CO2/kWh], which depends on the primary way in which
𝐸𝑎𝑛𝑛𝑢𝑎𝑙 is obtained, electricity and/or heat. In this work, 𝐸𝑎𝑛𝑛𝑢𝑎𝑙 is related to the energy demand for
refrigeration 𝐸𝑟𝑒𝑓 systems by the coefficient of cooling system performance 𝑆𝐶𝑂𝑃 which here represents the
overall efficiency of the conversion of the supplied energy in the effective energy to be removed from the
refrigerated space. This efficiency coefficient integrates the well-known parameter 𝐶𝑂𝑃 (Coefficient of
Performance), which is related to the operating temperatures, refrigerant gas and cycle configuration, as well as
the rest of energy inefficiencies of the other parts and circuits of the cooling system as piping, valves, fans,…
In the case of 𝐸𝑎𝑛𝑛𝑢𝑎𝑙 to be electricity, the calculation of emission factor βe [kg CO2/ kWhe] must account for
the energy sources in a particular region, whether renewable or non-renewable, which makes up the
corresponding regional energy mix (EEA, 2011). This varies year-on-year for each country although there
consensus on using some standard values. For Spain is, βe= 0.33 [kg CO2/kWhe] (IDAE, 2012) or βe= 0.40±0.26
[kg CO2/kWhe] for the UE-27 (EEA, 2011). For the case of using heat as main source of the processes, fossil
fuels also have specific values of  as, for example, the natural gas βng= 0.20 [kg CO2/kWht] (IDAE, 2012).
In cold stores, which are characterized by a well-defined and isolated volume, other well stablished index is
Specific Electricity Consumption, 𝑆𝐸𝐶 [kWhe/(m3yr)]. 𝑆𝐸𝐶 index has, of course a wide variability depending on
the size and configuration of the cold stores, the storage temperatures, the location, the product load, the use of
energy and the refrigeration load profile, etc. Some reference values are between 14 and 132 kWhe/(m3yr)
(Mejia, 2008; Prakash and Singh, 2008). In this work a variation of this index has been considered normalizing
instead the electricity consumption to the volume of the cold store, the yearly refrigeration energy by processed
crops mass or normalized refrigeration load 𝑁𝑅𝐿 [kWhref/t] by year.
2.3. Renewable cooling installation
The basic elements of the considered alternative refrigeration system are shown in Figure 3, which are:


The primary renewable energy source (PES): solar thermal energy, but also heat from biomass.



Ammonia absorption chiller (AACH). In the thermally driven cooling systems, the energy requested to
drive the evaporation/condensation thermo-mechanical cycle of the refrigerant gas is obtained by a
sequential absorption/generation process of the refrigerant (adsorbate) gas on a liquid substrate
(adsorbent) which is driven by the supply of certain quantity of heat. Although a wide variety
adsorbate/adsorbent working pairs have been proposed, the most common are LiBr-H2O and H2O-NH3
(Henning, 2007). In LiBr-H2O-fed systems, the minimum temperatures in the evaporator are around 5
ºC (Balaras et al., 2007). In H2O-NH3 absorption chillers, temperatures in the evaporator are not as
limited and can be used for applications below 5 ºC (Balaras et al., 2007), more suitable for industrial
applications. Conversely, certain drawbacks must be noted: NH3 is toxic, the working pressures are
higher, and the rectifier needed in the generator outlet causes additional losses. The temperatures
required in the generator are between 125 ºC and 170ºC if the absorber and the condenser are cooled by
air; and between 80 ºC and 120 ºC if cooled by water, and the COP (single-stage) is between 0.6-0.7
(Balaras et al., 2007). Therefore, these chillers are very suitable to be powered by solar systems with
collectors that can efficiently reach temperatures the mentioned temperatures.
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Heat storage (HS) is the storage system that takes care of storing the excess primary energy produced
aiming to tackle the nocturnal of low radiation periods. A wide set of options exists, starting from the
simplest one, sensible heat in water tanks. More advanced options consist on alternative substances for
sensible storage, PCM phase change materials and even the use of thermochemical cycles. As operative
alternative, the energy storage in this kind of systems can be also afforded in the form of storing the
cold water generated by the chiller (glycolated water solution or brine) Cold Storage (CS).



Auxiliary heating (AH) is the auxiliary power generation system for activating the chiller. This
auxiliary system generally requires a power source to operate i.e. biomass, natural gas, etc.



Cool distribution system (CD), usually fan coils that are responsible for distributing the cold in the cold
room by circulating a fluid at low temperature (glycolated water solution or bine).



Auxiliary cooling system (AC), which is responsible for removing the necessary energy from the cold
room during periods when there is no primary energy source available to activate the chiller.

PES

HS

AH

AACH

energy
source

cooling
chiller

CS

CD

energy
source
auxiliary
cooling

auxiliary
heating
primary
energy
source

hot
storage

AC

ammonia
absorption
chiller

cold
storage

cool
distribution

cold
room

Fig. 3: Cooling systems based on an absorption chiller.

The refrigeration system may contain all the components listed above or only some of them; such as a
refrigeration system to exploit a primary energy source, with hot storage and an auxiliary heat system to activate
the chiller (PES+HS+AH+AACH+CD); or a refrigeration system to exploit a primary energy source to activate
the chiller, with cold storage with support for auxiliary or conventional cooling (PES+AACH+CS+CD+AC).

3. Methods and Calculations
3.1. Refrigeration load estimation
Crops refrigeration chain at the considered case studies is the following (Figure 4): vegetables are received with
a temperature T0 whose value is determined by the ambient temperature in the 5-6 h range prior to receipt,
including the transportation, and stored in the pre-refrigeration room in which the temperature reaches T1=T0-3
ºC (if, T1≥Tpreref). Then they are categorized, packed, palletised and stored in the refrigeration room which is
cooled to the final commercialization temperature T2 = 8 ºC (Figure 4). The minimum time for the refrigeration
process is 18 hours until the product reaches temperature T2, and this takes into account that the cooling is done
by forced air and that the vegetables are packed in boxes and stacked. The weight of the pallets is about 500-700
kg, depending on the product. Some products are reprocessed after being in the refrigeration room, which
requires further selection, packaging and palletising due to quality control. This can occur with up to 15% of the
production; or they are individually packaged (flow-pack), which can occur in up to 30% of the production. The
cooling processes include pre-refrigeration and refrigeration. These are done in cold stores and apply to all
products. Refrigeration in the cooling tunnels can be rapid, to speed the refrigeration process.
There are some processes requiring heat for: (1) drying - peppers are washed and subsequently dried in a drying
tunnel with forced air heated in a fuel oil boiler, (2) packaging - cucumbers are wrapped individually in a
process which requires heat input to shrink the plastic. Certain products such as cucumbers or peppers, that are
dried or packed in high-temperature processes, may increase their temperature by 1-2 °C before being
introduced into the refrigeration room.
The products remain in the refrigeration room for a maximum of 96 h - between 0-24 h, the product is being
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cooled; at 48h, 20% of the production has left; at 72 hours, 70% has gone and after 96 h, 100% of the production
has gone. On leaving, the pallets are placed in refrigerated trucks for distribution.
Cool production and
distribution

Energy source

compression refrigerant
fluid
chiller
electricity

evaporator

Process Process
medium temperature

Process
vegetables

packs

feedwater
All vegetables:

precooling

air

washing
fuel oil

boiler

air

selection
electric
resistance

air

60 ºC

2-3 kg/s

300 ºC

0.3-0.8 kg/s

All vegetables:

cooling
energy

1-5 h

Cucumber:

packing
palletizing

energy
source

15 ºC

Pepper:

drying

product
mass
process
cooling

Process
duration

air

8 ºC

18-72 h

expedition

packs
process
heat

commercialization:
final product

Fig. 4: Diagram of the FVPLC industries process (Case A, initial situation)

The refrigeration load is the energy to be extracted from the cold room to maintain the designed inside
temperature. This load coincides with the sum of: 1) the removal of heat (sensible or latent) from a product; 2)
the heat transferred by conduction through the surfaces of the room; 3) the radiant heat from outside; 4) the heat
transferred by convection from outside (by air infiltration or ventilation), both sensible and latent; 5) the internal
heat sources (lights, fan motors, machinery, personnel, etc.); and 6) the heat generated by the product (Trott and
Welch, 2000).
A simplified energy balance equation in quasi-steady state, in which the energy gained is equal to the energy
lost, can be expressed as:
𝑄̇𝑟𝑒𝑓 = 𝑄̇𝑐𝑐 + 𝑄̇𝑟𝑒𝑛 + 𝑄̇𝑝 + 𝑄̇𝑟𝑒𝑠 + 𝑄̇𝑓

(eq. 2)

Where, 𝑄̇𝑟𝑒𝑓 [W] is the heat that needs to be provided (-) or removed (+) from the cold room; 𝑄̇𝑐𝑐 [W] is the
heat gained by conduction-convection through the walls, ceiling and floor; 𝑄̇𝑟𝑒𝑛 [W] is the heat gained by the
renewal of inside air and infiltration; 𝑄̇𝑝 [W] is the load needed to refrigerate the product; 𝑄̇𝑟𝑒𝑠 [W] is the load
needed for product respiration; and 𝑄̇𝑓 [W] is the input of fans, lights, people and other heat sources. For the
cold modelling, we have opted for a simplified dynamic model which takes into account the thermal balance of
the chamber. The single zone model makes a heat balance around the chamber by considering the different
flows of incoming and outgoing energy:
𝑑𝑇𝑖
𝑑𝑡

=

1
𝑀𝑐𝑟

[𝑄̇𝑐𝑐 + 𝑄̇𝑟𝑒𝑛 + 𝑄̇𝑝 + 𝑄̇𝑟𝑒𝑠 + 𝑄̇𝑓 ]

(eq. 3)

Ti [ºC] is the temperature; t [s] the time; and Mcr [J/ºC] is the thermal mass of the cold room.
Each 𝑄̇𝑥 term in (2) and (3) has specific expression that allows estimate 𝑄̇𝑟𝑒𝑓 (ASHRAE, 2010).
Accordingly, once integrated horyrly resltas the annual energy consumption for vegetable refrigeration in the
cold stores, obtained from hourly load figures is 1.934, 1.474 and 2.130 MWhref/yr (for the three cases studied).
Figure 5 shows the summary of the montly, weekly and hourly evolution of this consumption, where we see that
the maximum occurs in the period from November to May, (Cases A and B) and in the summer (Case C)
because the cooling load is mainly influenced by the amount of manipulated product and the outdoor climate. In
Cases A and B, there is less load during the summer months because this period is outside of the normal crop
cycles for protected crops in this region.
The refrigeration process load represents 80% of the total, while the remaining 20% is for the pre-refrigeration
process. The main refrigeration load is that produced to refrigerate the product,𝑄̇𝑝 , which accounts for about 5660% depending of the case studied, followed by product respiration loads of 13-17%. The loads for convection
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and conduction losses represent 10-14%, infiltration loads represent 8-10%, and operating loads, 7%. The
refrigeration loads directly depend on the amount of product to be refrigerated and its initial temperature (R2>
0.75) and fairly related to the difference in temperature between the outer and inner chambers (R 2> 0.21). The
annual normalized refrigeration loads are 28,3, 25,7 and 27,9 kWhref/t, respectively, for the studied production
cases. For the case of the needs of installed cooling capacity, the maximum cooling power needed to cover 99%
of the refrigeration loads are 530, 420 and 540 kW ref (Figure 5) with hourly peak loads of 1.050, 760 and 900
kWref, for the three cases (Figure 6).
b) Case B: Qref= 1474 MWh/y (25.72 kWh/t) c) Case C: Qref= 2130 MWh/y (27.87 kWh/t)
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3.3 Calculations related to renewable cooling systems
The following scenarios have been defined: the Scenario I (S-I) is a conventional auxiliary cooling system
(compression chiller) powered by electricity obtained from conventional sources, the Scenario II corresponds to
a cooling system with an ammonia absorption chiller fed with renewable thermal energy. From the refrigeration
loads we can obtain the energy consumption required for product refrigeration depending on the equipment used
in the different scenario. The electricity consumption associated to refrigeration loads, and their coverage in
electrical terms for standard values of 𝑆𝐶𝑂𝑃of the conventional equipment agrees with as provided by
Schweiger et al.,(2011) associated with electricity consumption for refrigeration in the industry 15.3 (NACE
Code Rev. 1.1), in Spain.
For the case of the solar thermal installation, a parabolic thought collector (PTC) field has been selected because
its higher heat generation capacity and because the availability of specific and modular solutions for industrial
processes with certified performance by Solar Keymark. Performance of solar to thermal energy conversion is
described by:
𝜂𝑎|𝐺𝑡 = 0,697

(𝐾𝜃𝑏 (𝜃) 𝐺𝑏,𝑡 +0.133 𝐺𝑑,𝑡 )
𝐺𝑡

− 0,36

(𝑇𝑚−𝑇𝑎 )
𝐺𝑡

− 0,0011

(𝑇𝑚−𝑇𝑎 )2

(eq. 4)

𝐺𝑡

where, Tm [K] is the collector heat transfer fluid temperature, Ta [K] ambient temperature, Gt [W/m2], Gb,t
[W/m2] are Gd,t [W/m2] global, direct and diffuse irradiance at the collector aperture and Kθb(θ) [-] is the
incidence angle modifier. The solar collector filed provides hot water (tcap=thot=110ºC) to a single-effect
absorption NH3-water device. Temperature at evaporator is tchw=-3ºC which is transferred to a water solution
circulating in chamber fan-coils. Nominal coefficient of performance COPnom=0,60 and the cooling capacity is
𝑄̇𝑐𝑜𝑜𝑙 =500 kWcool, fulfilling 98% of the demanded power. As thermal storage medium, hot water has been
selected confined in a Vsto [m3] tank having 0,83 W/(m2 K) thermal losses. It is also considered an auxiliary
boiler with a power of 𝑄̇𝑎𝑢𝑥 =900 kWhot.
A model of the system has been elaborated in TRNSYS v17 and the following specific parameters have related
(Table2) to estimate system performance for different technical options : 1) overall system efficiency,  [-], 2)
solar fraction,  [-], the percentage of energy produced by the system in regard to the energy demand, that is,
SCOP weighted refrigeration load, 3) specific solar field area, Aspec [m2/kWcool], input parameter indicating the
size of the solar field in regard to cooling capacity of the system and 4) specific storage volume Vspec [m3/ m2],
ratio between storage volume and the size of the solar field.
Tab. 2: Modeled Performance indexes for solar cooling systems
Case

A

B

C

Aspec
[m2/kWcool]
0
0,5
1
2
3
4
5
0
0,5
1
2
3
4
5
0
0,5
1
2
3
4
5

Vspec
[m3/m2]
0
0
0
0
0
0,2
0,2
0
0
0
0
0
0,2
0,2
0
0
0
0
0
0,2
0,2

Qsolar [MWh]
0
284
566
1.126
1.683
1.700
2.825
0
284
565
1.124
1.679
1.699
2.822
0
284
567
1.128
1.685
1.702
2.829

Qaux
[MWh]
2.934
2.672
2.473
2.186
2.018
1.602
1.060
2.377
2.113
1.911
1.676
1.566
1.058
595
3.325
3.059
2.834
2.498
2.300
1.890
1.230


[-]
0,00
0,45
0,45
0,44
0,44
0,45
0,45
0,00
0,45
0,45
0,44
0,44
0,45
0,45
0,00
0,45
0,45
0,45
0,44
0,45
0,45

f
[-]
0,00
0,08
0,15
0,24
0,30
0,43
0,61
0,00
0,11
0,19
0,29
0,34
0,55
0,74
0,00
0,07
0,14
0,24
0,30
0,42
0,61
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4. Results and Conclusions
Table 3 summarizes main findings in terms of the selected indexes for the facility level analysis (case A, B and
C). In addition to this, as the studied location is included in the zone with higher cooling requirements in all the
national systems design guides and regulations, it is possible to assume the obtained normalized load value
(𝑁𝑅𝐿 = 28.3 kWhcool/t) as a maximum requirement for a more general geographic approach. In this way, the
extrapolation to the total fruit and vegetable production in Spain and Andalucía will approach to maximum
figures at national and regional levels. CO2 emissions associated with this consumption, assuming an electricity
contribution alone (Scenario I) would be around 84.1 kt CO 2/yr. Using an ammonia absorption chiller powered
only by solar energy or biomass, CO2 emissions would be 77% lower in Scenario II (FS-B=100%) than in
Scenario I. In Scenario II, CO2 emissions would decrease in proportion to the increase in renewable energy
contribution.
Tab. 3: Annual energy consumption, primary energy savings and CO2 emissions under different scenarios in the FVPLC
industries.
Case

Case A

Case B

Case C Andalusia

Spain

Refrigeration load, Qref [MWhcool/yr]

1.934

1.474

2.130

208.900

614.412

Normalized load [kWhcool/t]

28,3

25,7

27,9

28,3 *

28,3 *

Scenario I: (electric chiller)

+ECH+

Energy consumption, Eannual [MWh/yr] (SCOP=2.5)

774

590

852

86.672

254.917

Electrical [MWhe/yr] (100%)

774

590

852

86.672

254.917

Thermal [MWht/yr] (0%)

0

0

0

0

0

SEC: [kWhe/(m3yr)]

64

49

71

Scenario II: (absorption chiller)

...+AACH+…

Energy consumption, Eannual [MWh/yr] (SCOP=0.55)
Electrical [MWhe/yr] (5%)
Thermal [MWht/yr] (95%)
3

SEC: [kWhe/(m yr)]
II.(fS-B=0%)
Solar or Biomass (PES)

TEWI: [kt CO2/yr]

II.(fS-B=30%)
Solar or Biomass (PES)

TEWI: [kt CO2/yr]

II.(fS-B=100%)
Solar or Biomass (PES)

TEWI: [kt CO2/yr]

3517

2681

3872

393962

1158712

176

134

194

19698

57936

3341

2547

3679

374264

1100777

15

11

16

673,6

513,5

741,7

75.458,1

221.935,7

471,5

359,4

519,2

52.822,6

155.360,7

0,1

0,0

0,1

6,5

19,1

In regard to Specific Electricity Consumption (SEC), the obtained values for Scenario I are comparable to those
obtained by other authors for similar cold store volumes. Scenario II represents an average savings of 78% in the
SEC, produced by the use of AACH. There are variations in the SEC values for the three cases studied mainly
due to the different use of the freezers and the load profiles - when their use is more intensive, the SEC is higher
- because the product refrigeration load is increased. This variability suggests that the SEC produced an error in
the FVPLC industry cases studied. Therefore, the best index to extrapolate to other situations is the normalized
load to the amount of refrigerated product.
For the case of the thermal energy to activate the AACH obtained from biomass. FVPLC industries have a close
relationship to the crop production area. So, for example, as in case B, with an annual tomato cycle area of 424
has, there is a heat load of 2547 MWht/yr (this energy could be covered by the biomass generated from a surface
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corresponding to 16 -27% of the production area, and 18 -32% for cases A and C (considering a tomato biomass
heat output of 3-5 kWh/(m2yr) and a biomass boiler efficiency of 75%). Solar energy could also be used to
cover much of this energy. Figure 7 shows a comparison of the SEC values in the literature and that obtained
according analysed scenarios.
120
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SEC [kWhe/(m3 yr)]

SEC [kWhe/m3]
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Fig. 7: Analysis of SEC for cases and scenario

An overall economic approach on the basis of the estimated costs in Table 4, elaborated with data compiled in
literature and providers, produces an estimated value of levelized cost of energy LCOE of 0,07 €/kWhcool for
the Sceneario I, which must be considered a low value because the good value of SCOP of conventional cooling
facilities.
Scenario II presents a less competitive LCOE value, especially for those alternative with lower values of f. For
the more favorable option, case C, in which demand is concentrated in the summer, installations with solar
fields in the order of 5 m2/KWcool and storage of 0,2 m3/m2 can reach a value of LCOE in the order of 0,08
€/kWhcool in spite of high initial investments and low cooling production performance of absorption chiller in
regard to electrical driven compression devices.
Tab. 4: Estimated systems costs for economic analysis

Installation
Conventional
refrigeration system

Renewable heat driven
refrigeration system

Cooling circuit

Concept
Compressor/Condenser
Evaporator
Solar field

Unts [u.]
Pcool [kW]
Pevap [kW]
Ac [m2]

Storage

Vsto [m3]

Chiller NH3
Boiler
Fan-coils
Refrigerant

Pcool [KW]
Paux [kW]
Pfan [kW]
m [kg]

Costs [€/u.]
300
185
250
2496 𝑉𝑠𝑡𝑜0,67
𝑉𝑠𝑡𝑜

350
50
50
10

As overall conclusion, the reduction of environmental impact of refrigeration of fruit and vegetables at FVPLC
in Southeastern Spain could be affordable by the use of renewable heat driven absorption machines. The main
constrain for the development of these solutions is the high initial investment costs of the devices which, in any
case can result in in reasonable values of LCOE, although still higher that no renewable heat.
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Abstract
Within the food industry breweries are intensive energy consumers. In order to reduce the energy cost of a
microbrewery, the integration of a combination of two solar technologies is proposed. The brewing-process is
presented, its energy demand profile is detailed, and a simulation model is developed accordingly. A heat recovery
strategy is proposed. Furthermore, five different solar thermal systems (ST) and six photovoltaic systems (PV)
are studied. The thermal performance of the ST systems is obtained in 1-hour timestep employing TRNSYS.
Whereas for the PV systems System Advisor Model is utilized. In order to assess the economic benefits of each
system the Net Present Value (NPV) and Discounted Payback Period (DPP) are calculated for all the alternatives.
The 55 provinces in Chile are studied considering the local energy price and solar irradiation, and current
electricity net-billing regulation. The NPV is positive for all the ST and PV systems, except for the largest ST
system in one province where gas is subsidized. The DPP can be as low as 3.83 year for a solar thermal system
that saves 40% of the annual thermal energy demand. For a PV system that covers 82% of the annual electricity
consumption, a DPP of 5.2 years can be achieved in provinces with high solar irradiation and high electricity price
from the grid. The favorable results obtained in this study show the potential benefits of solar energy integration
in the small-scale industry with a batch process.
Keywords: brewery, heat recovery, solar-thermal, photovoltaics, SHC, SHIP

1. Introduction
Craft breweries are an innovative and continuously growing segment of the brewing industry. In Europe the
number on microbreweries has doubled in the last years, from 3,020 in 2011 to 7,953 in 2017 (The Brewers of
Europe, 2018). Likewise, in the United States there were 45 breweries in 1978 (only 2 of them producing craft
beer), whereas in 2016 this number increased to 5301 breweries, where the craft beer share of the market was
12.6% (Ibañez, 2018). Chile has also followed this global trend, experiencing a growth in the number of micro
and small breweries from 20 in 2005 to 442 in 2016 (ACECHI, 2019). The microbreweries (which generally
produce craft beer) are recognized for small production and the utilization of high-quality raw material, leading
to higher specific cost (USD/L) than industrial breweries. The Brewers of Europe Association (2018) defines a
microbrewery as a brewery with yearly production up to 1,000 hL, whilst the US Brewers Association set the
annual production 15,000 hL/year. It is reported that energy cost of a small-medium brewery constitutes up to 8%
- 9% of the total production cost (Kubule, Zogla, Ikaunieks, & Rosa, 2016; Sturm, Hugenschmidt, Joyce,
Hofacker, & Roskilly, 2013).
Extensive research has been conducted to increase energy efficiency of brewing equipment. Moreover, different
innovative strategies to reduce waste heat, wastewater and solid waste of the brewing process have been studied.
Nevertheless, these strategies have been primarily adopted by large breweries, exposing the potential for micro,
small and medium breweries to improve their processes. Kubule et al. (2016) studied the thermal and electric
energy consumption of a microbrewery located in Latvia. Their results were compared with similar studies in
different locations, reporting that both thermal and electric specific energy can double the specific energy
benchmarks available. The main cause of the poor energy performance is due to the batch process and noncontinuous production, utilization of old second-hand equipment and lack of knowledge about energy efficiency
strategies. Furthermore, several energy efficiency barriers were identified, for instance, management’s attitude
towards energy efficiency and lack of financial capacity. Sturm et al. (2013) thoroughly studied the process of a
medium-size brewery (250,000 hL/year) located in the UK, in order to identify the opportunities and barriers for
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efficient energy use. The authors presented a measure to save 20% of the current energy consumption with very
low investment and an estimated return of investment period of 1.27 years. Their main conclusion is that the
technology for efficient brewing exists, and that the lack of energy efficiency implementation is related to
managing decision and lack of knowledge of technological solutions. Moreover, the authors report that the
modernization of small and medium breweries will ensue when policies and regulations demand it. Sturm et al.
(2012) modelled a combined heat and power system (CHP) and a trigeneration unit (heat, cold and power) to
reduce the overall energy consumption of a small brewery located in the UK. The system is proposed to be driven
by biogas gathered from the own brewery’s solid waste (grains) and from cattle manure of nearby farms. A biogasfired absorption chiller is also proposed to provide cold and to be combined with the CHP system. The economic
analysis includes the UK Government’s subsidies that can be obtained. The trigeneration system is not feasible as
the cold load is constantly required and at much lower power than the heat. The combination of CHP and
absorption chiller yield to the highest additional income and lowest Payback Period. Moreover, the efficient use
of the brewery’s solid waste can potentially make the enterprise more sustainable. Muster-Slawitsch et al. (2011)
developed the Green Brewery Concept, a thorough study to demonstrate the potential to reduce thermal energy
consumption in breweries. It includes a list of measures to reduce energy requirements and opportunities for solar
heat integration. However, the study is focused in breweries with a beer production over 20,000 hL per year, hence
it fails to cover some of the singular features of microbreweries.
The integration of solar energy in industries can lead to an energy cost reduction, therefore increasing
competitiveness, whilst reducing environmental cost, i.e. fossil fuels use and electricity consumption from the
grid. Furthermore, in some countries there are tax reduction incentives and public funding to integrate energy
efficiency strategies in the industries. Moreover, intrinsic benefits are obtained. For instance, reduction in
greenhouse effect gas emissions (GHG) and a favorable perception from the customers due to their environment
concern. Nevertheless, Small and Medium-sized Enterprises (SMEs) rarely integrate renewable energy in their
processes due to the high investment cost, the unawareness of the technology, and lack of direct governmental
incentives.
Breweries have a high potential for solar heat integration due to low temperature levels needed. All the thermallydriven processes require heat at temperature between 25 and 105°C (Daniels, 1996), that can be achieved with
non-concentrating solar collectors. Moreover, the brewing process requires cold at different temperatures, usually
above 2°C. Within the framework of IEA SHC Task 33/SolarPACES Task IV, it was shown that the pinch analysis
is a strong tool for a first estimation of the energy saving potential by heat recovery, based on an optimized heat
exchanger network between hot and cold streams. However, for industrial processes running in batches, as in a
microbrewery, the pinch methodology represents a rough estimation of the actual load profile. Therefore, the Task
have also shown that adopting heat management strategies, i.e. operating thermal storages, can help to integrate
solar thermal (ST) plants more efficiently (Brunner, Slawitsch, Giannakopoulou, Schnitzer, & Research, 2008).
Furthermore, within the IEA SHC Task 49/SolarPACES Annex IV, time-dependent simulation methodologies
and software tools were developed to obtain insight about the performance of the heat storage management
strategies for solar heat in industrial processes (Krummenacher & Muster, 2015). It must be borne in mind that
some of the microbreweries’ processes are not optimized, monitored or automated. Additionally, in most batches
productions there are further challenges to the system sizing; the utilization rates are generally low, and some
pieces of equipment are largely oversized. Eiholzer et al. (2017) studied the integration of a solar thermal system
in a medium-size brewery (250,000 hL) located in Scotland employing the pinch analysis. In a first stage the direct
and indirect heat recovery potential was determined. Later, the optimum integration point was chosen, and an
economic analysis performed. In order to obtain UK government’s economic incentives, the size of the ST must
be below 200 kW, which yield to a solar fraction (SF) of only 7.7%. Numerous studies have been conducted
regarding solar thermal energy integration in breweries, mainly for medium- and large size scale (Brewers
Association, 2018; Lauterbach, Schmitt, & Vajen, 2014; Mauthner, Hubmann, Brunner, & Fink, 2014). Not only
have positive outcomes been reported, but also improvement potential has been identified.
The aim of this study is to perform a location-dependent economic analysis for solar thermal and photovoltaic
systems integration in a microbrewery located in Chile. This article is organized as follow: Section 2 presents the
case study with thorough detail of process, the solar irradiation and regulations scenario, the solar systems studied,
and the simulation description; Section 3 presents the main outcomes and discussion; and finally the conclusions
of this study are reported in Section 4.
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2. Methodology
2.1. Case study: the craft-beer brewing process
The process specifications and energy demand profile of this study are based on an actual craft-beer microbrewery
located 50 km south of Santiago. An energy audit was carried out, based on electricity and gas bill data as well on
information from the head brewer. The actual batch size is 500 L and it has been scaled up for the study to achieve
a 1,000-L batch output, leading to a monthly production of 10,000 liters (1,220 hL per year). The key parameters
to design a brewery are the batch size, number of fermenters, and duration of fermentation and maturing processes.
A schematic diagram of the craft-beer brewing-process stages is shown in Fig. 1, where process temperatures and
water/wort/beer volume for each stage are indicated. Moreover, it is indicated if a certain stage requires heat, cold,
electricity and/or water. Day 1 of the process is named “brewing day” (duration of 6 hours), when the malted
barley wort is produced before the fermentation. The brewery has 7 fermenters, the duration of the fermentation
is 10 days at 20 °C (Ale beer) and maturing is 10 days at 2 °C. The last day of the process corresponds to the
packaging and labeling stages (8 hours). It is considered that half of the volume (500 L) is kegged and the other
half is bottled. Therefore, the complete process from raw materials to finished beer takes 21 days.
Water
Electricity
Cold
Heat

(1)
Barley
malt
Grinding
e: 2.5 kWh

(2)
Mashing
70 C
910 L
H: 56.9 kWh
e: 2.5 kWh

(3)
Lautering
70 C
516 L
H: 29.1 kWh
e: 2.5 kWh

(4)
Boiling
100 C
1256 L
H:120.4 kWh

Cleaning
Water
70 C
50 L

(5)
Whirlpooling
100 C
1131L
e: 2.5 kWh

(6)
Wort
Cooling
Two Stages
20 C
1074 L
CW: 95.6 kWh
C: 6.4 kWh
e: 2.5 kWh

(7)
Fermenting
20 C
1074 L
C: 18.2 kWh

(8)
Beer
Cooling
2C
1020 L
C: 21.1 kWh

Cleaning
Water
70 C
250 L
Brewing day

(9)
Maturing
2 C
1020 L

(8)
Bottling
and
labelling
2 C
1000 L
e: 22.6 kWh
H: 22.5
Cleaning
Water
70 C
360 L

10 days

10 days

1 day

Fig. 1: Simplified scheme of the beer production process for the studied microbrewery. The liters of water/wort/beer employed are
indicated together with the set temperature for each stage. H means heat load, C means cold load, CW means the cold load of
Cooling Water and e means electricity. Moreover, the required cleaning water is indicated below each stage.

Although the brewing day has a total duration of 6 hours, it is the most energy-consuming day, because the beer
wort is produced. The day starts grinding the malt with a 2.5 kW grinder for one hour. Meanwhile, cleaning and
mashing water is heated up to 70°C in the mashing kettle employing a 120-kW LPG burner (efficiency 90%).
There is no steam boiler as in larger breweries. The water is obtained at 15 °C from a private well located in the
property. Mashing is the process of hydrating the malted barley to convert the grain starches into sugars. Later,
during lautering, the mash is separated into the clear liquid wort and the residual grain. The grains absorbed 15%
of the mashing water during hydration that is discarded. Lautering consists of 3 steps: mash out, recirculation, and
spargin; therefore, additional hot water is required. The wort is transferred to the boiling kettle, where it is heated
up to 100 °C employing the LPG burner to start the boiling stage. The boiling stage usually has a duration between
60 and 90 minutes, during this stage the hops are included. After the boiling stage the remaining solid particles
are separated from the wort within a whirlpool. In this step the wort is pumped tangential into the whirlpool in
order to push unwanted solids to the center and bottom of the brew kettle. When the wort is clear it is cooled down
to fermentation temperature by two plate heat exchangers in series while it is transfer to the fermenter. One cold
stream is water from the mains to decrease the wort temperature to 25 °C. The cooling water is kept in an
uninsulated vessel when heated. Later, 250 L of this hot water is used for the cleaning process. The remaining
water is used for other purposes (e.g. irrigation) when it reaches ambient temperature, hence its useful sensible
energy is dumped. The second cold fluid is chilled water at 7 °C, obtained from the fermentation chamber’s chiller.
This process must be quick (less than 1 hour) to avoid contamination and production of dimethyl sulfide (DMS).
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Between one stage and the next one a small share of the liquid is dumped; these losses cannot be avoided. For the
mashing and boiling processes properly insulated vessels are employed, thus thermal losses to the ambient are
neglected. However, during the boiling process, 10% of the volume is lost due to evaporation. The fermentation
starts during the brewing day.
The fermenting and maturing processes occur subsequently in one fermenter. The fermenting stage is divided an
active-yeast period, which is exothermic, and an idle period. The maturing (conditioning) stage consists in keeping
the beer at low temperature to avoid undesirable flavors after fermentation and become palatable. For small
breweries it is common to implement temperature-controlled chambers where the fermenters are maintained under
the desired conditions. Hence, for this case two rooms are considered: a fermenting chamber at 20 °C and a
maturing chamber at 2 °C. Fig. 1 indicates the internal loads for the fermenting, cooling and maturing stages. The
refrigeration system needs to supply this demand plus the loads associated to the thermal losses of the chambers.
On the packing and labeling day (21st day) the first fermenter is emptied and cleaned, the next day it is used for
a new batch. This 21-day process is repeated for the 6 fermenters left with a time gap of 3 days. The refrigeration
system is sized in order to supply the maximum refrigeration peak demand during the year. The fermentation
room’s chiller has a rated capacity of 5 kW, a rated Energy Efficiency Ratio (EER) of 3.5 (Eurovent conditions)
and an evaporator set temperature of 7 °C. If heat is needed an electric heater is considered, with a Coefficient of
Performance (COP) of 1. The maturing chamber has a wall-mounted refrigeration system with a rated capacity of
1.6 kW and rated EER = 2.8 when the outside temperature is 35 °C and the evaporator temperature is -3 °C.
The packaging and labeling day is separated in 3 stages. The first one is kegging, where CO 2 is needed to impulse
and carbonate the beer. In addition, 2.5 kW of electric power is needed for one hour. Secondly, the bottling process
lasts 6 hours and utilized a semiautomatic pneumatic bottling machine that requires power (450 W) and
compressed air (compressor rated power: 1.8 kW). CO2 for carbonating the beer is also needed. Furthermore, 0.9
kW of pumping power is constantly needed and 360 L of cleaning water at 70°C. The beer is not filtrated. Finally,
the labeling is perform by a semi-automatic machine (2 hours, 1.2 kW rated power).
2.2. The Chilean context
Chile has a length of around 4200 km from north to south. It has several different climates, dominated by the
Pacific Ocean to the west and the Andes along its eastern edge. Chile is renowned for its high solar irradiation
levels (Escobar et al., 2014). The electric marked defines two types of clients, regulated and unregulated (>200
kW of installed capacity). There are 4 tariffs for regulated clients depending on the connection voltage (low or
high) and the structure of cost. For this study the LV1 retail price is considered (low voltage: 240 V, tariff 1). In
2014, the technical normative of Regulated Net-Billing Law 20.517 became available. The Law regulates the
economic value of the surplus electricity self-generated (PV, wind, micro hydro, etc.) injected to the grid. The
maximum installed capacity of the system allowed is 100 kW. The specific energy price paid to the client for the
injected electricity is about 50% of the retail price. Natural gas networks are only available in certain cities, hence
Liquefied Petroleum Gas (LPG) is considered in this study. The fossil fuels wholesale price is regulated, but the
retail price depends on the distributor. Nevertheless, each company should inform their prices to the Energy
Commission every week and publish them online as public information for consumers. For a brewery of this size
the cheapest option is to install bulk LPG tanks that are filled by trucks monthly (when natural gas network is not
available). Depending on the monthly/annual energy consumption price discounts are made. However, the
contract is usually tailored for each company, hence it is difficult to normalize the specific energy price. A previous
research performed by the authors shows low economic attractiveness of integrating solar thermal in a
microbrewery located in Spain. There were long Discounted Payback Period (DPP), over 29 years, owing to the
low price of natural gas (Pino, Pino, & Guerra, 2019). Therefore, Chile presents a more favorable scenario to
integrate solar energy due to the expensive energy price for regulated consumers.
In order to cover the entire country, the actual 55 continental provinces of Chile were studied. The hourly weather
data have been obtained for the capital city of provinces employing Explorador Solar; a free online platform
published by the Ministry of Energy. The solar radiation and weather data are satellite-image based and are
validated with over 120 ground stations (Molina, Falvey, & Rondanelli, 2017). The retail LV1 electricity price is
obtained from the National Energy Commission website, updated monthly (Comision Nacional de Energía, 2019).
The LPG bulk energy price is obtained from a distributor website, that cover most of the districts and is updated
monthly (Lipigas S.A., 2019). Fossil fuels in the southernmost region of Chile are subsidized. Both the electricity
and LPG price for each province is an average of the available price for the districts that belongs to each province.
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Annual Global Horizontal
Irradiation, kWh/m2

Price of Liquefied Petroleum
Gas, USD/kWh

Annual GHI,
kWh/m 2-year

LPG price,
USD/kWh

Price of electricity, USD/kWh

Electricity price,
USD/kWh

Fig. 2: Total annual GHI, price of LPG and price of electricity for different provinces in Chile. Values are calculated for the
Capital of each province. Stereographic projection: EPSG:53016.

2.3. Solar thermal and photovoltaic systems
For this study, a combination of solar thermal and photovoltaic technologies has been proposed to reduce the LPG
and electricity consumption, respectively, in a microbrewery. The tilt angle for both the flat-plat collectors and
the PV modules is equal to the latitude, hence location-dependent.
Prior to sizing the solar thermal (ST) system, the feasibility to employ heat recovery strategies, as the proposed in
the reviewed bibliography, was studied. For the actual brewery, the head brewer has planned to employ the heated
cooling water for a more useful purpose, e.g. to be used in the next batch. It has not been done because water use
reduction is not a priority (the brewery has its own well) and lack of financial resources. However, it can generate
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economic benefits and the investment should only consider the tank, piping and installation costs, as the plate heat
exchanger already exists. Hence, the first measure is to size the water tank for the ST system that enables to apply
this heat recovery strategy. The cooling water volume employed to cool down the wort is similar to the wort
volume. Additionally, the required hot water at the beginning of the brewing day is 1,476 L (910+516+50 L).
Accordingly, the water storage tank designed size is 1.5 m3 (thermal loss coefficient 1 W/m2K), independently of
the total collector area. Therefore, the flat-plate collectors (a0 = 0.701, a1 = 2.277 W/m2K, a2 = 0.0043 W/m2K2)
provide heat to the storage tank in order to keep water as hot as possible for the brewing and packing days. The
system has been designed to provide hot water at 70°C and not to supply energy to the boiling process. Five
systems with different collector area have been studied: 1.96 m2 (1 collector), 3.92 m2 (2 collectors in series), 7.84
m2 (4 collectors, 2 loops of 2 in series), 11.76 m 2 (6 collectors, 2 loops of 3 in series), and 17.64 m 2 (9 collectors,
3 loops of 3 in series).
The PV system proposed is formed by 250-Wp polycrystalline modules with matching-capacity on-grid inverters
(no storage considered). Six different installed capacities are compared: 0.5 kWdc (2 modules), 1 kWdc (4
modules), 1.5 kWdc (6 modules), 2 kWdc (8 modules), 2.5 kWdc (10 modules), and 3 kWdc (12 modules). The PV
modules’ nominal efficiency is 16.24% (NOCT), open circuit voltage of 37.7 V dc, Short circuit current of 8.9 Adc,
and a temperature coefficient of -1.025 W/°C. The inverter has a CEC weighted efficiency of 95.9%, with a
nominal AC voltage of 240 Vac.
For the economic analysis, market price of the systems including VAT and excluding subsidies are considered.
The investment costs are estimated for a residential system due to its size. The ST system price is obtained from
an unpublished study performed by the authors for Spain and compared with the published price of local dealers
in Chile. The PV system cost structure is based on updated available references (Fu, Feldman, Margolis,
Woodhouse, & Ardani, 2018; IEA International Energy Agency, 2018; Jäger-Waldau, 2018), and also compared
with published price of local dealers in Chile. Furthermore, annual Operation and Maintenance (O&M) costs are
considered as a percentage of the initial investment. Tab. 1 presents the specific costs employed in this study for
both ST and PV systems.
Tab. 1. Specific cost for solar thermal and photovoltaic systems in Chile, including VAT.

Specific Cost
Solar Thermal
Collector

Photovoltaic

USD/m

2

250

3

Module

USD/Wdc

0.6

Storage tank

USD/m

2200

Inverter

USD/Wdc

0.25

Balance of plant

USD/m2

450

BoS equipment

USD/Wdc

0.35

Installation labour

USD

1200

Installation labour

USD/Wdc

0.5

Overhead

USD/Wdc

0.1

O&M (2.3% of investment)

USD/kW-yr.

38

O&M (3% of investment)

USD/year

variable

2.4. Simulation
A simulation model has been developed in TRNSYS (Klein, Beckman, Mitchell, & Duffie, 2011). The model
includes the annual schedule for the brewing process described in Section 2.1, the thermal interaction of the
fermentation and maturing chambers with the environment, solar gains, and internal loads. Moreover, the electric
chillers performance and the proposed solar thermal system is modeled.
The brewery is modeled employing Type 56 (TRNBuild) as an industrial building of 16 x 8 x 5 m, roof with 10%
transparent cover and no windows in the walls. The longer side is oriented north-south. The fermenting and
maturing room (envelope U = 0.35 W/m2K) are placed inside the main building, with dimensions of 6 x 3 x 3 m
each of them. Infiltrations are considered as 0.3 renovations/hour regularly and 2 renovations/hour when the doors
are opened. The effect of the LPG burner losses (10%) is accounted as an internal load for the brewhouse. The
chillers’ condensers are outside the main building. Their instant performance has been calculated employing the
DOE2-2 black-box model (Hydeman, Gillespie, & Dexter, 2002; Hydeman, Webb, Sreedharan, & Blanc, 2002)
and the regression parameters presented in Calener-GT (Grupo de Termotecnia AICIA, 2009).
The ST system has been modelled employing TRNSYS’s Flat-plate collector Type (1b), the storage tank, a pump
and a temperature hysteresis controller. The required pumping power is 300 W per loop. The surplus energy, i.e.
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when the energy demand is lower than the available energy, is not considered in the calculations of useful energy
because it cannot be utilized, therefore it is dumped.
Hourly data are obtained from the TRNSYS simulation results. The total annual values of energy contribution by
the ST system are employed to calculate the Net Present Value (NPV) and the partial Discounted Payback Period
(DPP). The main parameters for the economic analysis are a 5% annual nominal discount rate, a 20-year period
for NPV, no loan for the investment and no subsidies applied.
The PV system has been modelled in System Advisor Model (SAM) (National Renewable Energy Laboratory,
2018). The modules’ and inverter’s parameters are obtained from the SAM software library. The total hourly
electric load input, including the electric consumption of all the equipment and the chillers is obtained from the
TRNSYS simulation output for the entire year. It is employed in SAM in order to calculate the self-consumed PV
power and the power injected to the grid (sold) on every timestep. SAM includes a financial model that estimate
the NPV and DPP, therefore the same parameters of the ST economic analysis are utilized. Moreover, a 0.5%/year
degradation rate is considered for the PV modules.

3. Results and Discussion
For the described process in Santiago (without solar), the specific thermal energy is 99 MJ/hL, and electric energy
is 22.4 MJ/hL. The British Beer&Pub Association, (2014) reports a total specific energy benchmark of 173.2
MJ/hL as average for their associated breweries in 2013. Larger breweries total specific energy can be as low as
97 MJ/hL (Carlsberg, 2017), and for small breweries as high as 346 MJ/hL (Kubule et al., 2016; Sturm et al.,
2013). Nevertheless, this study only accounts energy required for the brewhouse. The beer type is Ale, which
ferments at higher temperatures, the process does not include filtration, and there is a major use of man labor (not
automated). Moreover, lighting power, additional facilities’ thermal and electric energy is not considered.
The displacement of conventional fuels and electricity has economic and environmental benefits. The savings for
the different ST systems are calculated as a ratio between the LPG energy displaced and the total thermal energy
without the new system. It is worth to note that the values include the contribution of storing the cooling water to
employ it in the next batch. Fig. 3 presents the results comparison for the different provinces. The x-axis presents
the annual total GHI. These results depend solely on the energy performance of the system under the climate of
the different locations. Any of the ST systems allows to save at least 20% of the thermal energy, mainly for the
heat recovery strategy. Although, the contribution of the system increases with the collector area, it can be
observed that the maximum is 52%, achieved in regions with GHI over 1800 kWh/m2-year. This is the superior
limit because the total thermal energy demand includes the heat required for the boiling stage (>100°C), hence it
is not provided with the solar system but with the LPG burner. For regions with GHI lower than 1800 kWh/m2year it is still noticeable the increment of the system’s contribution by increasing the collector area from ST3 to
ST4, however the size augmentation to ST5 is not worth it. For regions with GHI over 1800 kWh/m2-year systems
bigger than ST3 will cause an important amount of dumped energy that cannot be utilized. On the other hand, for
the PV system the behavior is modular; for bigger systems a higher yield is obtained. The results shown include
the total annual generation of the PV systems (self-consumed + injected to the grid) compared with the annual
electricity consumption. Often the energy availability and demand are not coupled. The main difference with the
ST system is that there is no dumped energy, because the surplus can be injected to the grid.
ST system contribution/total thermal energy
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Fig. 3. Energy contribution for the solar thermal and photovoltaic systems.

620

A. Pino et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

The Net Present Value (NPV) for a 20-year analysis is obtained for all the ST and PV systems for each province.
The positive cashflows in the analysis period correspond to the annual cost of the displaced conventional energy
due to the integration of solar systems. In addition, the Discounted Payback Period (DPP) is calculated as a
complementary index. Fig. 4 present the NPV and DPP results for the solar thermal systems. An increasing trend
of NPV with GHI can be observed; nevertheless, all the sets of data have different slopes. The ST1 has the lowest
NPV for all the locations, followed by the ST5 configuration. The rest of the data sets, i.e. ST2, ST3 and ST4, are
spread depending on the province. In the bottom left corner of the NPV plot there are outliers that represent the
southernmost provinces of Chile, which have low solar radiation and subsidized LPG prices, leading to low NPV
(ST5 has negative NPV). Therefore, installing a solar thermal system there it is not financially attractive under
the current scenario. On the plot of the right the DPP is shown. It can be observed that the ST2 configuration
systematically has lower DPP, followed by the ST3, ST1 and ST2 configuration, depending on the province. These
results indicate that ST5 is oversize for all the locations, since it has the highest DPP and it does not lead to the
highest NPV, implying that energy is dumped. Moreover, based on the two criteria, i.e. higher NPV or lower DPP,
the best alternative for each location can be ST2, ST3 or ST4.
Solar Thermal - Net Present Value

20
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Solar Thermal - Discounted Payback Period
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Fig. 4: Net Present Value (left) and Discounted Payback Period (right) for the 5 solar thermal systems studied. Locations are
represented by their global horizontal irradiation (GHI) on the x-axis.

Similar results for the PV systems analysis are shown in Fig. 5. In this case the NPV trend is also increasing with
the GHI, but it has a more linear behavior compared with the solar thermal system behavior. Although the linear
trending line slope of the different data sets (PV1 to PV6) are different, their behavior is constantly increasing
with the GHI. Since the electric performance of PV modules and inverters is similar regardless of the size of the
system, and because of the net-billing scheme, it is possible to sell the surplus power to the grid, consequently
avoiding dumping energy and penalizing oversized systems. For the DPP plot, the data sets are mixed, especially
for location with GHI of 1700-1900 kWh/m2-year (central region of Chile). There are some outliers that represent
locations with low electricity price, hence reducing the NPV and increasing the DPP. For instance, Tocopilla (GHI
= 2200 kWh/m2-year and electricity price of 0.126 USD/kWh) and Santiago (GHI = 1850 kWh/m2-year and
electricity price of 0.145 USD/kWh). The ST6 configuration maximizes the NPV for all the provinces, while the
PV1 minimizes the DPP.
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Fig. 5: Net Present Value (left) and Discounted Payback Period (right) for the 6 photovoltaic systems studied. Locations are
represented by their global horizontal irradiation (GHI) on the x-axis.
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Solar thermal system
NPV, USD

Photovoltaic system
DPP, years

NPV, USD

DPP, years

Fig. 6: Net Present Value and Discounted Payback Period with best option of system for the ST and PV systems. Stereographic
projection: EPSG:53016.

The maximum NPV and minimum DPP obtained for each location are presented in Fig. 6. This Figure also
indicates which system is considered the optimum according to each criterion, for both the ST and PV analysis.
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In the sunniest locations of Chile (northern regions) where the LPG price is high, the 20-year NPV for the solar
thermal system is over 23,000 USD, for instance in Tamarugal and El Loa (with ST3). Consequently, the smallest
partial DPP that can be achieved in the region is 3.8 years for a smaller system (ST2), although saving 40% of the
annual thermal energy. The main drawback of the solar energy integration is the high investment cost. Regardless
of the lifespan of the solar system being 20 - 25 years, frequently, the payback period is too high compared with
companies’ investment strategies. This short period of payback can be attractive for the companies.
For the PV system, Tamarugal and El Loa are also the provinces with high NPV and low DPP. Nevertheless, as
the electricity is more expensive in Parinacota, this province obtains the lowest DPP (3.79 years for PV1).and the
highest NPV (11,289 USD) for PV6, also generating 82% of the annual electricity consumed. Moreover, it can be
observed that some areas in the center, like Santiago and surrounding provinces, the NPV and DPP strongly
depend on the specific electricity price, since the solar irradiation in the area is similar.
For all the cases, the installation of a PV system has positive NPV in a 20-year timeframe, therefore it is a
profitable investment under the different scenarios proposed. Regarding the thermal system, the NPV is positive
for all cases except for ST5 located in the Region of Magallanes, where the LPG is subsidized because it belongs
to an extreme region with severe climate. In addition, it is possible to observe several regions with solar thermal
and photovoltaic DPP lower than 5 years, it could be financially attractive for microbreweries to invest in solar
energy, despite that the selected alternative does not maximize the NPV.

4. Conclusions
In order to become more competitive, the craft breweries need to reduce their costs without detriment of the highquality beer they are known for. By implementing energy efficiency strategies and integration of solar energy, the
total energy cost is reduced and environmental benefits are also obtained. Currently, the beermaking industry
typically supplies the process-heat with fossil fuels, whilst cold is commonly supplied with electric vaporcompression refrigeration chillers. Furthermore, electric power is required by auxiliary equipment (pumping,
bottling, grinding, etc.) and to provide heat to the fermentation chamber. For Small and Medium-sized Enterprises
(SMEs) the application of energy efficiency strategies not only depends on the current financial situation, but also
on the awareness of the technologies and their benefits, and local environmental regulation.
Currently, there is lack of solar energy utilization studies for small scale craft breweries. The aim of this study is
to assess the economic impact of the solar energy integration in a microbrewery for the different provinces in
Chile. The location-dependent parameters considered are weather and electricity and LPG price.
The annual thermal and electric energy demand of a microbrewery is simulated in 1-hour timestep. A 1.5 m3 water
storage tank is proposed to implement a heat recovery strategy since heating and cooling are required at different
time. Five different areas of flat-plate collector are compared, whereas for PV six different installed capacities are
compared. For electricity, under the current regulations the self-generated surplus energy can be sold to the grid
(net-billing scheme).
The first interesting outcome, yet not surprising, is that the generated energy from the PV systems constantly
increases when there is more installed capacity, whilst for the ST system there is a useful energy optimum that
not necessarily coincide with the largest system. Moreover, the useful energy for both PV and ST systems
increases where more solar irradiation is available. However, for the ST system in high solar irradiation locations
(Annual GHI > 2400 kWh/m2) the optimal energy option is a smaller system than for the rest of the regions.
The Net Present Value and Discounted Payback Period are calculated as economic indexes to compare the
different systems’ economic performance. Some general conclusions: higher irradiation levels lead to higher NPV
and lower DPP; higher conventional local energy cost, either LPG or electricity, causes higher NPV and lower
DPP (for the ST and PV systems). Nevertheless, only the combination of the three local parameters considered
allows us to compare the economic benefits of each system. Furthermore, the results are constrained to the case
study, as a different thermal and electric energy demand profile will modify the present outcome.
For the different thermal systems analyzed (heat recovery + flat-plate collectors), the Discounted Payback Period
can be as low as 3.8 years in the northern regions of Chile. In the southern part, where the LPG is subsidies and
there is less solar irradiation, the DPP can exceed 13.5 years. Similarly, for the PV systems, the economic indexes
vary highly when comparing provinces. The NPV can be doubled, e.g. Parinacota (northernmost) versus Tierra
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del Fuego (southernmost) provinces with PV6 system; and DPP can be 3 times higher when comparing the same
provinces.
Finally, this research study has successfully shown that the integration of solar energy can lead to economic
benefits for a small-scale craft brewery without affecting the process, hence, the quality of the product. For future
work, a slightly bigger microbrewery will be considered in a similar analysis, where measurements can be
obtained to better define the energy profile. The case study brewery employed in this study, has a highly variable
energy profile, as the batch process is performed every 3 days. The main constrains are the number of fermenters
and the size of the fermenting and maturing rooms. There are microbreweries that repeat the brewing process
daily and sometimes twice a day. By doing this, the utilization of the ST and PV systems proposed will likely
increase, which can lead to higher economic benefits. In contrast, for higher energy consumption better rates can
be obtained from the local energy distributor for both electricity and LPG.
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Abstract
The potential study showed that 9% of the final energy consumption in Switzerland by the industry could be
tapped with solar thermal systems. In order to check whether the theoretical potential corresponds to reality, a
survey was conducted throughout Switzerland in the four industries best suited to solar process heat: food,
chemicals/pharmaceuticals, paper and textiles. The participating companies provided information on their
energy consumption, the proportion of process heat in certain temperature ranges and load profile among other
things. Based on the enquiries three companies were selected for a more detailed feasibility study and a rough
concept planning of a solar process heat plant. Finally, a freely available tool, 'Solind', was developed that can
be used by industry, planners, energy consultants and other interested parties without prior knowledge about
solar process heat systems to make decisions about the possibility of the integration of solar thermal into the
existing process. The tool can be used to evaluate if solar process heat is applicable for a specific company,
calculate the solar gain and give a rough cost estimation.
Keywords: solar process heat, potential study, techno-economical estimation tool

1. Introduction
Although solar process heat has great potential to be a renewable heat source for industry, the big breakthrough
for this technology is still missing. There are several hurdles to overcome before it can establish itself as a
competitive technology in this field. One of these hurdles is its technical complexity, which requires a lot of
experience from planners and installers. Then there is a lack of suitable business models and, in some cases,
subsidies. Finally, the industrial sector is largely unaware of the great solar potential and many possibilities of
solar thermal energy as a renewable, CO2-neutral heat source. In order to promote the use of solar process heat,
it is therefore necessary, on the one hand, to develop financing models and simplifications through standardized
systems. On the other hand, to draw the attention of industry and energy consultants to its real potential. For
this purpose, a potential study on solar process heat and an industry survey in Switzerland were carried out.
The aim was to promote the technology and to compare the theoretically usable potential with the real potential
resulting from technical boundary conditions such as process load profile, temperature level, available roof
area (for a solar collector field) and heat energy supply system integration possibilities. The study should also
convince politicians in Switzerland that solar thermal should be supported not only for standard domestic
applications, but also for other applications such as process heat. In this contribution, we present the results
and conclusions from our investigations.

2. Potential Study
The study focused exclusively on the heat demand at (related to process heat) low temperature levels (<130°C)
of the different industrial branches and individual processes and is described in detail in [1]. In this temperature
range, energy can be provided with well-known, inexpensive and reliable solar thermal collectors that have
been known for decades in the residential sector. According to the Swiss Overall Energy Statistics GEST, in
2016 the Swiss industry consumed 156 PJ and thus accounted for 18 % of the total final primary energy
consumption in Switzerland. Of this industry's share, the provision of heat alone requires more than half,
namely 59%. Fossils fuels provided 40% part of the industry energy consumption while renewable energy
accounted for only 8 % [2]. The main energy consuming application in the industry is process heating and
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account about 63 PJ or about 40 % of the energy demand of Swiss industry [3].
The food, textile, paper and chemical/pharmaceutical sectors are interesting for the implementation of solar
thermal systems, as they have high thermal energy consumption for process heat generation and predominantly
low operating temperatures [4]. Together, these four industrial sectors have a heat demand of around 33 PJ,
which corresponds to 21 % of the energy consumption of Swiss industry in 2016. From this demand, the share
of heat at low temperature (<130 °C) is valued at 14.6 PJ. This represents the theoretical maximum potential
that can be tapped by conventional solar thermal systems in these four industrial sectors. This value represents
9 % of the final energy consumption of Swiss industry and 1.7 % of total energy consumption in Switzerland
in 2016.
In a next step, a Swiss-wide survey was conducted in the four identified industrial sectors of the potential
study. Based on the enquiries three companies were selected for a more detailed feasibility study. Based on
the results and the experienced gained in the project a fast feasibility tool was developed, which is able to do
a quick suitability check and a rough energetically and economical estimation of a solar process heat plant for
the interested company.

3. Results
3.1 Survey
In the survey, companies of the forenamed sectors were contacted to find out about the actual potential for
solar process heat and the boundary conditions. Furthermore, we took the opportunity to inform them about
solar process heat application. Out of 483 contacted industrial companies throughout Switzerland 54
participated in the survey – that is a share of 11 %. Broken down by the industry sector, 33 participants from
the food sector, three from the paper sector and nine each from the textile and chemicals/pharmaceuticals
sectors took part in the study. The response rate in German-speaking Switzerland was 25 % (41 out of 179),
which is a typical response rate for a voluntary survey and signals interest in this technology in Germanspeaking Switzerland. The reason why the response rate for the French and Italian-speaking part was <10 %
needs yet to be identified. The participating companies from these sectors provided information on the energy
sources used, the energy consumption, the proportion of process heat in certain temperature ranges and time
profiles, the payback period for heat generators, etc. For example, one of the most important criteria for
integrating solar thermal systems into a production process is the required temperature of the process heat. The
companies were asked to assign the thermal energy consumption to the temperature ranges 30-60 °C, 60-100
°C, 100-130 °C and >130 °C as a percentage. Except of the participants from the paper industry sector, the
evaluation of the survey showed the same tendencies in the low temperature range below 100 °C as described
in the potential analysis. Figure 1 shows the percentage energy consumption of the survey participants broken
down by temperature level and industrial sector.

Figure 1 Distribution of energy consumption by temperature in the different industrial sector

On the basis of the information obtained from the survey, we were able to establish that 70 % of the
participating companies are actually suitable for the use of solar process heat. The remaining 30 % either had
no roof area available, no processes with the corresponding temperature range or it would not be technically
possible by other reasons. The results also indicated that about one third of the participating companies had
already thought of solar process heat for their heat generation but did not pursue and implement it mostly
because of financial reasons.
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3.2 Feasibility study
For the feasibility studies three companies were selected, which reveal great potential and showed a strong
interest in solar process heat. In the first step, a more detailed analysis was carried out for the three participants
and a first /rough concept was developed. This included site visits, inspection of the available space for solar
thermal energy system installations, discussions with production employees (responsible persons for energy
supply systems), identification of integration points for solar thermal energy in processes and an energy flow
analysis. For these companies a rough planning for a solar collector field and system integration was
performed. Furthermore, tenders from various system and collector providers were collected to obtain cost
estimations for the best practice systems. Rough planning for a solar collector field and integration was carried
out for these companies. Depending on the available roof area at the site of the investigated companies(between
1'000 m2 and 200 m2) the levelized heating costs were between 7 Eurocent/kWh and 14 Eurocent/kWh.

3.3

Solind tool

Based on the results of the questionnaires and investigations, a freely available tool was developed to assist
the evaluation the versatility of solar thermal in industry. 'Solind' can be used by industry, planners, energy
consultants and other interested parties without prior knowledge about solar process heat systems. In a first
step basic questions are asked (e.g. heat demand <130°C, available roof space) in order to quickly determine
whether solar process heat makes sense for a company at all. If this is the case, more detailed questions
concerning the energy consumption and process demand are asked and based on the provided information
the tool quickly gives an overview about the possible solar yields and a rough energy cost (EURO/kWh)
estimation, as shown in Figure 2.

Figure 2 Extract out of the Solind tool. The right side graphs result from the information given on the left side
and previous fields in the tool
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The estimated heat yield is based on the Gainbuddy tool which was developed by the SPF Institute, which is a
gross heat yield calculator for a solar field of given available area and temperature. The row spacing between
the collectors was estimated at 3 m to 5.5 m with an elevation of 35° depending on the chosen collector type
to minimize the row shading and to use the available area as well as possible. For this purpose, calculations of
a field on 1m2 at different locations in Switzerland, solar field orientations and outlet temperatures were
performed, which in the Solind tool are up-scaled without taking row shading into account. All this information
is provided in the background of the tool and can be extended. In the current version of the tool it can be only
choosen between flat plate and vacuum tubes collectors. It is important to stress that the Solind tool has the
only goal to give initial estimates, thus the achieved accuracy is sufficient. The same applies to the estimation
of costs, where the aim is to give the interested party a feeling for the magnitude of such an investment. The
calculation of the levelized cost of heat LCOH is based on the calculation of Task 49. In addition, all important
key data is compiled in a document to serve as a start of the detailed planning phase of such a system.

4. Summary
The aim of our project was to demonstrate that there is a real potential in Switzerland for solar process heat in
industry that could help to cover 9 % of the final energy consumption by the industry. Based on the results of
the questionnaires and investigations, a freely available tool was developed to assist the evaluation the
versatility of solar thermal in industry. 'Solind' can be used by industry, planners, energy consultants and other
interested parties without prior knowledge about solar process heat systems. The method developed in the
project and the relevant know-how are passed on to plant planners and plant constructors. In this way, it should
be possible to increase the share of solar (thermal) energy for the provision of process heat in suitable industries
in Switzerland.
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Abstract
Natural gas is largely imported over long distances with high pressure, in order to optimize the utilisation rate of
existing pipelines. Along the way, the gas needs to be decompressed in various stages until it can be fed into local
gas grids situated close to final consumers. This central task of controlling the gas pressure level is done by gas
pressure regulation and metering stations (GPRMS). There, the gas flow needs to be heated up prior to the process
of decompression to avoid the gas from falling below the freezing point of water, which could cause operating
failures. Besides pressure and temperature gradients as well as gas composition, the heating demand is directly
proportional to the gas flow rate. The gas flow rate depends on the structure of the customers. GPRMS provide
gas to a large variety of consumers. As a result, the heat demand is in most cases well balanced throughout the
entire year and shows additionally a favourable temperature level for an efficient utilisation of renewable heating
technologies. After summarizing the state of the art of GPRMS heating technologies and describing typical grid
structures as well as other influencing variables on the shape of the heat demand, four concepts for renewable
heating are presented. The concepts were successfully implemented at existing GPRMS-plants. One of those
GPRMS was subject to a detailed monitoring, the results are evaluated and discussed in order to point out potentials for further improvements. The paper ends with a brief discussion of efficient approaches to assess the potential of utilizing renewable sources within the gas grid.

Keywords: natural gas grid, GPRMS, renewable Energies, SHIP - Solar Heat for Industrial Process, monitoring

1. Introduction to GPRMS
GPRMS are installed between long-distance and local gas grids to decompress the high-pressure gas flow, which
is necessary to achieve an efficient transport capacity within the long-distance transportation network. The pressure reduction results in cooling due to the Joule-Thomson-Effect (JTE), which can freeze the equipment and
endanger the gas supply to consumers. In order to prevent system failures and ensure the supply, the gas is preheated prior to expansion to such an extent that the temperature does not fall below the water freezing point as a
result of the expansion. The resulting preheating demand has often not been the focus of plant operators, which
led to predominantly energy inefficient GPRMS-plants. Since the major part of operating cost is caused by the
gas and electricity consumption associated with preheating, a rethinking towards a more efficient GPRMS-technology is developing (Mischner et al., 2015). Within the framework of the "EffGas 1" research project a total
annual heating demand of 1 to 1.5 TWh/a was estimated for the preheating in all GPRMS-plants in Germany.
About 30 percent of this preheating demand can be covered using renewable energies. The required temperature
level of the gas flow between expansion, situated between 40 and 80 °C, is very favourable in terms of utilizing
EffGas – Research project with the title: “Primary energy optimization of existing gas pressure control stations
and development of measures for the existing stations in Germany”
1

630

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.12.14 Available at http://proceedings.ises.org

L. Wimmer et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

renewable heat generation technologies. The exact number of GPRMS in Germany is unknown so far, presumably
around 5,000 GPRMS with relevant capacity are currently in operation in Germany. Besides decompressing the
gas flow GPRMS are responsible for flow rate measuring, filtration, protection of increasing downstream gas grid
pressure, and odorization (addition of odorous substances).
As mentioned before, GPRMS function as grid hubs within the gas supply grid. The grid structures can basically
be divided into different levels as shown in Fig. 1. The gas transmission grid (Fig. 1, left) is the supra-regional
grid which is responsible for transporting natural gas at high pressure levels from (often foreign) sources to local
consumers. From these long-distance pipelines, the gas is transferred to the distribution grid of the local area
supplier (Fig. 1, center), who finally delivers the gas to the end consumer (Fig. 1, right). As an example, the right
part of Figure 1 illustrates a section of the distribution grid of the city of Kassel. Each point represents a GPRMS.
In Chapter 3, four GPRMS are evaluated, located within the regional gas grid shown in Fig. 1 (center) and with
heat supply based on renewable energies. This regional grid is divided into three sub-sections, the northern, southern and central ones. The central grid section supplies central Hesse between Kassel and Marburg. The GPRMS
Ostheim from the north and the GPRMS Grossseelheim from the south feed into a common pipeline, which in
turn supplies local grids via further downstream GPRMS at lower pressure. The other two investigated GPRMS
are of central importance for the supply of wide areas in the southern and northern grid area as well as for major
industrial consumers. A total of 75 GPRMS have been installed in this regional gas grid to supply end customers.
In 10 of them renewable preheating systems could be implemented economically. The central location within
Germany and Europe is a special feature of this grid area, as the grid section is supplied by many upstream pipelines. Therefore, the supply of the regional grid works at various pressure levels. While the northern section is
supplied with a pressure level of around 20 bar, the central part of this regional grid is supplied with up to 90 bar.

Fig. 1: Levels of gas grids in Germany with existing GPRMS

In the following, the typical hydraulic configuration of such a GPRMS, starting with the actual pressure control
system, is discussed. Pressure control systems as shown in Fig. 2 usually have a redundant design in order to
ensure gas supply even in the case of faults or maintenance work. Accordingly, all necessary components are
doubled or bypasses are available. Starting with the gas entry from the left, the gas is filtered (2) in order to remove
unwanted substances such as dust, water or hydrates. Behind, the gas passes through tube heat exchangers (3)
required for preheating the gas flow. Horizontal designs are usually configured as counterflow-systems while
vertical models as sketched in the hydraulic drawing are designed as concurrent flow systems. After the preheating, the gas is throttled (5) and cools down as a result of the decompression. The gas flow is then measured in this
outlined hydraulic system (7 and 8) for a recalculation to standard conditions. In addition, safety devices are
provided in (1), (4) and (6) which protect against impermissible pressure increases, release gas if necessary or
mechanically disconnect the station from one of the grid sections. The schematic diagram also shows the spatial
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separation between the heating system (Heizraum) and other components to meet explosion protection requirements. Here, the safety shut-off valves (4) prevent natural gas from reaching the boilers at a pressure of up to 100
bar and igniting there.
3
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Fig. 2: Hydraulic plan of standard rails (Eurich 2017)

In general, the following three different hydraulic concepts can be found: throttled loop, deviation loop and bypass
loop. Throttled loop is still widely used especially in old systems, while bypass loops are increasingly implemented in new plants. The deviation loop illustrated in Fig 3 is most frequently found. In this hydraulic concept
the pump is located in the heat generator loop and delivers heat with an almost constant volume flow rate through
the boiler. The temperature provided by the boiler is set to a constant value independently of the time of the year,
whereas the actual adjustment of the delivered heat is controlled by mixing the flow into the return flow. For this
purpose, a corresponding mixing valve is needed. This system is installed in 3 of the 4 GPRMS detailed in the
following.

M
Heater

TC

Gas

Gas

Fig. 3: hydraulic plan of a typical gas preheating system in deviation loop configuration (Eurich 2017)

As a consequence, this configuration leads to a constant volume flow rate in the heat generator loop and a variable
flow rate in the heat exchanger loop. This operation mode enables a quick and efficient adjustment of the thermal
output/performance during peak consumption periods. At times of low heat requirements below 20 %, the mixing
valve operates close to its lowest closed position, which means that there is almost no defined control behaviour.
In real operation, this leads to too much heat being introduced into the heat exchanger loop and the control parameter fluctuates around the setpoint. The gas outlet temperature (GOT) of the GPRMS is the control parameter
in this case. Simple two-point or PI or PID controllers are often used as control algorithms, which compare the
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setpoint and actual value of the GOT to control the flow rate via the three-way valve in the heat exchanger loop.
The gas outlet temperature is then subject to certain restrictions which are summarised in Chapter 2.

2. Heat demand of GPRMS
Contrary to an ideal gas, the throttling of a real gas leads to a temperature change. The trend and dimension of
this change in temperature depends on the actual chemical composition of the gas as well as the pressure and
temperature levels. The underlying physical effect is called Joule-Thomson effect (JTE). For natural gas, the temperature decreases and is nearly proportional to the pressure reduction for the conditions prevailing in the investigated pipelines, with a temperature reduction of about 0.5 K/bar (Mischner et al. 2015).
When a gas at pressure p1 flows into a region of lower pressure p2 without significant change in kinetic energy,
the enthalpy remains constant and work is done on or by the fluid (Joule-Thomson expansion). This leads to a
change in internal energy, depending on the initial and final states of expansion and on the fluid properties.

𝐻 =𝑈+𝑝⋅ 𝑉

(2-1)

where H is the enthalpy, U the internal energy, p the pressure and V the volume.
The Joule-Thomson coefficient µJT (JTK) is described as the partial derivative of the temperature with respect to
the pressure, equation (2.2). If p·V increases in an isenthalpic expansion (H1 = H2), work is done by the fluid and
U must increase, which leads to a decrease in temperature and results in a positive value of µJT. Vice versa, if p·V
decreases, work is done on the fluid and if the increase in kinetic energy exceeds the increase in potential energy,
the temperature increases and the value of µJT is negative. In the described case with natural gas as real gas,
temperature change takes place due to pressure reduction for nearly adiabatic conditions.

𝜕𝑇
µ𝐽𝑇 = ( )
𝜕𝑝 𝐻

(2-2)

The main component of natural gas is methane. Methane has a positive value of µJT in the pressure range of
1..100 bar and a temperature of -30..100 °C. To make up for this physically related temperature drop, the natural
gas in GPRMS is usually preheated starting from a pressure difference of about 16 bar to avoid system failures.
For lower pressure differences, it is usually assumed that heat gains from the ambient (ground) compensate the
temperature drop, prevent impairments and secure the gas supply. According to equation (2-2), the actual magnitude of this effect depends on the physical parameters of pressure and temperature of the real gas before and after
expansion. Preheating in GPRMS is a central part in plant engineering and is described in DVGW G 499 (DVGW,
2015). According to this technical code, a simplified and rather practical approach is used to describe the heat
supply needed for the natural gas expansion as shown in equation (2-3).

𝑄̇𝑉𝑊 = 𝑉̇𝑁 ∙ 𝜌𝑁 ∙ 𝑐𝑝,𝑚 ∙ [(𝑝1 − 𝑝2 ) ∙ 𝜇𝐽𝑇,𝑚 + (𝑇2 − 𝑇1 )]

(2-3)

̇ ), an absolute heat demand is obtained as a function of the
For standard conditions of the natural gas flow rate (𝑉𝑁
mean isobaric heat capacity (𝑐𝑝,𝑚 ), the standard density (𝜌𝑁 ) and the mean JTK (𝜇𝐽𝑇,𝑚 ) proportional to the pressure reduction and the difference between the inlet temperature (T1) and the required target value of the gas outlet
temperature (T2, GOT). Furthermore, the physical values for the Russian H-gas and North Sea H-gas as well as
mixture of H-gas and L-gas are documented in tabular form in DVGW G 499 2015 for the calculation according
to this approach.
In addition to gas parameters, which depend on the composition of this natural product, the volume flow, the inlet
and outlet pressures as well as the inlet and outlet temperatures of the gas define the heat demand as shown in
equation (2-3). The gas parameters depend on the composition as well as on the absolute pressure and temperature
gradients. In addition, the daily input and output pressures in the GPRMS can be presumed to be almost constant
over the year. In contrast, the inlet temperature of the natural gas fluctuates between about 3 and 18 °C in the
course of the year as shown in Fig. 4, similar to the soil temperature at a depth of 1 m in most GPRMS. The gas

633

L. Wimmer et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

900
750
600
450
300
150
0

15
10
5
0

gas inlet temperature

daily gas amount [m³/d]

gas inlet temperature [ C]

outlet temperature is the only variable that can be freely adjusted for direct efficiency measures. In addition to
these two fluctuating quantities, the gas throughput is directly proportional to the absolute heat demand. As shown
in Fig. 4 for real data of a GPRMS, this is subject to strong seasonal variations of 1:7 between summer and winter
in this case. GPRMS which mainly supply industrial consumers show a more balanced load profile of 1:2 at best.
If GPRMS predominantly supply weather-dependent space heating, the gas throughput can fluctuate more pronouncedly of up to 1:10. Accordingly, GPRMS with increasing industrial share are more suitable for renewable
energies, as the seasonal heat demand profile is more balanced.

daily gas amount

Fig. 4: fluctuation of gas parameters during the days of the year

The GOT from the GPRMS, which can be freely chosen by the operator, is subject to certain restrictions which
have a wide variety of effects on operation and which must be observed in accordance with the security of supply.
At temperatures below - 30 °C, higher hydrocarbons can precipitate and clog pipes. Residual water remaining in
the natural gas can already condense below 0 °C and lead to the formation of gas hydrates, which in turn can
narrow the cross-section of pipes and thus endanger the operation. If the gas outlet temperature and thus the
surface temperature of the pipes is below the dew point of the ambient air, the humidity of the ambient air condenses on the gas pipes. This leads to a considerable amount of water accumulation and higher maintenance costs
due to corrosion. During winter, low dew point temperatures of -5…5 °C are usual in Germany. In contrast, dew
point temperatures in summer can be up to 25 °C. A constant setting of the GOT is therefore a compromise
between the number of hours of condensation and the increased heat demand associated with a higher GOT.
Renewable preheating concepts can therefore only be designed after this heat demand. However, at this point it is
mentioned once again that the yearly heat load of a GPRMS occurs at a temperature level of 40 to 80 °C, which
is favourable for renewable energies.

3. Introduction of existing plants
In this part alternative preheating concepts already implemented in the supply area of EnergieNetz Mitte GmbH
are presented. Three of the four systems have been transferred to regular operation in recent years and were
equipped with extensive monitoring equipment. The fourth plant (GPRMS Dillenburg) will be completed in summer 2019. Fig. 6 shows the solar thermal systems that have already been realised. The concepts are described
chronologically according to their completion date.

Fig. 6: Grossseelheim, Germany (l): 355 m² –solar heating plant and biogas waste heat (2012)
Neu-Eichenberg, Germany (m): 135 m² solar heating plant and 3x41 kWth gas heat pumps (2014/2015)
Ostheim, Germany (r): 440 m² solar heating plant and 3x41 kWth gas heat pumps (2016)
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GPRMS Grossseelheim
The first of the four concepts was developed as part of a research project investigating the potential of solar
thermal preheating in GPRMS. In addition to essential analyses and evaluations, special components, particularly
transportable buffer storages and solar heat transfer stations in shipping containers, were developed during the
project to achieve the renewable preheating technology of GPRMS as cost-efficient as possible. The GPRMS
mainly supplies a large chocolate producer with year-round process heat demand, and furthermore household
customers with a more variable weather-dependent heating demand. Due to the high process heat demand throughout the year, this GPRMS offers the potential for an economic realisation of a system with up to 1,000 m² collector
area. At the same time a biogas driven CHP plant was planned, which supplies a nearby local heating grid. The
heat sources in decreasing order of priority are the solar thermal system, biogas and natural gas.
Because of the oversupply of waste heat from the CHP, the solar thermal plant was dimensioned smaller and the
integration of waste heat from the CHP plant not required by the local heating grid was taken into account in the
planning process. Both renewable heat generators deliver heat to a 24 m3 pressureless storage, which was installed
in a 20-feet shipping container. If heat is required, the temperature of the return flow to the gas preheater can be
increased via an external heat exchanger. If the target flow temperature cannot be achieved by solar and waste
heat, the downstream boiler cascade secures the desired temperature automatically. Both control loops for integration of solar or conventional heat are independent from each other and thus enable the required supply security.
The realisation of this plant took place within the framework of a contracting model. The GPRMS operator pays
only for the delivered renewable heat, at a price below the current gas price. The hydraulic concept of this system
is shown schematically in Fig. 7.

̇
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Heater
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CHP

GPRMS Grossseelheim

=

Fig. 7: Schematic hydraulic concept of the preheating system of GPRMS Grossseelheim (2012)

GPRMS Neu-Eichenberg
In this GPRMS, a space-saving rooftop solar thermal system in combination with three gas-absorption heat pumps
was realised. Again, both heat generators are delivering heat to a buffer store and feed it into the return flow of
the conventional heating cycle. The entire system periphery and the 10 m³ buffer storage are installed in a 20 feet
shipping container according to its space-saving design. In addition, the aforementioned efficiency measure of
dew point control was implemented for this GPRMS. The target value of the GOT is constantly adjusted to the
dew point of the ambient air. The efficiency raises in winter months in accordance with the low dew point temperatures, while the efficiency is slightly reduced by the higher temperatures necessary in summer to avoid condensation. Thus, the summer heat demand increases, while the winter heat demand is reduced, which leads to
increased possible solar coverage rates in summer. Under consideration of current energy market condition at the
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time of the implementation, this plant was financed as a self-investment project by the grid operator.
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Fig. 8: Schematic hydraulic concept of the preheating system of GPRMS Neu-Eichenberg (2014/15)

GPRMS Ostheim
The third alternative preheating system was implemented as part of a new GPRMS construction project. Compared
to existing GPRMS, only a few new plants of this size are built in Germany each year. Since the renewable
preheating system was already considered in the planning process of GPRMS Ostheim, its building was optimized
towards using solar thermal energy from the beginning. Therefore, part of the collector area could be installed on
the station roof. The large flat-plate collectors heat up a 21 m³ modular buffer storage tank, which was installed
in the heating room and is equipped with innovative vacuum insulation which allows space saving. As a special
feature of this concept, a separate gas preheater is installed for an optimised integration of the renewable heat. The
solar thermal system and the heat pumps work more efficiently at lower temperature levels. The preheated natural
gas flows through a second gas preheater supplied by a 4 * 620 kW low-temperature boiler cascade connected in
series, which provides additional heat if required, until the set-temperature is reached. This GPRMS is also
equipped with dew point control.
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Fig. 8: Schematic hydraulic concept of the preheating system of GPRMS Ostheim (2016)
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GPRMS Dillenburg
In addition to the three aforementioned GPRMS with renewable preheating concept, which belong to the category
of GPRMS with a high maximum gas flow capacity, a fourth GPRMS Dillenburg (Fig. 9) from the middle output
range with a throughput capacity of up to 10,000 Nm³/h is currently under modification in order to use renewable
preheating. A 65 m² solar thermal system is used in combination with a small CHP unit, to load a buffer storage
tank. Macro-encapsulated PCM modules are additionally installed in the upper third of the buffer store to increase
the storage capacity in the range of the operating temperature of the CHP unit. As a special feature of this concept,
a heating rod with a power consumption/heat output of 30 kW is additionally installed. It can be operated as an
alternative to the CHP and is thus intended to stabilise the local low-voltage grid on a trial basis. In addition, this
GPRMS is tested with a customized efficient control strategy, which is intended to enable cost-effective dew point
control. This means the GOT is controlled in according to the actual dew point. For this control strategy the GOT
is set at the lowest level preventing humidity of the ambient air to condense on the pipes. This control strategy
reduces the yearly gas demand of the GPRMS of nearly 30 % compared to a control with a fixed GOTand maximizes the preheating demand in summer time when the dew point is at the highest level. According to the current
utilisation of the GPRMS, the innovative heat concept ensures that the low-temperature boilers will only be required at peak times. Again, the renewable preheating is integrated in the return flow from the gas preheater.
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Fig. 9: Schematic hydraulic concept of the preheating system of GPRMS Dillenburg (2019)

4. Evaluation of operating data from the
GPRMS Ostheim
The combined low carbon heating system consisting of the CO2-neutral solar process heating plant and the gasabsorption heat pumps for the GPRMS Ostheim was planned in 2015. Until the start of operation about twelve
months passed by, especially due to delays in realizing the GPRMS itself. Since September 2016, the first monitoring data was available. As it was necessary to change the online server of the data logging system due to
operational reasons, gaps in the dataset and a new nomenclature for the sensors and therefore the logged monitoring data occurred. But since September 2017 a nearly complete dataset for the whole GPRMS Ostheim is available.
Over the first full 14 months a yearly solar fraction of about 11 % was reached at the GPRMS Ostheim, ranging
monthly from 0.1 % in December 2017 up to 63 % in August 2018. In addition, the gas-absorption heat pump
cascade (GWP) covered nearly 30 % of the yearly heat demand varying on a monthly basis between 21 % in
August 2018 up to 42 % in June 2018. The remaining 59 % (yearly basis) is provided by the natural gas burners.
Fig. 10 shows the monthly coverage rates of the three heat sources at the GPRMS Ostheim.
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Fig. 10: Overview of monthly coverage rates of the three heat sources in Ostheim from September 2017 till October 2018

During the planning of the solar heating plant, a solar energy yield of 260 MWh/a respectively 620 kWh/m²a
(gross) was calculated due to the low temperature demand of the heat sink. The measured data showed that this
high yield could not be reached. In the operational year from November 2017 to October 2018 the solar yield
reached 191 MWh/a or 455 kWh/m²a, corresponding to a solar utilization ratio of 35,4 %. Although it is still a
good yield, it is a quarter below expectations.
A detailed analysis revealed some issues responsible for this reduced solar yield. First, the solar heating plant
went into stagnation on a regular basis on sunny days from April till October. Additionally, it could be seen, that
on several days the two ground mounted collector rows went into stagnation while the roof collectors were still in
operation, as it can be seen in Fig. 11.

Fig. 11: Consecutive days in July 2018 with partial and full stagnation of the solar heating plant

A detailed analysis of the temperatures, flow rates and system design unveiled two problems. First, the pump of
the ground mounted collector field is not able to deliver the planned flow rate because of the pressure drop in the
loop. While the collectors on the roof of the GPRMS are operated with a specific flow rate of around 24 l/m²h as
designed, the pump of the ground mounted collectors only delivers ~ 15 l/m²h. Therefore, the flow rate of the field
collectors with its 224 m² is in the range of 3,3 m³/h while the smaller field on the roof with 198 m² is run through
by 4,7 m³/h, which leads to the partial stagnation shown in Fig. 11. The unfavourable connection of the flow and
return pipes of each collector row is very likely the cause of the partial stagnation of the solar heating plant. As it

638

L. Wimmer et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

can be seen in Fig. 12, both the flow and return pipes are connected on one side of the collector rows. As the two
rows consist of 8 and 9 serially connected collectors, each with five segments and five parallel serpentine absorber
pipes, equaling 105 and 119 m² of collector area, the pressure drop in the rows is too high to reach a sufficient
volume flow rate in the furthest collectors. Connecting the flow and return pipes on the opposite side of each rows
would have been necessary to achieve a more uniform flow rate in the collectors.

Fig. 12: Scheme of the two ground mounted collector rows with all connection pipes on the left side of the rows

A second problem that could be identified is the high logarithmic temperature difference (ΔTlog) of the solar heat
exchanger. On sunny days with an irradiation of 800 W/m² or higher, the ΔTlog of the solar heat exchanger starts
around 5 K in the morning and increases continuously with the irradiance up to 20..25 K before the system goes
into stagnation. As the ratio of the capacity flows on the primary and secondary side of the heat exchanger is
nearly 1, it is almost certain, that the installed solar heat exchanger does not match the desired heat transfer capacity. Figure 13 shows a summer day with stagnation of the solar heating plant at 2 p.m. (2018, 19th of July),
where the increasing ΔTlog can be seen. The ΔTlog is only presented for times when both the primary and secondary
solar pump are running.

Fig. 13: Collector flow temperatures and logarithmic temperature difference of the solar heat exchanger on a cloudless day in July
with high irradiance (up to 1030 W/m² in the collector plane at noon)
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Because of the high ΔTlog of up to 25 K, the system is frequently going into stagnation while the temperature at
the bottom of the storage is still around 60 °C (maximum temperature of storage is 85 °C). Therefore, the storage
cannot fully be charged, leading to a higher than necessary heat demand provided by the gas-absorption heat
pumps in summer nights, as the stored solar heat is not sufficient until the next morning.
In contrast to the solar heat exchanger for charging the storage, the heat exchanger for the discharge of the storage
is working as expected. As it can be seen in Fig. 14, in summer the logarithmic temperature difference is normally
below 4 K and in winter it increases up to 6 K corresponding to the increased heat demand of the GPRMS.

Fig. 14: Logarithmic temperature difference of the heat exchanger for the storage discharge over 15 months of operation

Looking at the gas-absorption heat pumps with ambient air as heat source, a COP of 1,1 up to 1,34 is achieved on
a monthly basis according to the measured calorific value of the used natural gas. The COP is calculated on an
hourly basis, as the composition and therefore the calorific value of the used natural gas is not constant. Since
April 2018 the monthly COP has increased to a rather constant value, between 1,31 and 1,34, as it can be seen in
Fig. 15. This can be explained by the installation of a mixing valve increasing the return temperature to the heat
pumps to avoid icing on the cold side of the heat pumps.

Fig. 15: Daily (graph) and monthly (table) COP of the gas-absorption heat pump cascade from September 2017 to October 2018

A comparison of the measured hourly averaged COP values of the heat pump cascade in steady state and the COP
values given in the datasheet as a function of the ambient temperature showed a good agreement between 0 °C
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and 10 °C. Below -5 °C and above 15 °C the discrepancy is increasing but still in an acceptable range. Fig. 16
shows the hourly average COP values of the heat pump cascade in steady state as blue dots and their quadratic
interpolation. The heat pump cascade is considered to be in steady state when the heat load varies by less than
10 % from the previous and following hour. The flow and return temperatures of 65 °C and 55 °C used for determining the COP according to the datasheet are in good agreement with values measured at the GPRMS Ostheim.

Fig. 16: Comparison of measured COP values and values given in the datasheet for flow temperatures of 65 °C and return temperatures of 55 °C

One aspect, which is currently still under evaluation, is the dimensioning of the heat exchanger for the preheating
of natural gas. While the desired flow temperature for the natural gas on the secondary side can be reached, the
temperature of the return flow on the primary side of the heat exchanger of about 45 °C is 25 K higher than
expected. This also has a strong impact on the solar heat production.
As shown by prior explanations, there is potential to further increase the performance of the currently reasonably
performing solar heating plant of the GPRMS Ostheim. At first, the connections of the flow and return pipes to
the ground mounted collector rows were changed in August 2019 to achieve an even flow rate in these rows.
Additionally, the pump for these rows was changed to reach a higher specific flow rate of 24 l/m²h equal to the
one achieved for the roof collector rows. After these changes, a short period is scheduled to evaluate the effects
of these optimizations, before replacing the solar heat exchanger, if necessary. Additionally, it will be investigated
if it is still possible to achieve balanced capacity flows on the primary and secondary side of the solar heat exchanger after the installation of the stronger pump for the ground mounted collectors. If necessary, the secondary
pump for storage charging will be replaced as well.

5. Outlook
It was possible to demonstrate the positive conditions of this niche application in terms of utilizing solar process
heat due to a year-round heat demand at a low temperature level and in most cases also a high availability of space
for solar thermal equipment. The pilot projects prove that renewable preheating concepts can operate successfully
in supplying relevant GPRMS. The aim of further research is to provide planners and operators with appropriate
tools to enable even newcomers to the sector to plan and implement integral heat supply concepts with minimum
effort. For this purpose, a classification of gas grid structures and a forecast of the seasonal fluctuating gas throughput are subject to further research projects. A model forecasting the daily heat demand based on the forecast daily
gas throughput and under consideration of further conditions such as the pressure difference, is currently under
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development. For this purpose, a freely accessible online tool will be available, which enables an initial estimation
based on a few key figures. In addition, various feasibility studies are currently being carried out with other grid
operators in Germany with the aim of realizing further prototype plants outside the grid area of EnergieNetz Mitte
GmbH in order to ensure market penetration.
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Abstract
We present the results of the optical and thermal simulation in temporary state of a parabolic solar concentrator
combined with a chemical reactor to produce hydrogen. In a previous experimental work, the reaction of ethanol
steam reforming (ESR) based on a bimetallic catalyst Ni-Co-Hidrotalcita-WOx (HTB-3) with high selectivity for H2,
was tested. The activation temperature of the catalyst was 450 °C and this temperature was maintained for 30 min
more to make three chromatographic analyzes. This process was carried out at three temperatures (450 °C, 500 °C
and 550 °C). To replace the electrical power necessary for the reaction (1200 W) a paraboidal solar concentrator was
designed. Geometric parameters of the paraboloid were calculated, such as the area, angle of opening and the focus,
determining the most convenient geometry to concentrate the solar power required. A temporary energy balance was
made in the solar concentrator to calculate the heat needed for the chemical reactor. We solved the differential
equation by finite differences to calculate the reactor temperature and keep it stable as long as possible. The results
show that the solar concentrator operating in Hermosillo Sonora, with an irradiance greater than 900 W/m2, reaches
average temperatures above 700 °C in 15 minutes and remains stable for more than 7 hours, showing the technical
viability of the equipment. It is demonstrated that it is feasible to carry out the ethanol vapor reforming reaction using
conditions similar to those carried out when the reactor was heated with an electric oven. The reaction products were
mainly H2, CH4 and CO2.
Keywords: Paraboidal, solar furnace, chemical, reactor, hydrogen

1. Introduction
Large-scale production of biofuels offers a development opportunity for developing countries and thus reduce their
dependence on oil. For this reason, biomass-derived fuels such as bioethanol, biodiesel and hydrogen play an
important role today and in the near future of the world and from here using traditional thermochemical or biological
processes to obtain hydrogen [2]. Hydrogen production is one of the most promising alternative energy technologies,
however it is not a primary resource freely available in nature. Most experts believe that hydrogen will have a great
role to play as an energy carrier in the global energy sector [3,4], for several reasons: it is a clean fuel, without CO 2
emissions and can easily be used in fuel cells of electric vehicles, as well as in the generation of domestic electricity.
In addition, hydrogen has a high energy efficiency (122 KJ/g), which makes it more attractive for use in combustion
engines. For transport and various applications it is receiving much more favorable attention as a technical and vision
issue in public policy [5].
Global hydrogen production in 2008 reached 13 billion standard cubic feet [6] and on the order of 10% of that amount
was supplied by industrial companies; the rest was produced by consumers themselves within their chemical plants
to meet their demand, such as refineries and ammonia and methanol production facilities. A logical source for largescale hydrogen production is water, which is an abundant molecule in the earth. Different methods of producing
hydrogen from water have been or are being developed [7]. These include studies based on Electrolysis,
Thermochemical Processes, Photolysis, Photoelectrochemical Processes and Photocatalysis Biomass is another
important renewable resource used for the production of hydrogen [7]. The main disadvantages of these processes,
which make them unfeasible in the long term for the production of hydrogen is the generation of important
greenhouse gas emissions, such as CO2 and by depleting fossil resources. Solar energy, as a renewable source and
for its extraordinary abundance, is a viable option to mitigate both inconveniences. Solar energy can be concentrated
to obtain the high temperatures required for efficient solar thermochemical processes. When solar radiation is used
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as an energy source to produce energy, such as synthesis gas (which is a mixture of H2 and CO, they are called “solar
fuels” (HI Villafán-Vidales) [7]. These processes are also an alternative route to the storage of solar energy in
chemical form, helping to compensate for the intermittency of the solar resource, so “solar fuels” such as hydrogen
production where the energy consumed is of solar-thermal origin, can be used in different ways: improving fossil
fuels that are burned to generate heat, using them directly in burners, in turbines or engines to produce electricity or
movement, or using them to generate electricity in fuel cells and batteries. The methods for producing hydrogen with
solar energy are grouped into three large sets [7]: photochemical, electrochemical and thermochemical processes,
although there are also combinations of the above (photoelectrolysis, high temperature electrolysis of steam).
This study will focus on methods that use concentrated solar energy and thermochemical methods, including: direct
water thermolysis, thermochemical cycles, usually two-step, based on the reduction of metal oxides, as well as
cracking, reformed and gasification of hydrocarbons. To achieve high concentration ratios, one of the three most
common optical configurations is used: parabolic discs and torrecentral systems and cylindrical-parabolic collectors,
although the necessary temperature level is not reached with the latter.

2. Previous studies
In 2015, A. Jaramillo and N. Daza [8], carried out the design and experimental study of a solar stove shaped like a
paraboloid of revolution, based on the methodology presented by P F Diez [1]. In addition, an optical model of the
paraboloid was coupled with a thermal model of the receiver located at the focal point of the paraboloid, to reach the
desired temperature. Experimentally and using thermal oil as a working fluid in the receiver, a temperature of 180
°C was reached in a short time. In 2016, L. A. Andrade et al. [9] presented a paper where they predict the behavior
of temporal temperature in a specimen placed at the focal point of a parabolic solar concentrator, where a Ω
dimension is proposed, which correlates the diameter of the solar collector (D) with the solid mass at heat (M) and
solar irradiance (I). The authors also investigated the equilibrium temperature behavior as a function of Ω. The
simulations were carried out by manipulating D, M and G, and organized according to a complete factorial design.
The simulation results obtained showed that temperatures of up to 1600 °C can be reached in relatively short periods
of time, and may be an alternative to obtain energy of high temperature.
In 2016, I. Martínez [10] carried out the experimental study of a catalytic bed reactor for the production of hydrogen
from bioethanol and using electrical resistors as a source of heat. It resulted in the evaluation of the catalyst at three
different temperatures (450 °C, 500 °C and 550 °C).
In 2017, H.I. Villafán-Vidales et al. [7] present an overview of solar thermochemical processes for the production of
hydrogen and synthesis gas. They indicate that biomass gasification is a complex process that involves several
reactions that require high temperatures. According to their study, gasification represents a capacity of 430 Mm3 of
the world's daily production of hydrogen [5]. Thus, the use of solar energy concentration in the gasification process
has several advantages: (a) almost 30% of CO2 emissions can be reduced, (b) 5%–25% of the raw material can be
saved and (c) higher yields of synthesis gas per unit of biomass can be obtained, since it eliminates the need to
consume part of the biomass as fuel to provide heat to the process.
Several prototypes of solar reactors have been developed. One of the first solar prototypes was proposed in the 1980s
and was a directly irradiated compact bed [11], using reagents such as sub-bituminous coal, activated carbon, coke
and a mixture of coal and biomass with steam and CO2 as gasifying agents. The reactor consisted of an L-shaped
stainless steel cavity. This reactor was tested in White Sands, New Mexico. With this prototype, the authors achieved
energy conversions with efficiencies between 4.8% and 8.6% and average molar flows of 0.2 mol/min of H2, 0.064
mol min of CO, 0.04 mol/min of CO2, and 0.007 mol/min of CH4 , with a synthesis quality of H2: CO ≈ 3 which,
according to the authors, is superior to that obtained in a conventional gasification process.

3. Design of a solar concentration system
3.1 Classification of solar concentrators.
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There are four technologies to obtain Solar Thermal Concentration Energy: Fresnel Linear Concentrator Systems
(LFR), Central Receiver Systems or Solar Tower, Parabolic Disk Systems and Parabolic Channels. As the geometry
of the chemical reactor is cylindrical, parabolic disk technology was chosen.
3.1.1 Parabolic disk systems.
A disk-shaped parabolic reflector concentrates the sun's rays into a receiver located at the focal point of the disk. The
concentrated radiation is absorbed into the receiver to heat a fluid or gas (air) to about 750 °C, for example, as a hightemperature heat-carrier fluid for a reaction (Fig. 1).

Fig. 1: Opening area and area of the paraboloid receiver [1].

Fig. 2: Geometry of a parabola in polar coordinates [1].

3.1.2 Concentration factor
The concentration factor C of the area is given as the relationship between the opening area (Aa) and the area of the
receiver (Ar) (Fig. 1 and Fig. 2) [1].
C = Aa / Ar
(Eq. 1)
3.1.3 Design of a parabolic solar concentrator revolution.
To calculate the area of the paraboloid in revolution (resulting from the rotation of a parabola around its axis), it is
necessary to know the equation that describes the geometric figure [1].

x 2  4 py

(Eq. 2)

Where, p is a focal point of the parabola. To know the equation of the parabola in spherical coordinates, the concept
of eccentricity is used, which although for conical function is one, establishes the relationship between a point of the
function and the focus, and a fixed line and that is given by .
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(Eq. 3)

Where,  is the distance between the focal point (F) and any point of the parabola (I), f is the focal length,  is the
opening angle of  , H is a point of the direct line, S is the vertex of the parabola, P is the end point of the parabola,
D is the distance between the end points and h is the height of the point I (Fig. 2).
So the equation that describes the parabola in polar coordinates is:



The relation for the angle is also obtained
tan

2f

1  cos 

f
cos

2



(Eq. 4)

2

 [8]


h

2 2f

Considering the maximum opening angle (  max

(Eq. 5)

  ), the diameter of the entire parabola is D  2h , so that in

terms of the focal length is: [1]
D  4 f tan
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The opening area of the paraboloid is the surface that is formed with the largest diameter of the parabola, is circular
in shape and is found from the following equation.

Aa 


4

D2

(Eq. 7)

Replacing the diameter in the previous equation, the opening area must finally be:

Aa  4f 2 tan 2



(Eq. 8)

2

However, it is necessary to know the area of the paraboloid in revolution, which is from the first Pappus-Guldin
theorem (Fig. 3), where it is established, that if there is a curve of length L and it is rotated around an axis, an area
revolution area is generated A to find this area it is enough to multiply the distance traveled by the centroid of the
curve (C), by the length of itself.


A   2 ydl

(Eq. 9)

0

Fig. 3: First theorem of Pappus Guldin [1].

In the case of the paraboloid in revolution the coordinate

y is equal to:

y   sin 
Replacing the value of



(Eq. 10)

previously obtained we obtain:
f sin 
y

cos 2
2

(Eq. 11)

For the calculation of the length differential, the parabola equation (eq. 2) is derived:

 


  2 f cos   sin 
2 
2  d
d  

2
cos 4
2
Simplifying the previous equation,


2 d
d 
3 
cos
2

( Eq. 12)

f sin

( Eq. 13)

Replacing Eq. 13 in the length differential for polar coordinates:



dl 2  d 2  d 2



  


 f sin
  f

2
2 d   
dl  
d 
 cos 3 
  cos 2 


 

2
2 

 
Factoring the previous expression we have:
2

(Eq. 14)
2

(Eq. 15)
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2 

2
2  sin
f
d

2  1

dl 2 



cos 4  cos 2

2
2


(Eq. 16)

Applying the trigonometric identity:
( Eq. 17)
sin 2   cos2   1


f 2 d 2  1 
(Eq. 18)
dl 2 
4  
2  
cos
 cos

2
2
Reorganizing the previous equation and taking square root on both sides, you have that the length differential
( dl ) of the curve that describes the parabola is:
f d
( Eq. 19)
dl 
3 
cos
2
Taking the equation of the area of the parabola (Eq. 9) and replacing the expressions found above (Eq. 11 and Eq.
19) you get:


f 2 sin 

0

5

A  2 

cos



d

(Eq. 20)

2

Using the trigonometric identity of sum of angles:

sin(  )  2 sin
Replacing Eq. 21 in Eq. 20:


2



cos

(Eq. 21)

2


2 d
A  4f 

0 cos 4
2
sin



(Eq. 22)

2

Using the method of integration by parts and separating the integral, where:

u

1
cos4


2


2 sin

 ;
2 d ; v  2 cos d
; dv  sin d du 
2
2
5 
cos

sin



and


0

cos

2 d  



4

4
0

So the integral obtained is:

sin
cos



4



2 d 
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2
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2

Adding the integrals of both sides
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( Eq. 24)

2


2
2
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cos
3 cos
2
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(Eq. 23)

sin

(Eq. 25)

Replacing equation 17 in Eq. 22, we get:


A  4f

2

2
3 cos

3



20
Finally, the area of the parabola after evaluating the previous equation is:
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8f 2  1

A 
 1
3  cos 3  


2 


(Eq. 27)

At the begining of the Eq. 27 the area of the parabola can be calculated when determining the focus f and the opening
angle ϕ, which will be selected in order to determine a parabola, to design a concentrator that concentrates the power
necessary to reach the reactor operating temperature.
3.1.4 Paraboloid area, height and focus.
To calculate the height of the parabola, it is necessary to resort again to Fig. 2, which results in the following
relationship: [1,8]
(Eq. 28)
y p  f   cos 180   
Using the following trigonometric identity:

cos(a  b)  cos a cos b  sin a sin b

(Eq. 29)

It has for yp:

y p  f   cos  
Replacing Eq. 4 in Eq. 30, we get:



cos  

yp  f 1
 cos 2  


2


(Eq. 30)

(Eq. 31)

Then the equations corresponding to the geometric and optical design of the paraboloid, its focus and its height have
been established. The resulting values of these equations will be used as parameters of each simulation and thus solve
the mathematical model that determines the concentration necessary to reach the starting temperature for the chemical
reaction that will produce hydrogen.

4. Energy balance using a catalytic reactor as an absorber
To evaluate the thermal performance of the paraboidal concentrator (Fig. 4), the catalytic bed reactor was considered
as the absorber placed at the focal point, and using a temporary energy balance, (Fig. 5) where it is established that


the difference of the sum of the input energy flows ( Q in ) minus the sum of the output flows


( Q out ), is practically equal to the temporary change of the internal energy of the dE / dt system, that is:
.



.

 Q  Q
in

out



dE
dt

(Eq. 32)

that written in another way, (Eq.32) becomes:


.
.

 Q  Q
in

out

 mmezccmezc  mreaccreac 

dT
dt

(Eq.33)
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Fig. 4: Parabolic Disc Concentration Collector. [1]

Fig. 5: Energy balance. [11]

where mmezc and cmezc are the specific mass and heat of the reactor, while mreac and creac are the specific mass and heat
of the components of the reaction to be heated, dT is the temperature differential of the reactor and dt is the time
differential. Solving the (Eq. 33) by finite differences, where from a starting temperature T j, a value of it is calculated
after an instant of time t, Tj + 1, which allows to theoretically estimate the temporal evolution of the temperature that
the reactor would reach, such that:

dT T j i   T j

dt
t

( Eq. 34)

Replaced in Eq.33 the Eq.34 and reorganizing, the Eq.35 is obtained, which allows to calculate the increase of the
initial temperature of the system T j after a time t, until reaching the final temperature T j + 1, which it will depend
fundamentally on the optical behavior of the paraboidal concentrator with the absorber (gains and losses of heat and
increase of the internal energy) and of the solar radiation of the moment (Eq. 35).
T j 1  T j 


.
. 
t


Q

Q


out
in

mmezccmezc  mreaccreac  



(Eq. 35)

4.1.1 Energy gains in a thermochemical solar heating process.
The input power in a parabolic solar concentrator to heat the reactor in a certain time, is expressed as:
Qrad = αRIAp

(Eq. 36)

Where α is the absorption coefficient of the reactor (metal + absorbent film), R the reflection coefficient of the film
that covers the surface of the parabolic disk of revolution, I the solar irradiation and Ap the surface area of the
concentrator.
4.1.2 Loss of energy
In a thermochemical process of convection heating, emission, conduction, and reaction energy. The most common
way to reduce heat loss in the receiver at elevated temperatures is to reduce its size, since heat loss is directly
proportional to its area.
4.1.2.1. Convection.
Convection losses is one of the factors that most influence the performance of the device [8], which is a function of
the convection heat transfer coefficient of the material hca, Te and T0 the temperature of the absorber and the ambient
air and Areac is the surface area of the reactor, such that:
.

Q

conv

 Areachca (Te  To )

( Eq. 37)

The convection coefficient hca (Eq. 38) also depends on the speed and incidence of the place's wind, and is influenced
by the surface finish of the absorber. For this work, an air current perpendicular to the receiving surface was
considered, where vaire is the average wind speed (in m/s), such that:
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hca  16.9vaire

0.45

(Eq. 38)

4.1.2.2 Emission.
These losses can be determined from the Stefan Boltzman equation, such that:

Q

.

emi



 Areac Te4  T04



(Eq. 39)

Where Areac is the surface area of the reactor,  is the constant of Stefan Boltzman (5.67x10 -8 W/m2K4), it is the
emissivity coefficient of the absorber material, T e the average temperature of the absorber and T 0 the temperature of
the medium.
4.1.2.3 Conduction
In the case of the absorber, the conduction heat losses are negligible because the contact area between the reactor
and the clamping structure is minimal, so these will not be taken into account, since the exposed area is directly
proportional to driving losses, as shown in Eq. 40. [8]
.

Q

cond



Areac Te  Test 
d

(Eq. 40)

Where λ is the thermal conductivity of the absorber, Areac the contact area, Te the temperature of the absorber, T est
the temperature of the structure and d its thickness [8].
4.1.2.4 Reaction Energy
Reaction energy is the energy needed to activate the reaction and start producing hydrogen. Experimentally, a pair
of electrical resistors of 600W each was used [10], therefore in the simulation of the parabolic concentrator this
reaction energy was considered.
Qreaction = 1200 W
(Eq. 41)
4.2 Algorithm of resolution of the mathematical model, initial conditions used and results.
To solve the mathematical model developed above, an Excel sheet was used, with the algorithm presented in (Fig.
6) and using the meteorological data of solar irradiation, ambient temperature and wind speed, provided every 10
minutes by the Meteorological Stations from four Mexican cities.

5. Results and Discussion
5.1. Thermal behavior
For the analysis of the thermal behavior of the absorber (reactor), data from some days of June and July 2018, of four
Mexican cities, two of moderate climate and two of extreme climate, but all with very irradiation conditions were
used. It was possible to characterize a reactor temperature profile against time, simulating the behavior of the
parabolic concentrator from 9 am to 6 pm, evaluated every hour in the cities of: Hermosillo Sonora, Mexico City
(CDMX), Cuernavaca Morelos and Morelia Michoacán.
In Fig. 7 the different reactor temperature profiles for the different cities are observed, where a reference temperature
band between 600 °C and 800 °C has been used. For the city of Hermosillo (blue color), a profile of increasing, stable
temperature is shown, which reaches up to 800 °C and remains almost constant from 12 noon to 3 pm, which is
necessary to provide 600 °C minimum temperature for the reaction and start producing hydrogen and staying within
the range until 4 pm. While in the cities of Morelia, Cuernavaca and Mexico City (CDMX) this profile becomes
uneven due to periods of cloudiness, reaching a period of hydrogen production from 11 am to 2 pm.
In Fig. 8 the thermal behavior of the chemical reactor of 06/20/2018 of the city of Hermosillo (orange color) and the
values of solar irradiation (red color) are observed. For these conditions the reactor quickly reached in less than 15
minutes the temperature of 600 °C and then a maximum temperature of 857 °C, with Imax of 1045 W/m² and without
mediating any thermal control system, remaining within the range of operation and producing hydrogen for
approximately 7 hours.
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Fig. 6: Flow chart of the code used to simulate the reactor's energy balance.

Reactor Temperature vs Time
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Fig. 7: Profile of reactor temperature evaluated in four Mexican cities.

Then it is easy to notice that it is in Hermosillo, Sonora, located in northwestern Mexico, in one of the areas with the
highest solar irradiation in the world, it is where the system would best operate. But for economic reasons, for the
moment, it is important that the system operates in Mexico City (CDMX).
For this reason, some simulations were carried out for different days, in order to find the most appropriate geometry,
which allows the system to operate as many hours as possible, not only to reach the necessary operating temperature,
but to maintain the longest time possible within the operating range to achieve the highest hydrogen production.
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Fig. 8: Favorable day temperature profile Hermosillo Sonora.

Table 1 shows the main design parameters of the paraboloid, determined based on the thermal simulations
performed, where the concentration ratio was particularly modified to achieve a higher operating temperature
obtaining a longer operating time. Figure 9 presents the thermal behavior of the reactor according to the
meteorological data of Mexico City (CDMX), corresponding to September 21, 2018.
Table 1. Simulation parameters for Mexico City (CDMX).

Dates

CDMX 21/9/18

CDMX 5/10/18

CDMX 24/10/18

Diameter (m)
Focus (m)
Concentration ratio (soles)
paraboloid area (m²)
High (Yp) (m)
Te Max (°C)
Te min (°C)
Irradiation (W/m²)
Useful time (h)

2.3
0.58
210
5.9
0.56
853
527
996
4

2.4
0.6
220
5.3
0.58
874
457
984
5

2.4
0.6
235
5.6
0.60
894
491
937
5.3

1200

1000

1000

800

800

600

600

400

400

200

200

0

Irradiation (W/m²)

Reaction heating ( C)

Reaction heating vs. Time vs Irradiation (CDMX 21/09/18)
1200

0
0

60

120

T ambiente

180

240

300

360

420

Time (s)
Reactor Temp
Max

480

540

min

600

660

720

Irradiation

Fig. 9: Temperature profile of the thermochemical solar reactor operating in Mexico City, September 21, 2018 and shows the
actual solar irradiation profile that was taken on the indicated date.

Thus, any of the configurations established in Table 1, can be used to design and build the paraboloid and
experimentally test the solar thermal reactor to produce hydrogen in Mexico City.
5.1. Hydrogen Production
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The results of the reactor performance in tests where the reactor was electrically heated for ethanol reforming
at 550 °C are shown in Fig. 10 (a) and Fig. 10 (b), when the catalyst charge was 18 g. The catalyst was Ni-CoHydrotaltica and the ratio of water vapor to ethanol was four [13].
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Fig. 10: (a) Conversion variation with respect to the length of the reactor. (b) Variation of the selectivity to H 2, CH4 and CO2 as a
function of the length of the reactor.

5. Conclusions
A mathematical model has been presented that allows the optical design of a parabolic solar concentrator to be
coupled with a temporary energy balance, to calculate the temporal evolution of a thermochemical reactor for
hydrogen production.The ratio of adequate solar concentration was obtained to reach the minimum temperature in
the solar concentrator (reactor) to start the reaction and keep it within the temperature range of 600 to 700 °C.
The simulation showed that the solar concentrator installed in Hermosillo Sonora, Mexico due to its higher average
solar irradiation, can be generated with a smaller diameter and smaller area of the paraboloid, the temperature
necessary for the production of hydrogen and maintain the reaction with the longest production time of hydrogen.
It is demonstrated that it is feasible to carry out the ethanol vapor reforming reaction using conditions similar to those
carried out when the reactor was heated with an electric oven. As noted, the reaction products were mainly H2, CH4
and CO2.
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Abstract
A numerical and experimental evaluation of three solar air heaters (SAHs) arrangement
was carried out. The numerical model uses the control volume finite element method with
discretization in longitudinal and axial direction using empirical correlations to solve the
energy equation in a short time; as a result, the numerical model calculates the coefficients
of linear and quadratic instantaneous thermal efficiency curves, the incident angle
modifier, and the temperature and humidity profile in the air flow and the temperature
profiles in solid materials. The experimental tests were carried out according to the
methods described on the international standard ISO9806:2017. A comparison of the
thermal efficiency curves obtained for one, two and three SAHs connected in series
operating at 0.087m3s-1 was carried out. The thermal efficiency experimental data was
used to validate the numerical model, resulting in a ±0.03 absolute error.
Keywords: solar energy; numerical model; thermal efficiency; solar collectors
1. Introduction
One of the main areas of action to reduce food losses and waste is the improvement of
conservation technologies. However, solutions to minimize losses usually involve greater
energy use, especially in the conservation of food products (Sharma et al., 2009). The need
for sustainability, food security, and to decouple food prices from the fluctuating prices of
finite fossil fuels have driven the search for sustainable processing and the adequate
storage of agricultural products. The correct design and optimization of Solar Air Heaters
(SAHs) used for drying food can be fundamental to achieve this purpose.
SAHs are used to get hot air for the drying of both agricultural and sea products and for
heating buildings, principally in places with cold weather (Tchinda, 2009). In order to
improve these devices, several researchers have designed different configurations around
the world (Al-Kamil & Al-Ghareeb, 1995). With the development of computer, hardware
and numerical methodology, advanced mathematical models are being used to carry out
important investigations on SAH (Tchinda, 2009). The aim of this work is carried out the
numerical and experimental evaluation of thermal performance on one, two and three
SAHs connected in series.
2. Theoretical fundamentals
2.1 Axial and longitudinal discretization
In order to carry out a thermal analysis of SAHs, the domain was discretized in both axial
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and longitudinal directions (Pérez-Espinosa & García-Valladares, 2018). Figs. 1 and 2
show the nodes distribution used for the thermal analysis.
2.2 Energy balance equation
The following general equation was obtained with an energy balance in each control
volume in order to determine the temperature in each analyzed node (Pérez-Espinosa &
García-Valladares, 2019):
𝐶! + 𝐶! + 𝐶! + 𝐶! 𝑇!,! = 𝐶! 𝑇!!!,! + 𝐶! 𝑇!!!,! + 𝐶! 𝑇!,!!! + 𝐶! 𝑇!,!!! + 𝑞!,!,!

(eq. 1)

Where C is the thermal resistance between the neighbor nodes (the subscripts N, S, E and
W are the north, south, east and west neighbor), T is the temperature in the (i,j) node and
qg is the term of heat generation in the (i,j) node.

Fig. 1. Axial discretization of the SAH.

Fig. 2. Longitudinal discretization of the SAH.

2.3 Instantaneous thermal efficiency
The instantaneous thermal efficiency allows determine the portion of the heat transferred
to the air flow and it is calculated according to eq. (2) (ISO 9806, 2017).
𝜂=

!!" !!"# !!in
!"

(eq. 2)
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Where 𝑚is the mass flow rate, Cp is the air specific heat at constant pressure, Tout and Tin
are the temperatures of the air at the outlet and at the inlet of the SAH respectively, G is
the solar irradiance and A is the gross area of the SAH.
3. Experimental tests
3.1. Material and methods
The equipment and devices used to carry out the experimental test are listed as follow:
three SAHs, one industrial fan, one volumetric flow meter, one pyranometer, nine PT1000
sensors, two humidity sensors and one RTD sensor. Fig. 3 shows experimental set up
developed for the tests and Table 1 shows the uncertainty of the sensors used.

Fig. 3. The experimental set up with one SAH.
Table. 1. Parameters and associated uncertainty for measurement sensors.

Parameter

Instrument

Uncertainty

Solar irradiance

Pyranometer-class II

±11.54W m-2

Volumetric flow rate

Velocity sensor

±1.76m3 s-1

Ambient temperature

Thermistor

±0.06°C

Inlet air temperature

Thermistor

±0.12°C

Outlet air temperature

Thermistor

±0.12°C

Air humidity

Microcontroller

±0.01 kgH2O kg dry air-1

Three arrangements were used in this work; these tests consisted in one, two and three
SAHs connected in series with a volumetric air flow rate of 0.087m3s-1. All the procedure
used to evaluate the thermal performance of SAHs was based on the international standard
ISO 9806:2017 (ISO 9806, 2017).
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4. Validation
Eq. (3) is used to determine the percentage of absolute error (Ea) obtained between the
experimental instantaneous thermal efficiency values (ηexp) against the obtained by the
numerical model (ηnum),
Ea= (ηexp-ηnum)

(eq. 3)

Figs. 4, 5 and 6 show the comparison between the thermal efficiency curves obtained with
both experimental data with their respective error bars and numerical results with a
volumetric air flow rate of 0.087m3s-1.

Fig. 4. Thermal efficiency curves for one SAH.

Fig. 5. Thermal efficiency curves for two SAHs connected in series.
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Fig. 6. Thermal efficiency curves for three SAHs connected in series.

Fig. 6 shows that the experimental data are above of the values obtained by the numerical
simulation; this behavior also is showed in the comparison of the two SAHs arrangement
in (see Fig. 5). Only in the one SAH arrangement (see Fig. 4), both the experimental and
numerical thermal efficiency curves show similar values with low absolute errors. The
differences obtained in Figs. 4 and 5 may be due to the interface between the SAHs. The
discontinuity in the ducts increase the turbulence of the air flow and this phenomenon is
not considered in the numerical model.
The absolute error obtained for the one, two and three SAHs arrangements were 0.01,
-0.04 and -0.05 respectively, with an average error of ±0.03.
5. Results
Fig. 7 shows the comparison between the instantaneous thermal efficiency curves obtained
for one, two and three SAHs connected in series operating with a volumetric air flow rate
of 0.087m3s-1.

660

O. García Valladares et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 7. Comparison between three SAHs connected in series with a volumetric flow rate of 0.087m3s-1.

Fig. 7 shows that the instantaneous thermal efficiency is significantly increased for the 2
SAHs arrangement compared with the 1-SAH arrangement, however, when the 3 SAHs
arrangement is used the instantaneous thermal efficiency decrease compared with the 2
SAHs.
Although the instantaneous thermal efficiency for the 3 SAHs arrangement is not so
different, Fig. 8 shows that the temperature reached for each arrangement is so different as
it was expected. Experimentally, for a 30.34°C inlet temperature, the system with one, 2
and 3 SAHs arrangements reached an outlet temperature of 45.05°C, 63.98°C and 74.77°C
respectively. Additionally, Fig. 8 shows the numerical temperature profiles for one, 2 and
3 SAHs arrangements, which reached an outlet temperature of 45.97°C, 58.40°C, and
71.36°C respectively. These results together with the instantaneous thermal efficiency
curve are very useful for the design and development of solar drying or heating systems.

Fig. 8. Temperature profiles for one, 2 and 3 SAHs arrangements.

6. Concluding remarks
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A numerical model to evaluate the thermal performance of rectangular ducts solar air
heaters (SAHs) was successfully developed. This model determines the linear and
quadratic instantaneous thermal efficiency curves, the incident angle modifier, and the
temperature and humidity profiles in the air flow and the temperature profiles in solid
materials. The numerical model was validated using the experimental efficiency data,
obtaining a ±0.03 of absolute error. Once the numerical model was validated, a study of
the dependence of the arrangements in the thermal efficiency of SAHs was carried out.
The results show that the 2 SAHs configuration is a good arrangement because it is
obtained a higher instantaneous thermal efficiency compared with the 1 SAH arrangement
and, had it had almost the same instantaneous thermal efficiency of the 3 SAHs
arrangement; however, if operation air temperatures between 64 – 75 °C are needed, only
the 3 SAHs arrangement can supply these thermal conditions.
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Appendix: units and symbols
Tab. A1: Nomenclature.
Quantity
Absolute error

Ea

Unit
--

Area

A

m-2
-1

Symbol
exp

i-th node

i

Thermal resistance

C

Wm K

Inlet

in

Specific heat at constant pressure
Solar irradiance

Cp
G

J kg-1 K-1
W m-2

j-th node
k-th node

j
k

kg s-1

l-th node

l

Mass flow rate
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-2

Quantity
Experimental

𝑚

Number of control volumes

Nc

--

Number of nodes at the cover

m

Heat flux

qg

W m-2

Number of nodes at the back
insulation

n

Unit
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Temperature

T

K

Numerical

num

Heat transfer coefficient at the
edges
Thermal parameter

Ued

W m-2 K-1

North

N

X

m2 K W-1

Outlet

out

South

S

West

W

Greek
Thermal efficiency

η

Subscripts
Ambiental
Average
East

a
av
E
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Abstract
The high environmental impact of conventional methods of cooling and heating has increased the need for
renewable energy deployment for covering thermal loads. Towards that direction, the proposed system aims at
offering an efficient solar powered alternative, coupling a zeolite-water adsorption chiller with a conventional
vapor compression cycle. The system is designed to operate under intermittent heat supply of low-temperature
solar thermal energy (<90 °C) provided by evacuated tube collectors. A prototype was developed and tested in
cooling mode operation. The results of separate components testing showed that the adsorption chiller was
operating efficiently, achieving a maximum coefficient of performance (COP) of 0.65. With respect to the
combined performance of the system, evaluated on a typical week of summer in Athens, the maximum reported
COP was approximately 0.575, mainly due to the lower driving temperatures at a range of 75 °C. The
corresponding mean energy efficiency ratio (EER) obtained was 5.8.
Keywords: Solar Cooling, Adsorption, Evacuated tube collectors, Experimental testing

1.

Introduction

The depletion of fossil fuel reserves and the growing concerns over the environmental impact of conventional
cooling and heating technologies has turned attention towards alternative methods utilizing renewable energy
sources. In this context, solar energy presents the most promising candidate to drive sustainable cooling and
heating systems. In fact, given the concurrence between the solar availability and the peak building demands
makes such systems as a field of great potential (Karellas et al. 2018).
With respect to solar driven heating/cooling there are two main technologies: photovoltaic driven reversible heat
pumps and solar thermally driven sorption heat pumps (Calise et al. 2016, Sarbu and Sebarchievici 2013).
Currently, the PV driven cooling/heating systems dominate the market, thanks to overall growth of the PV
market, which is expected to gain a share of 16% of the total energy production by 2050, according to
International Energy Agency (2014). This expansion of the PV market, along with the respective increased use
of reversible heat pumps has resulted in low specific capital costs for the PV driven cooling/heating systems,
making this technology the most competitive solar driven cooling/heating technology (Eicker et al. 2014).
On the other hand, the majority of commercially available solar thermally driven cooling/heating setups
implement an absorption heat pump, mainly due to the fact that absorption is the most mature thermally driven
cooling/heating technology (Infante Ferreira and Kim 2014). Several solar absorption applications have been
developed and are currently in operation across the world. For instance, a solar driven absorption system has
been installed at the Centre for Renewable Energy Sources and Saving (CRES) in Pikermi, Athens, Greece, and
is in operation since December 2011. The solar field consists of flat plate collectors with a total surface of 149.5
m², while an underground energy storage system with a total volume of 58 m³ has also been installed. The LiBrH₂O absorption chiller has a nominal capacity of 35 kW, while a 18 kW conventional heat pump is installed as a
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backup. According to measurements conducted by Drosou et al. (2014), the achieved solar fraction is around
70%. The annual cooling demands were estimated to be 19.5 MWh/a, which refers to the period MaySeptember, while the respective heating loads were 12.3 MWh/a for the period October-April (Drosou et al.
2016).
On the other hand, adsorption technology has gained attention over the past years, thanks to its potential to
exploit very low grade heat sources, the absence of crystallization issues and the simplicity of the involved
equipment due to the absence of solution pump and rectifier (Roumpedakis et al. 2019, Wang et al. 2009).
Furthermore, compared to conventional electrically driven systems, the adsorption technology advantages in the
lower operating costs, the absence of moving parts and the absence of vibrations (Otanicar et al. 2012). On the
other hand, a key drawback for adsorption technology is the relatively low coefficient of performance (COP)
(Wang and Oliveira 2006).
Solar adsorption systems have already been investigated thoroughly in terms of both their theoretical and
experimental performance (Calise et al. 2016, Lu and Wang 2018). Habib et al. (2013) simulated the
performance of a two stage four bed silica gel-water adsorption system, powered by evacuated tube collectors.
For the needs of the simulations, the heat source temperature varied from 40 to 95 oC. In single stage mode
(driving temperature of 80 oC, cooling water temperature of 30 oC and chilled water inlet temperature 14 oC), the
COP was around 0.48. On the other hand, when the driving temperature is lower (50 oC), the system operates in
two stage mode, with a COP of approximately 0.27. Lemmini and Errougani (2007) tested a single-bed
methanol- activated carbon (AC-35) adsorption unit powered by a flat plate collector. Several experiments were
conducted, achieving a maximum solar COP of 0.078 with a second law efficiency of 71%. Aristov et al. (2007)
evaluated by simulations and developed a solar refrigeration system based on a closed adsorption cycle. Among
several chemisorbents, CaCl2 in silica gel composite sorbent was found to be the most efficient sorbent for water
adsorption, resulting in a cycle’s COP equal to 0.6-0.8 (θe=5 oC, θc=35 oC and θdes=80 oC). Lattieff et al. (2019)
evaluated experimentally a silica-gel single bed adsorption chiller driven by 4 m² evacuated tube collectors
under the climatic conditions of Baghdad, Iraq. The nominal driving heat temperature was set at approximately
90 °C. Under varying experimental conditions, the optimal working point of the chiller was determined to be
achieved at an evaporator temperature of 6.6 °C, which corresponded to a COP of 0.55. Due to the
aforementioned drawbacks of adsorption technology, there are fewer applications of solar adsorption cooling.
One of the earliest solar thermal system based on a 5.5 kW adsorption chiller was developed and installed at
Institute for Solar Energy System (ISE) in Freiburg, Germany. The measurements conducted between August
2008 and July 2009, revealed an average COP was 0.43 (Kalkan et al. 2012).
Despite the attractiveness of the aforementioned solutions, the need to cover thermal loads on the absence of
solar irradiance, results in the use of conventional backup systems. In order to overcome this issue, recently,
several hybrid adsorption/compression solutions have been proposed (Vasta et al. 2018, Palomba et al. 2019a).
In this context, ZEOSOL project is based on the hybridization of an adsorption chiller with a conventional vapor
compression cycle. The implementation of the vapor compression cycle allows for covering of the peak loads
allowing the adsorption chiller to operate at higher COP, while on the absence of the solar irradiance the
conventional system is able to fully cover the loads of the residential building (Palomba et al. 2019b).
The system has been designed with particular attention on the environmental impact of the developed system,
compared to conventional alternatives, as presented by Kallis et al. (2019). The life cycle assessment (LCA) of
the investigated system, using the ReCiPe 2016 method, outlined the significant reduction in the system’s
impact on global warming and ozone depletion with respect to conventional reversible heat pumps.
In the present study the authors investigate the preliminary experimental performance of a solar driven hybrid
cooling and heating system based on a small scale zeolite-water adsorption chiller at adsorption only mode. The
prototype system has been designed to fully cover the thermal loads of a residential building of 12.5 kW peak
cooling load.

2.

System description

The proposed project focuses in the coupling of a zeolite-water adsorption chiller with solar thermal collectors.
The cooling capacity of the developed sorption chiller is exceeding 10 kW with a maximum reported COP of
0.65. In order to reduce the chiller’s capacity and thus the required solar field area, enhancing simultaneously
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the efficiency on part-load operation, a backup electrically driven heat pump is coupled with the adsorption
chiller. The backup heat pump has a nominal cooling capacity of 10 kW and is used mainly to cover peak loads.
The solar field consists of three rows of advanced evacuated tube collectors with a total surface of 40 m².
To enhance solar collector’s performance and allow risk-free operation on low ambient temperatures, a
propylene glycol solution is used as the working medium for the solar subsystem. Moreover, all secondary
circuits of the adsorption chiller are using pure water. The 1 m³ heat storage tank is equipped with heat coils, via
which heat is transferred from the glycol solution towards the hot water, which in turn drives the adsorption
chiller. A ―V shaped‖ dry cooler is implemented as the heat rejection unit for both the adsorption chiller and the
backup heat pump, retrofitted for the specific application. An overview of the prototype, including the installed
measuring devices is shown in Fig. 1, while images of the actual setup are also provided in Fig.2.

(a)

(b)
Fig. 1: (a) Schematic of system prototype with all the involved measuring devices and (b) detailed schematic of the hybrid
adsorption chiller/backup heat pump module
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(a)

(b)

(c)

(d)

Fig. 2: Overview of the experimental setup components: (a) the ETCs solar field, (b) the hybrid chiller-dry cooler setup, (c) the
solar station and the storage tank and (d) the hydronic ducted fan coil unit
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3.

Experimental measuring of separate components

The preliminary measuring of the proposed system was divided in three parts: (a) the experimental assessment
of the solar collectors and the storage tank, (b) the performance testing of the hybrid adsorption chiller and (c)
the dry cooler along with all the involved auxiliary equipment (e.g. circulations pumps).
The solar collectors used in the system are heat pipe evacuated tube collectors, manufactured by Akotec
specifically for ZEOSOL system and being able to operate efficiently between 65-95 °C. The collectors were
tested by a certified institute according to ISO 9806. The results of the testing with respect to the characteristic
curve of the solar collectors are shown in Fig.3. The collector efficiency, shown in Fig.3, is calculated as
follows:
(

)

(eq. 1)

Fig. 3: Performance curve of the developed solar collectors for ZEOSOL system (blue line) in comparison to other commercial
solar collectors

On the other hand, the adsorption chiller was developed and experimentally tested by the respective
manufacturers, Fahrenheit GmbH. The performance results of the separate testing of the adsorption chiller,
revealed a maximum thermal COP of 0.65, corresponding to an energy efficiency ratio (EER) as high as 45 for a
driving temperature of 85 °C (Palomba et al. 2019b). The aforementioned COP for the adsorption chiller is
defined by eq.2:
̇

(eq. 2)

̇

With HT referring to the driving heat supplied to adsorption chiller and LT to the low temperature stream which
provides the cooling effect. On the other hand, the EER is defined as the ratio between the cooling capacity ̇
and the total electric power consumption of the system ̇ :
̇

(eq. 3)
̇

For the determination of the total electric power consumption of the system, apart from the electrical
consumption of the dry cooler, ̇
, are contributing also (i) the power consumption of the heat pump’s
̇
compressor,
and (ii) the electrical consumption for the six pumps of the system, as shown in Fig.1. The
total electrical power consumption is calculated as follows:
̇

̇

̇

∑ ̇

(eq. 4)

The equations for the power consumption of the HT, MT and LT pumps of Fig.1 can be found at Palomba et al.
(2019b). Moreover, the fan coils pump is identical to the LT pump, thus the same power consumption profile is
realized. The solar collector’s circuit pump, installed at the solar station of the setup, Fig.2(c), is a Grundfos
pump, model UPM3 Solar 25-145. On the other hand, the storage pump is a pump from the same manufacturer,
model UPS2 15-50. The electric power consumption curves, as provided by the manufacturer, of the
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aforementioned pumps are shown in Fig. 4(a).
The backup heat pump is a custom made module developed for this specific application and a series of
experiments were conducted at CNR-ITAE to evaluate its performance in coupling with the dry cooler of the
system. Fig.4 (b) and (c) show that the performance of the backup heat pump, operating with R134a at a cooling
water temperature of 7 °C, is considered satisfactory, achieving COP values as high as 4.0. On the other hand,
Fig.4 (c) presents the power dissipated by the dry cooler as a function of the temperature difference between the
water input and air.

(b)
(a)

(c)

(d)

Fig. 4: Experimental results of (a) the electrical consumption of the pumps, the developed backup heat pump performance (b) at
maximum flow rate and (c) as a function of the maximum temperature lift and (d) cooling map of the dry cooler for variable flow
rates at maximum fan speed.

Regarding, the performance of the backup heat pump, its COP is defined by eq.5:
̇

(eq. 5)

̇

4.

Results of solar adsorption cooling unit performance

In this section are presented the experimental results of the developed setup operating solely with the adsorption
chiller. As the experimental testing of the ZEOSOL system is currently under progress, this study presents only
the on- and off-design measurements of the solar driven adsorption chiller for a typical week in summer at
Athens, Greece.
All temperature measurements were obtained using Pt100 thermal sensors, class A according to DIN/EN 60751.
The flow sensors used are ultrasonic in-line flow meters with a 2% accuracy. The electrical power consumption
of the dry cooler, the compressor and the circulation pumps was measured using energy analyzers. Finally, the
solar radiation and the ambient conditions were monitored via a solar weather station, equipped with a second
class (as ISO 9060) pyranometer, a Pt100 thermal sensor, an air humidity sensor and an anemometer.
Fig 5(a) presents an overview of the ambient conditions, with respect to the temperature and the solar irradiance
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for the week of the measurements. As shown in Fig. 5(a), the solar irradiance in the evaluated week is a rather
lower than the average peak values for the summer of the typical year in Athens, not exceeding 1000 W/m². On
the other hand, the simultaneous higher ambient temperatures that occurred in the investigated days resulted in
operating all the components at higher temperature levels, which decreased their efficiency. Fig. 5 (b) and (c)
present the temperature profiles for the solar collectors-storage tank module and for the adsorption chiller
secondary streams, respectively. The adsorption chiller was set to start its operation at 65 °C for the HT in
stream, resulting -in combination with the available solar irradiance- in operating only a few hours per day close
to the solar noon. Despite the less optimal conditions, the system is able to cool down the water to 7.5 °C, which
is the setpoint for the low temperature circuit, even though the driving temperature was less than 80 °C on all
cases. The profiles of Fig. 5(c) outline the necessity for a modification of the control strategy for the involved
circulating pumps so that higher driving temperatures are obtained ensuring maximum efficiency of the chiller.
At this point, it has to be highlighted that Fig. 5 refers to adsorption only mode, thus at the absence of driving
solar heat the system is off, which results in no operation at night.

(a)

(b)

(c)
Fig. 5: (a) Ambient conditions at the period of the experiments (b) experimental results with respect to the solar subcircuit
temperatures and (c) with respect to the chiller’s secondary streams’ temperatures

Fig. 6 presents the performance results for the entire ZEOSOL system, on adsorption-only mode, based on the
definitions of eq. (2)-(3). Fig.6 (a) shows the cooling power production of the chiller during the investigated
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week and the total electrical power consumption, as defined by eq. (4). As shown in Fig. 6(a) the maximum
obtained cooling power output is around 5 kW, which is approximately 40% of the nominal chiller’s cooling
capacity and is mainly attributed to the lower driving temperatures during the period of the measurements. On
the other hand, the electrical power consumption is significantly low, with a maximum of 900 W, mainly due to
the operation of the dry cooler, which accounts for more than 60% of the total power consumption of the
system, on adsorption-only mode. The corresponding performance indicators are presented in Fig.6 (b). The
maximum obtained thermal COP is approximately 0.575, for a maximum reported driving temperature of 79 °C,
while the corresponding maximum EER was as high as 12, with an average operation at approximately 5.8. As
these figures present only preliminary results of the system’s performance on real-time conditions, there cannot
be conclusive outcomes at this point. However, the first results with respect to the COP and the EER, at driving
temperatures more than 10 °C lower than the nominal driving temperatures are rather promising. Furthermore,
as a next step in the experimental evaluation of the system is also considered the operation of the backup heat
pump as either an efficiency boost to the adsorption chiller as well as to cover the thermal loads at periods with
no solar availability.

Fig. 6: Performance results of proposed system prototype with respect to (a) the produced cooling output and the respective
electrical consumption and (b) the corresponding COP and EER values

5.

Conclusions

In this study, the preliminary performance results of a solar driven hybrid adsorption chiller coupled with a
backup heat pump were presented. The experimental analysis of the solar driven adsorption chiller revealed that
the system despite non optimal conditions (smaller solar irradiance, high ambient temperatures) operated at a
satisfactory level, with a maximum COP of 0.575. The developed system was proven to decrease significantly
the electrical power consumption, achieving a maximum EER of 5.83 (with more than 60% of the total
consumption coming from the system’s dry cooler). These results are considered optimistic for the upcoming
phases of the experimental evaluation of the system, not only on cooling but also for heating mode operation.
However, as the experimental testing is at preliminary phase, there cannot be objective conclusions towards the
system’s performance, especially prior to the evaluation of the combined adsorption chiller-backup heat pump
operation, which allows for even higher EER values under an optimized operational strategy. At the combined
operation the system is expected to fully cover the loads of a 12.5 kW peak building, with an optimum solar
fraction of around 60%, depending on the climatic conditions of the site of installation. An alternative to further
enhance the solar fraction of the system it would be the addition of photovoltaic (PV) panels; however, this
option was not evaluated within the framework of this project as it would increase the capital costs and add
further complexity to the system.
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Abstract
Heat pump water heaters (HPWHs) have limited market share in Canada and the United States largely due to
their space cooling effect which increases heating costs throughout winters in these countries. Coupling a
HPWH with solar collectors lessens the space cooling effect during cold-climate heating seasons while also
improving HPWH performance year-round in cold and moderate climates. This study experimentally and
numerically examined air-based solar collectors and their impact on HPWHs with the objective of determining
the feasibility of solar assisted HPWHs in Canada and the United States. An air-based solar collector was used
in an experimentally validated model of the combined system, and different configurations of solar-assisted
HPWH (SAHPWH) were analyzed to minimize the space cooling effect and electricity consumption. The
results indicate that the space cooling effect of HPWHs can be mitigated by coupling the HPWH with a solar
collector in all configurations studied. The configurations of SAHPWH which minimized water heating
electricity consumption for each Canadian and American location studied were determined, and a correlation
was found between climate zone and the configuration with minimum electricity consumption. The maximum
electricity reductions from an electric water to a SAHPWH were realized near the Canada and US border, and
with a 5% transition to SAHPWHs, Canadian residential energy for water heating can be decreased by 3.1%.
Keywords: Solar-assisted heat pump water heater, air-based solar thermal, Canadian and American
feasibility, electricity reduction, TRNSYS simulation

1. Introduction
Water heating is dominated by natural gas in Canada and the United States and, as such, contributes 21.3%
and 15.5% of the residential greenhouse gas (GHG) emissions by secondary energy source in these countries,
respectively (NRCan, 2018) (US EIA, 2018). One alternative technology is the heat pump water heater
(HPWH), which uses an electricity-driven refrigeration cycle to heat water. HPWHs achieve energy factors
(energy delivered per unit of energy input) of 2 to 3, as compared to electric resistance and gas water heaters
which obtain energy factors of approximately 1 and 0.67, respectively. In the United States, new regulations
have mandated the use of HPWHs for domestic hot water (DHW) systems with tank sizes greater than 55 gal
(US DOE, 2014), and given the historical progression of Canadian DHW regulations following those set in the
United States, Canada may soon follow suit in requiring HPWHs. Despite the benefits and regulations, HPWHs
presently have two major barriers: high capital costs and a secondary space cooling effect which is
disadvantageous throughout the relatively long heating season in many locations across Canada and the United
States. Space cooling is caused by the removal of energy from the space via the evaporator of the refrigeration
cycle which relocates heat to the water. The air to water refrigeration cycle is shown in Fig. 1.
Inlet Air

Compressor

Water Outlet
Condenser

Evaporator
Water Inlet
Outlet Air

Expansion
Valve

Fig. 1: Commercially available wrap-around coil heat pump water heater

For the refrigeration cycle to efficiently heat water, the inlet air temperature must be above approximately 5°C,
so HPWHs are commonly supplied conditioned air from a home which causes space cooling. Alternatively,
HPWHs could use outdoor air in warmer climates such as the southern United States, which have outdoor
temperatures that meet the inlet HPWH air temperature requirement. In these warm locations, however,
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HPWHs are often fed conditioned air because the secondary space cooling effect of the refrigeration cycle is
beneficial in reducing energy for air conditioning. In colder climates, the cooling effect increases heating costs
during a large portion of the year, but using outdoor air is not an option due to cold ambient temperatures. To
reduce the space cooling throughout the heating season and allow the electricity reductions of HPWHs to be
realized, combining a HPWH with a solar collector may be a technologically and economically viable option.
Solar collectors are commonly coupled with HPWHs in either direct- or indirect-expansion configurations
which are shown in Fig. 2. In the direct expansion configuration, the solar collector is the evaporator in the
refrigeration cycle, so the HPWH refrigerant is the working fluid in the collector. In the indirect configuration,
the collector and refrigeration cycle are connected via a heat exchanger, one side of which is the HPWH
evaporator. Because a heat exchanger separates the solar collector system from the HPWH, the collector may
have water, a glycol solution, or air as a working fluid rather than refrigerant. The indirect expansion
configuration is easier and less expensive to couple with a commercially available HPWH, because no
modifications to the refrigeration cycle are required.
Direct Expansion

Indirect Expansion

Compressor

Compressor

Condenser Water Outlet
Solar Collector
Evaporator

Condenser Water Outlet
Solar
Collector

Evaporator

Water Inlet
Expansion
Valve
Refrigerant Loop

Water Inlet
Pump or
Fan

Water Tank

Preheat System

Expansion
Valve
Refrigerant Loop

Water Tank

Fig. 2: Solar-assisted HPWHs in direct and indirect expansion configurations

The objective of this research was to assess the feasibility of an indirect expansion HPWH and air-based solar
thermal collector system in Canada and the United States via experiments and simulation. With an air-based
solar thermal collector to preheat inlet air for the HPWH, it may be possible to realize electricity reduction of
HPWH systems as compared to electric resistance water heaters, without increasing space heating loads
throughout cold Canadian and American winters. Additionally, coupling a solar collector with a HPWH may
increase year-round operating performance compared to a HPWH alone in all climates within these countries.
In this study, solar collectors coupled with a HPWH in various configurations were compared to minimize the
annual electricity consumption across Canada and the United States. This paper contains a review of pertinent
literature, followed by methodology which includes descriptions of the solar-assisted HPWH (SAHPWH)
configurations analyzed. The experimental and simulated data are included, with a discussion of the results
followed by the conclusions.
2. Literature Review
HPWHs have been studied in various locations worldwide to determine their feasibility and additional benefits
or costs due to their inherent space cooling. Sparn et al. (2014) experimentally replicated US climates to show
that energy reductions can be realized using HPWHs throughout the US, but recommended HPWHs not be
used in conditioned spaces in cold regions with long heating seasons. This is because the cooling effect of
HPWHs increases space heating costs throughout heating seasons, such as subzero Canadian winters (Khalaf,
2017; Amirirad, et al., 2018). The space cooling effect must be mitigated for HPWHs to be economically
feasible in cold climates, and coupling the HPWH with solar collectors is one method to achieve this.
Significant research has been conducted to date on direct-expansion SAHPWH systems. A study by Kong et
al. (2017) on a direct-expansion SAHPWH system in China concluded that the site-specific conditions of
insolation and ambient temperatures had a significant effect on the overall system COP and heating time. Deng
and Yu (2016) went further to show that ambient temperature had a large effect on SAHPWHs when solar
insolation was low, but little effect when insolation was high. Vieira et al. (2015), however, concluded that
HPWHs in warmer climates were less influenced by site-specific conditions such as insolation and
temperature, thus achieving a high COP at a wide range of temperature and insolation values. The variance
between the effect of insolation, temperature, and other site-specific parameters between the aforementioned
studies can be partially attributed to findings in a review by Poppi et al. (2018), which indicated that existing
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HPWH studies are difficult to compare due to the wide variety of boundaries, geometries, locations, and
assumptions. This means detailed analysis of HPWH systems is required for each HPWH configuration and
location in which they are implemented to improve and optimize performance of the systems. Despite the
research on direct-expansion systems, Kamel et al. (2015) explained that direct-expansion photovoltaiccoupled SAHPWHs are inefficient, because additional controls are required for the mass flow rate to prevent
refrigerant from pooling at the evaporator outlet. In addition, direct-expansion SAHPWHs are complex to
fabricate from commercially available HPWHs because they require redesign of the refrigerant cycle, so
indirect-expansion SAHPWHs are often preferred for aftermarket coupling of solar collectors with HPWHs.
Several studies agree that SAHPWHs improved performance compared to HPWHs alone in all climates, but
most notably in cold climate regions. Carbonell et al. (2014) simulated solar thermal HPWHs and saw large
electricity savings when using an air-source heat pump system, particularly in cold climates with high
insolation values. This is because energy consumption for space and water heating is greater in cold climates,
and systems with a higher energy demand are operational for a greater proportion of time, therefore realizing
larger absolute electricity savings than those with low energy demand. Cai et al. (2017) determined that a dual
source multi-functional solar HPWH system was also particularly beneficial in cold climate conditions, with
significant COP increases in an optimized cold climate system, as compared to other climates. Li et al. (2014)
simulated and optimized the solar collector area and storage factor for domestic hot water and space heating
in Beijing, increasing the COP by 1.4 times compared to the non-optimized system. Although there are benefits
and high electricity savings of solar-coupled HPWHs in cold climates, most systems analyzed in past research
still have a negative impact on the space heating load throughout the heating season.
Kegel et al. (2012) compared an air-source solar collector coupled with an air-source HPWH to a water-source
solar collector with a ground-source heat pump system for space and water heating in Montreal. This study
concluded that the air-source solar collector and heat pump system configuration was more efficient than the
water-source configuration. Despite the benefit of air-based collectors with HPWHs, a review by Kamel et al.
(2015) highlighted that there is limited research on air-based solar collectors coupled indirectly with HPWHs.
Past research has shown reduced performance of HPWH-only and combined HPWH-solar systems in cold
climates compared to moderate climates, so new strategies and configurations of SAHPWH which prevent or
reduce impact on space conditioning loads were explored in this study. This study aims to address the lack of
research on air-based solar collectors coupled with HPWHs, particularly in colder climates, and analyze the
energy performance of various configurations of SAHPWH in different locations in a way that is directly
comparable. Different configurations of the coupled system were analyzed for Canada and the United States
to determine the preferred configurations for electricity reduction.
3. Methodology
The performance of a commercially available wrap-around condenser coil HPWH coupled with an air-based
solar collector to preheat inlet HPWH air was assessed in this study experimentally and via simulation using
the Transient System Simulation Tool (TRNSYS) software. An experimental set-up was used to develop a
performance map of the HPWH and to validate the TRNSYS model. The validated HPWH model was
expanded to include a solar collector in the different solar collector and HPWH configurations studied. This
section describes the configurations analyzed, followed by a description of the experimental set-up and overall
procedure used.
1.1. Configurations Analysed in Study
Three configurations of SAHPWH, shown in Fig. 3, were considered in this study. The configurations differed
in the location from which inlet solar collector air was drawn: the first recirculated air in a closed loop between
the solar collector and HPWH, the second drew air from and exhausted to outdoors, and the third configuration
drew air from and exhausted to a conditioned space.
It was found that in the closed loop configuration, closed loop circulation of air wherein the inlet to the solar
collector was the outlet to the HPWH and vice versa, led to the SAHPWH system operating independently
from the space conditioning system. Similarly, the outdoor air configuration which drew air from outside,
heated it in the solar collector, and exhausted it to the outdoors was also independent of the space conditioning
system. During periods of low insolation, HPWH inlet temperatures in these two configurations decreased
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below 5°C in many locations, which is the threshold under which the HPWH does not operate. If water draws
occurred dropping the water tank temperature was below 45°C and the inlet air temperature was below 5°C,
the water storage tank recharged with the backup electric element that is present in commercially available
HPWHs, leading to increased electricity consumption.
Closed Loop Configuration

Conditioned Space Configuration
Exterior

Exterior

Conditioned Space

Conditioned Space
Compressor

Compressor
Solar
Collector

Evaporator
Outlet Air
Fan

Inlet Air

Preheat System

Condenser Water Outlet

Condenser Water Outlet Solar
Collector

Evaporator
Water Inlet

Water Inlet
Expansion
Valve

Refrigerant Loop

Fan
Preheat System

Water Tank

Expansion
Valve

Refrigerant Loop

Water Tank

Outdoor Air Configuration
Exterior

Conditioned Space
Compressor
Condenser Water Outlet

Solar
Collector

Evaporator
Water Inlet

Fan

Outlet Air
Inlet Air
Preheat System

Expansion
Valve
Refrigerant Loop

Water Tank

Fig. 3: Configurations of SAHPWH analyzed within the study

In the conditioned configuration, air was drawn from a conditioned space so HPWH inlet air temperatures
were always at least 20°C, meaning the electric element usage was eliminated. The conditioned space
configuration removed air from a conditioned space, circulated it through the solar collector to the HPWH
inlet, and exhausted air to the space causing net heating or cooling, depending on the temperature differential
between the inlet and exit air. During periods of high solar insolation, the exit HPWH air temperatures to the
room were found to be greater than the 20°C room temperature causing a heating effect on the space, and
during periods of little to no solar insolation, the HPWH exit temperatures were lower than the room
temperatures causing a cooling effect on the space. In addition, when the HPWH was not in operation and it
was the heating season, all solar thermal gains from the collector were used to directly heat the space. In this
analysis, it was assumed that the space heating system was electric with a COP of 1, and the cooling system
had a seasonal energy efficiency ratio (SEER) of 12. The SEER is the ratio of cooling energy in BTU per hour
to the electrical energy in Watts. The space heating and cooling seasons were assumed based on ASHRAE
climate zones, shown in Tab. 1. The cities analyzed in this study and their climate zones are shown in Fig. 4.
Tab. 1: ASHRAE Climate Zone numbers and corresponding assumed heating and cooling seasons
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Climate Zone

Heating Season

Cooling Season

1, 2, 3

-

Always

4, 5

December, January, February

March, April, May, June, July,
August, September, October,
November

6

November, December, January,
February, March

April, May, June, July, August,
September, October

7

October, November, December,
January, February, March, April

May, June, July, August,
September

8

Always

-
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Climate
Zone
1
2

3
4
5

6
7

8

Fig. 4: ASHRAE Climate zones for Canadian and American cities studied

1.2. Experimental Setup
The solar collector in the system was simulated in TRNSYS and the output temperatures were the inlet
conditions for the experimental HPWH. The experimental HPWH results were then used to validate a
TRNSYS model of the HPWH, which was combined with the solar collector model and used for the detailed
analysis of the SAHPWH configurations. In this section, the experimental system and experimental methods
used are described.
The experimental system included a commercially available HPWH, air-handling unit (AHU), water draw
system, and mains water cooling system. The solar collector was simulated based on a commercially available
air-based solar collector, and the AHU reproduced the simulated solar collector outlet temperatures for the
inlet HPWH temperatures in the experimental system. The specifications of the HPWH and solar collector
studied are shown in Tab. 2. Because the heating season is the largest barrier for HPWHs, the solar collector
was analyzed at an angle of 15° greater than latitude for each location, which is optimal for winter conditions.
The experimental system was evaluated in a conditioned room under CSA-F379.1 Schedule A 150 L hot water
draws, in day-long tests. During hot water draws, 60°C water in the HPWH tank was replenished with mains
water which was chilled by the mains water cooling system to replicate mains water conditions for Canadian
locations in winter. A schematic diagram and image of the experimental system are shown in Fig. 5.
Tab. 2: HPWH and solar collector specifications (GE Appliances, 2012) (Fraunhofer ISE, 2013)

HPWH Property

Value

Solar Collector Property

Value

Tank Volume (L)

189

Area (m2)

1.26

Refrigerant

R-134a

Absorber Material

Polyester Felt

Compressor Power (W)

600

Working Fluid

Air

Upper Heating Element Power (W)

4500
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Pump
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AHU Glycol
Coil Inlet

Glycol Tank

Drain

Mains
Water

HPWH Tank

Mains Water Tank

Fig. 5: Schematic of experimental water supply, water draw, and glycol systems (top) and image of experimental set-up
(bottom)

The experimental setup included ten Type T thermocouples in both the HPWH tank and the mains water tank
which had equal vertical spacing. Based on the work by Cruickshank and Harrison (2010), the tank
temperatures at each node in the tanks were assumed to be well mixed in the horizontal direction, and thus
were not monitored for horizontal temperature differences. The water draw system consisted of a turbine-type
flowmeter to measure draw volumes, an on/off solenoid valve to control draws, and a tempering valve to mix
the 60°C water from the HPWH tank with mains water to supply 55°C water. The mains water was circulated
through a glycol to water heat exchanger which cooled the water, and the cooled water was stored in a mains
water tank, from which water was removed to fill the HPWH water during water draw events. The conditioning
equipment for the air in the air-handling unit (AHU) included a fan, a humidifier, and three air tempering coils:
a water-based cooling coil, a water-based heating coil, and a glycol/water-mixture in a super-cooling coil. The
instrumentation for the AHU included Type T thermocouples, an air flowmeter, and relative humidity sensors
at the air inlet and exit of the HPWH. The full control and instrumentation of the experimental setup was used
to generate a performance map of the HPWH system for use in the TRNSYS model.
1.3. TRNSYS Model
The experimental HPWH had condenser coils wrapped around the water storage tank, which are not
represented by existing HPWH TRNSYS models. To address this, Khalaf (2017) developed a refrigeration
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cycle for a HPWH with wrap-around condenser model for use within TRNSYS. The refrigeration cycle
determined power and heat rejection to a storage tank (kJ/h), based upon the inlet air conditions which are the
outputs from the Type 539 solar collector. The HPWH storage tank, modelled using Type 534, took the heat
rejection from the refrigeration cycle and determined the HPWH tank temperatures at each of the ten nodal
positions. Based on the tank temperatures, a controller determined an on/off signal for the refrigeration cycle.
When the refrigeration cycle could not keep up with draws, the controller also turned on an electric element to
provide supplemental heat rejection to the storage tank. Daily draws from the storage tank were imposed by
Type 1243a. During draw events from the storage tank, a Type 953 temperating valve was used to determine
the proportion of mains water and hot water from the storage tank were required to achieve a DHW distribution
temperature of 55°C.
The TRNSYS model used an experimental performance map for the compressor power, heat rejection to the
water, and sensible and latent heat transfer from the air at different operating conditions. The experimental and
TRNSYS systems were run under day-long draw tests having the same inlet conditions and the experimental
and simulated behavior were compared as shown in Fig. 6.
TRNSYS Power
TRNSYS Temperature

70

..........Experimental Power
Experimental Temperature

Compressor Power (W)

700

60

600
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500
40
400
30
300
20
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100

0

Average HPWH Tank Temperature ( C)

800

0
0.0

2.0

4.0

6.0

8.0

10.0

12.0

14.0

16.0

Test Time (h)
Fig. 6: Experimental validation results for HPWH compressor power and average water storage tank temperature

The validation sample was the result for a one-day test operating with a 150 L total draw volume, with inlet
HPWH air conditions representative of solar collector outlet temperatures on a day of average insolation in
January in Ottawa, Canada. In the validation process for this sample, the mean average error (MAE) of the
average HPWH tank temperature was 0.6°C, while the MAE of the compressor power was 28 W or 6%. The
error was within the experimental error determined during the previous error analysis of the experimental
system (Khalaf, 2017).
4. Results and Discussion
The validated TRNSYS model of the HPWH was expanded to include solar thermal collectors and was used
to simulate SAHPWH performance in various locations across Canada and the United States. In each location,
the performance of a SAHPWH in each conditioned space, closed loop, and outdoor air configurations was
analyzed, in addition to a HPWH-only system.
The main challenge of HPWH only systems in cold climates is secondary space cooling which increases space
heating throughout winter. The HPWH only system drew 207-244 kWh per month from the space throughout
winter in various Canadian cities, as shown in Fig. 7. The slight variation in HPWH only cooling among the
Canadian cities was the result of variations in the mains water temperature which caused the HPWH to operate
for different total durations in each of the cities. Cities with cooler mains water temperatures such as Winnipeg
required a greater amount of HPWH operating time to heat the water, during which time the space cooling
occurred. To combat the space cooling in cold regions, the closed loop and outdoor air configurations were
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designed to operate independently of the space conditioning systems. The conditioned space configuration of
SAHPWH was not independent of the space conditioning systems but had net heating for the space throughout
winter in the Canadian cities, as opposed to the HPWH alone which had significant space cooling, as shown
in Fig. 7. When the HPWH was coupled with a solar collector in conditioned configuration, the cooling was
fully offset and 20-54 kWh per month of additional heat was provided to the space in locations across Canada,
with the exception of Vancouver in November which reduced the space cooling from that of the HPWH only
system, but still saw a net cooling load. The low insolation in Vancouver in November led to 1 kWh of space
cooling despite the coupled solar collector. Vancouver had the least space heating benefits throughout winter
from the conditioned configuration due to the relatively low solar insolation, and conversely, Winnipeg
realized the greatest space heating benefits due to highest solar insolation.

Fig. 7: Cooling by HPWH only (left) and heating by conditioned configuration (right) during winter in Canadian cities

Annual Electricity Consumption (kWh)

The conditioned space, closed loop, outdoor air, and HPWH only systems were analyzed and compared in
terms of annual water heating electricity consumption across Canada and the United States. Various tank
2100
volumes and daily draw volumes
were examined to illustrate trends caused by variations in system design and
performance. In this analysis, all input parameters were maintained constant, except the daily draw or tank
volumes studied. Annual electricity trends in Ottawa, which are representative of major cities across Canada,
1900
and Dallas, which are representative
of the southern United States are shown in Fig. 8.
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Fig. 8: Variation in annual electricity consumption for daily draw volumes, tank sizes, and configurations in Ottawa, Ontario
(left) and Dallas, Texas (right)
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HPWH only
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Conditioned

In Ottawa, the conditioned configuration had lowest electricity consumption
in most cases, because
Outdoor
HPWH onlyrelatively
low winter air temperatures and insolation levels limited the performance of the outdoor and closed loop
configurations. In the conditioned configuration, inlet HPWH air temperatures were at least 20°C, whereas the
closed loop and outdoor configurations inlet temperatures reached as low as 5°C during periods of low
insolation and temperature. Below 5°C inlet air temperatures, which were common in the closed loop and
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outdoor air configurations in Ottawa, an electric backup element heated the water, significantly increasing
electricity consumption. The outdoor configuration had a high proportion of time during which the electric
element operated and thus often had greatest annual electricity consumption. The closed loop configuration
only had least electricity consumption in Ottawa when the storage tank size was relatively large compared to
the daily draw volume. This is because at larger tank volumes with relatively small draws, less variation in
tank temperature occurred, limiting the fraction of time the electric backup element operated for the closed
loop configuration, thus reducing overall electricity consumption.
For all configurations in both locations, electricity consumption increased for larger tank sizes that were
oversized for the draw volume, due to two main factors: greater losses from the tank occur at larger tank
volumes, and more energy is consumed to heat water at higher temperatures which occur for a larger portion
of time with larger tank sizes. This indicates the importance of properly sizing storage tanks to hot water
demand in reduction of electricity. Although the closed loop configuration had lower electricity consumption
in larger tank volume cases, it is impractical to design a system with these characteristics.
In Dallas, ambient temperatures and solar insolation are high so there was more time during which the inlet
temperatures to the HPWH were above 5°C in closed loop and outdoor configurations, meaning the HPWHs
could operate without the electric backup element for significantly more time throughout the year. As such,
there is little variation in electricity consumption between the three solar assisted configurations in Dallas. The
slight variations in annual electricity consumption can be partially attributed to differences in the inlet
temperatures of the HPWH air, because greater inlet temperatures improve HPWH performance. The closed
loop and outdoor configurations had higher inlet temperatures than the conditioned configuration for a larger
portion of the year, which lead to lower electricity consumption. In addition, the overall electricity
consumption for all configurations including the HPWH-only scenario is lower in the southern United States
than Canada due to warmer mains water temperatures.
Comparison of the two graphs in Fig. 8 shows that for different draw volumes, tank sizes, and locations,
different configurations of SAHPWH minimized electricity consumption. The configuration which resulted in
lowest annual electricity consumption for each location in Canada and the United States under a 150 L daily
draw with a 189 L tank volume is shown in Fig. 9, along with the corresponding annual electricity
consumption.

Configuration with Lowest
Annual Electricity
Consumption (MWh)
Conditioned

Conditioned or Outdoor
Outdoor

Fig. 9: SAHPWH configurations resulting in lowest annual electricity consumption
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There is a correlation between the climate zone in which a city is located and the configuration(s) which
minimized electricity consumption. In climate zone 1 (red), the outdoor configuration was preferred; in climate
zones 2 and 3 (orange), there was less than 5% difference in electricity consumption between the outdoor and
conditioned configurations; in climate zones 4 and above (yellow to purple), the conditioned configuration had
minimum energy consumption. The colder climate zones had lowest electricity consumption with the
conditioned space configuration because this configuration had highest inlet air temperatures for the HPWH
thus increasing HPWH performance, while the outdoor and closed loop configurations relied heavily on the
electric backup element. Although the greatest electricity is consumed for SAHPWHs in northern regions, the
greatest electricity savings can be realized when transitioning from an electric water heater to a SAHPWH in
locations near the Canada and United States border in climate zones 6 and 7, as shown in Fig. 10.

Fig. 10: Electricity offset from electric resistance water heater to solar assisted HPWH

There is a correlation between the climate zone in which a city is located and the electricity offset. Near the
Canada and US border, greatest savings were realized due to the balance of low mains water temperatures and
high solar insolation. In cooler mains temperature regions, the greatest amount of energy was required for
water heating, so implementing a HPWH alone with a COP of 2-3 has a relatively large absolute energy
reduction in northern locations than southern locations which required lower amounts of energy to heat water.
Locations in the far north did not have the greatest electricity savings, however, due to low inlet HPWH air
temperatures from the solar collector which reduced HPWH performance as compared to higher insolation
regions. The balance of sufficiently high solar insolation to improve HPWH performance with low mains water
temperature to increase base electricity consumption occurred near the Canada and United States border, where
electricity savings are maximized.
The SAHPWH electricity savings in each location were also analyzed based on 5% adoption of SAHPWH
technology, scaled by population of each location (US Census Bureau, 2018) (Statistics Canada, 2019). This
represents the electricity reduction possible if 5% of households with an average occupancy of 2.7 persons per
dwelling transitioned to a SAHPWH. When scaled by population, large cities such as New York, Toronto, and
Los Angeles achieved the largest energy savings due to large populations, whereas northern Canada had the
least savings due to the relatively lower populations. If 5% of households across Canada switched from an
electric or natural gas water heater to a SAHPWH, the nationwide energy reduction would be 2.46 TWh, which
translates to a relative energy reduction of 3.1% of the national residential water heating energy consumption.
With widespread adoption of SAHPWHs in Canada, the energy consumption for water heating in the
residential sector could be halved from the current 79 TWh annual consumption.
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Fig. 11: Electricity reductions with 5% technology uptake in Canadian and American cities

5. Conclusions
SAHPWHs were analyzed across Canada and the United States to determine the technological feasibility of
various configurations of the combined system. The major issue associated with HPWHs in Canadian and
American climates, space cooling during winters, was mitigated with all configurations of solar assisted
HPWH. The configurations which resulted in lowest annual water heating electricity consumption were
correlated to the climate zone in which the system was implemented. In climate zone 1, the outdoor
configuration had lowest electricity consumption; in climate zone 2 and 3, outdoor and conditioned
configurations had less than 5% difference in electricity consumption; and in cooler climate zones, conditioned
configuration had lowest electricity consumption. The greatest electricity reductions can be realized when
implementing a SAHPWH near the Canada and United States border in climate zones 6 and 7, and with 5%
adoption of SAHPWH technology across Canada, a 3.1% reduction in residential water heating energy
consumption could occur. Residential water heating energy consumption could be halved with widespread use
of SAHPWHs across Canada, indicating the national advantage of significant technology uptake in reducing
energy consumption and greenhouse gas emissions alike, while simultaneously providing residential
consumers with added space heating and cooling benefits.
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Abstract
Smart daylighting control can contribute to energy savings in artificial lighting, space cooling and heating
loads in buildings. Although various shading automation systems have been proposed to foster the utilization
of daylight in buildings, the performance of which is limited by a number of factors, including insufficient
glare protection, disturbing movement of slats, privacy issues, and difficulty in installation and
commissioning. This paper investigates the performance of a novel decentralized shading system based on
real-time sky luminance monitoring and on-board lighting simulation, in the perspective of occupants’ visual
satisfaction. A subjective study was conducted with 34 young subjects in a daylighting testbed during the
winter when the solar elevation angle was low and occupants were subject to discomfort glare from the sun
during the period. According to the survey results, the automated shading system was able to reach 89%
satisfaction from the occupants regarding daylight provision, 87% satisfaction on the discomfort glare
protection, and 86% satisfaction of the occupants on the quietness of shading movements.
Keywords: Automated shading, Visual comfort, Discomfort glare, Subjective study, Daylighting control

1. Introduction
Studies have shown sufficient daylight exposure contributes to occupants’ productivity and health
(McArthur, et al., 2015) in buildings. However, excessive daylight ingress can overheat buildings during
warm seasons and contribute to discomfort glare to occupants. Although shading devices are widely applied
in buildings to adjust daylight penetration, the actual performance of a manual shading device is largely
limited by users' low interaction frequency (less than once/day on average) (Mahdavi & Pröglhöf, 2009).
Since daylight is dynamic with the variation of sky conditions including movements of clouds, frequent
adjustments of shading devices are necessary to maintain daylighting for visual comfort inside buildings, but
these are impractical for users to manage without distraction from their own tasks. As a result, shading
devices commonly remain closed over long period of time and occupants rely on artificial lighting, even if
the open position of shading could offer superb daylighting.
Well-designed automated shading systems have a potential to efficiently exploit daylighting in buildings,
reducing peak cooling loads and artificial lighting and simultaneously improving occupants' visual comfort
(Kuhn, et al., 2001). Early studies on shading automation were based on the incident solar radiation on
windows or based on a ceiling mounted photo-sensor pointing at a task area (Rubinstein, et al., 1989) to
control shading positions, stabilizing work-plane illuminance (WPI). Peak cooling load reduction of 28%
was reported by Lee et al. (Lee, et al., 1999) during summer in Oakland, CA. However, in addition to the
commissioning and calibration difficulty, the systems commonly neglect discomfort glare for occupants,
which is a major rejection factor in practical applications. Newsham et al. (Newsham & Arsenault, 2009)
used a camera to control roller blinds in an office room, which improved accuracy in controlling WPI and
assessed discomfort glare compared with using photo-sensors. Motamed et al. (Motamed, et al., 2017)
implemented two cameras with high dynamic range (HDR) image sensors to control the position of roller
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blinds based on fuzzy logics: one was mounted on ceiling, assessing WPI, and the other one was positioned
at an occupant's sitting position, assessing glare risk. Although cameras have been extensively used for
shading control in a laboratory environment, privacy issues introduced by placing cameras in building
interiors and their installation complexity remain impeding factors for their practical applications (Newsham
& Arsenault, 2009). In the control of Venetian blinds, the 'cut-off' angle strategy is commonly employed to
determine the slat angle of Venetian blinds to exclude direct sun rays based on the sun profile angle (Kuhn,
2006), despite the inefficiency in preventing discomfort glare from the specular inter-reflections between
slats (Karlsen, et al., 2015). Katsifaraki et al. (Katsifaraki, et al., 2017) investigated the control of Venetian
blinds according to daylighting simulation results based on weather data, sky luminance model and
geometric model of the room. However, the discomfort glare from surrounding reflections were not
considered, since the ambient landscape was difficult to model. In addition, a close-by weather station or an
unshadowed roof for installation of weather sensors is needed for the simulation-based control, which can be
unavailable for decentralized systems.
This paper investigates the performance of a novel automated Venetian blind (Wu, et al., 2019a) employing
an embedded photometric device (EPD) to control daylighting based on real-time monitoring of the sky (and
landscape) luminance distribution with high resolution and on-board lighting simulation, as a decentralized
system with reduced installation difficulty. It circumvents the privacy issues, since the imaging system of the
controller points at the outdoor space. The previous studies (Wu, et al., 2019a) demonstrated its performance
in efficiently maintaining WPI and mitigating discomfort glare from both the sun and surrounding reflections
according to results of physical measurements as reference. In this paper, a subjective study was performed
in a daylighting test module with 34 young subjects experiencing the automated shading system, which
evaluated the daylight provision, glare protection, shading motion and occupants’ view outwards.

2. Methods
A daylighting test module (interior dimension 6.4  2.9  2.6 m3 ) located in Lausanne (46˚31′04″N,
6˚33ʹ53.6ʺE), Switzerland was used for the subjective study on shading control, as shown in Figure 1. The
module was equipped with a unilateral façade facing the south reaching a 0.62 window-to-wall ratio. The
façade was fitted with an external Venetian blind of which each metallic slat had a sinusoid profile to diffuse
daylight.

Figure 1 a) Work-flow diagram of the daylighting control b) Prototype of the automated Venetian blinds

Acting as both the sensor and controller, the embedded photometric device (EPD) developed by Wu et al.
(2019b) was positioned in front of the daylighting test module with its axis of lens in the orthogonal plane of
the façade. The EPD was mainly composited of a field programmable gate array (FPGA) processor and a
calibrated imaging system, which was capable of real-time monitoring of the sky (and landscape) luminance
distribution and on-board lighting simulation for a building interior. After optical correction, the spectral
response of the EPD was close to the photopic luminosity function V(λ) with a spectral correction error f 1′ of
8.9%. Employing a high-speed shutter, the EPD spanned a wide luminance detection range (150 dB) within
0.55 seconds exposure time, covering the luminance of the sun orb, the sky background, clouds, and
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landscape objects during daytime. Based on the generated luminance map of the exterior space (the sky and
ground fraction) and a geometric model of the building, the EPD was able to perform the daylighting
simulation for the building interior employing back-ward raytracing algorithms. Although it was positioned
in front of the blinds for shading control in this study, the EPD can be alternatively integrated into the head
rail of the blinds as a compact control system.
For the shading control as illustrated in Figure 1 a), two daylighting metrics were calculated on-board
including the work-plane illuminance (WPI) and daylight glare probability (DGP). The WPI was defined as
the average horizontal illuminance on the desk at 0.8 m height and 1.5 m distance to the façade. DGP
(Wienold & Christoffersen, 2006) is a metric quantifying discomfort glare level regarding occupants’ visual
comfort, which is associated with the luminance magnitude and contrast within occupants’ visual field. The
DGP was calculated at occupants’ sitting position at 1.2 m height and with view directions oriented 45˚
towards the façade from both sides (east and west). 15 different shading positions were evaluated including
the fully retracted position, fully extended slats inclined at 72˚ to the vertical plane (horizontal slats), slats
inclined at 67˚, 62˚…, and 0˚ (fully closed). Regarding shading control, an optimization process was
employed to determine the optimal shading position. The WPI was constrained between 500 lux and 2000
lux: the lower bound was to maintain sufficient daylighting according to the European Lighting Standard EN
12464 (ComitéEuropéen de Normalisation, 2002), and the upper bound was to prevent excessive solar heat
gain during warm seasons. The DGP was limited below 0.35 (within imperceptible level) for occupants’
visual comfort. In order to preserve users’ view outwards, the objective of the controller was to find the
largest opening of the shading position regulating daylight within constraints. The EPD took approximately
6-9 min to perform luminance monitoring and on-board lighting simulation and finally determine an optimal
position for the Venetian blinds. In this study, the EPD operated at 15 min intervals to control shading
positions from morning to evening. Readers can refer to (Wu, et al., 2019b) about the specification of the
EPD and (Wu, et al., 2019a) regarding details of the shading control.
From Jan. 22nd to Feb. 13th, 2019, 34 young subjects (26 males, 8 females) volunteered to participate and
assess the performance of the automated shading system in the daylighting test module. Every two subjects
seated opposite to each other on the left and right side of the room respectively, as shown in Figure 2.
Occupants were able to sense glare from the left or right view perspective towards the window, which was
also simulated by the shading controller. The EPD performed sky luminance monitoring, lighting
computation, and adjustment of shading positions every 15 min (without manual override). Subjects
performed activities, including reading, writing, and typing, as office workers during three hours either in the
morning or afternoon. At the end of each hour, they filled in a questionnaire as illustrated in the Appendix, to
show their level of visual satisfaction on the daylighting environment controlled by the shading system.
Questions were answered with scores ranging from 1 to 5 about occupants' level of satisfaction or
dissatisfaction on perspectives including daylight provision, discomfort glare sensation, system response, and
view outwards. The average elevation angle of the sun at noon was 25˚ during this period, when it was
challenging for a shading system to prevent discomfort glare, since the sun was visible from at least one of
the two occupants' visual field during the experiment without occlusion of the shading or clouds.

Figure 2 Occupants sitting at the two sides of desks experiencing the daylighting performance of the automated blinds
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3. Results
Based on the survey results, the average mark of each question and its corresponding 95% confidence
interval were calculated and illustrated in Figure 3. Bars with four different colors denote questions from
different perspectives, including daylight provision, discomfort glare and contrast sensation, system
response, and view outwards. To outline results clearly, the mark of each question was transformed and
normalized to 1 in order that a higher mark represents a more positive answer. According to the results,
Question 2 “The lighting in this room is comfortable” receives a 0.89 average mark. Actually, Questions 1-4
receive relatively high ratings between 0.85 and 0.93 on average, which indicates majority of the occupants
were satisfied with the daylight provision or WPI with sufficient daylighting to perform reading, writing, and
typing tasks. The result of Question 3 (0.93) also reflects that automated shading prevented excessive
daylight ingress (or SHG). A minor portion of subjects also showed inclination on a higher level of WPI,
which is suggested by the lower bound of the 95% confidence interval of Question 4 “Sufficient light for
proper reading/writing/typing”, due to the variance of users’ preference and sensitivity to light. Regarding
discomfort glare sensation, Question 6 “I had no glare feeling” has a rating of 0.87, which suggests the
majority of occupants’ glare sensation was either imperceptible or below perceptible level. It also indicates
the shading system managed to occlude glare sources in winter with the relatively low solar elevation angle,
which is suggested by the result (0.85) of Question 7 “Shading blocked the glare source successfully”. Since
the actuator of shading was improved with smooth motions by a step motor and a reduction gearbox (Wu, et
al., 2019a), Question 9 investigates occupants’ distraction from shading movements. Its rating (0.86)
indicates occupants’ satisfaction on the reduced noise level and smooth motions of shading adjustment.
Although outwards view was generally preserved for occupants, according to Question 10 (0.76), advices
including using narrow slats were received to improve view outside. Moreover, the relatively low rating
(0.73) of Question 8 “Shading responded quick enough according to variation of weather condition” suggests
the performance of the shading can be further improved by the increasing the computation speed and
operating frequency (15 min), to enhance the performance under a partly cloudy sky with rapid motions of
clouds, which can occlude the sun and move away within minutes.

Figure 3 Survey results of occupants’ visual satisfaction

The survey also enquired about occupants’ additional comments (or suggestions) on the performance
of the automated shading system. Certain occupants also compared its performance with their past
experience on a conventionally automated exterior Venetian blinds based on solar irradiance in the “Rolex
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Learning Center” (RLC), an open-plan library in the EPFL campus. The provided comments span a wide
range of opinions and are categorized as follows, in an order from positive to negative feedbacks (comments
were reproduced verbatim but not edited for proper grammar):
 Overall daylighting satisfaction:
– I think that the shading system was better than standard shading system. The distribution of light on the
work-plane was very pleasant.
– During the three hours, you can really see the difference in terms of shading. During [10:30, 12:00], the
system responded very well.
– At the end of the experiment when the shading system was turned off, we could see the difference! The
system is very useful and works well. The work (at hand) is much better with this shading system.
 Glare protection:
– Good shading system, way much better than the one in “Rolex Learning Center”. The glare is stopped
directly whenever there is too much of it.
– I barely could notice the glare, compared to what I usually notice at the Rolex Learning Center (RLC).
– The glare feeling was completely imperceptible from my point of view. I felt really at ease, the lighting
was just perfect as well as the level of noise.
 Slat motions:
– Comparison with the Rolex Learning Center (RLC): the system in the RLC makes more noise than this
one. The movement of shading slats of the experience is softer (more gentle) than the one of the RLC. So this
shading changes very slowly (more comfortable while studying.)
– When compared to conventional shading systems, the major improvements one can notice are the fact that
the system makes no noise, and that changes (slat movement) are not sudden, but rather gradual (smooth).
– Overall the lighting is consistently comfortable. Minor adjustment is quiet which almost cannot be
distinguished without paying extra attention to the shading.
 Systematic response (15 min intervals):
– The system responded quickly enough matching the weather condition without making noise.
– Sometimes the automated shading reacts slowly according to the variation of weather condition.
Generally, I think that the automated shading is really interesting and permits to have a great lighting without
doing anything (without override).
– Prefer, the shading to respond more quickly.
 Daylight provision:
– I would not mind a bit more light to read or write but for the computer screen it is adequate.
– The brightness may be marginally increased.
 View outwards:
– Everything was smoothly controlled for the lighting. But it is true that there the view is not always
secured, but this is a defect compared to the efficiency of the automated shading.
– Regarding Question 10, it would be nice to have a sort of transparent shading system with a protective
film to control the intensity of the light.
– Smaller plates to have a better view of the outside and let a bit more luminosity come inside.

4. Conclusion
Well-designed shading systems have the potential to efficiently exploit daylighting in buildings, reducing
cooling load and artificial lighting and improving occupants’ visual comfort, which could positively
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influence the health and productivity of users. In this paper, a subjective study was carried out to evaluate the
daylighting performance of an integrated automatic Venetian blinds based on real-time sky luminance
monitoring with high resolution and on-board daylighting simulation. The automated shading system avoids
privacy issues, since its imaging system points outdoors (for the sky and landscape), and reduces installation
and commissioning difficult compared with convention shading systems, since indoor sensors and
connection wires are unnecessary as an integrated decentralized system and a relative coordinate is
established on the imaging component.
34 young subjects participated the study to experience the daylighting environment regulated by the shading
system in winter when the average solar elevation angle was approximately 25˚ and occupants were
vulnerable to the discomfort glare from the sun. The automated shading system operated from morning to
evening at 15 min intervals under clear, partly cloudy and overcast sky conditions, and the occupants
assessed daylighting performance and filled in a questionnaire at the end of each hour according to their
sensation. The survey results showed 89% satisfaction from the occupants regarding daylight provision or
work-plane illuminance (WPI), 87% satisfaction on the protection of discomfort glare, and 86% satisfaction
of the occupants on the quietness of shading movements. Furthermore, the participants provided comments
and suggestions to the automated shading system. A portion of occupants also compared the performance of
the novel shading system with that of a conventional shading system installed in the campus library based on
solar radiation according to their past experience, which showed noticeable merits in glare protection and
quietness of slat motions. According to the feedbacks, certain occupants also showed variances of lighting
sensitivity and inclinations of large view outwards and quick response of the controller. In the future,
advanced computational hardware and simplified algorithms will be investigated to shorten the computation
time of the controller to improve its performance under rapidly changing sky conditions. Adaptive learning
features will be employed to cater the lighting sensitivity of different users to further increase their
acceptance.
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The characterization of the nominal power under real operating conditions is crucial for the correct evaluation of
a photovoltaic generator. Several earlier studies proposed different methods based on empirical models for the
estimation of the nominal power. These methods require experimental data obtained during optimal days under
clear sky conditions and are not suitable for days deviating from these optimal conditions and, thus, generating a
significant amount of noise in the data. In this sense, we propose a non-parametric statistical approach to filter out
this noise to reliably estimate the real nominal power in the latter conditions. The period of study was 107 days.
These were divided in two categories, clear and partly cloudy sky conditions. The results show that our statistical
method allows to obtain the same nominal power under partly cloudy conditions as under clear sky. This was
possible by applying a kernel density estimation to filter the outliers and the noise under cloudy conditions.
Keywords: PV characterization, real PV power, testing in outdoor condition

1. Introduction
The costs of the installation of solar photovoltaic (PV) systems decreased up to 90 percent over the last years as
the modules can easily be produced in a mass production process nowadays (Welter, 2019). Therefore, the
production of electricity, using PV systems, has become cheaper than using gas-feed power plants and puts it at
same level of black coal-feed power plants. The worldwide PV capacity installed at the end of 2018 was around
500 gigawatts (Watson and Schmela, 2018). The forecast expects this capacity to double within the next three
years. In this current scenario, the knowledge of the optimal state of the photovoltaic system at standard test
conditions, STC (irradiance = 1000 W/m2; AM1.5 spectrum; cell temperature=25°C) is important for investors;
since estimates of energetic projections are based on parameters extrapolated to STC (Markus Schweiger et al.
2017) which enable the analysis of possible failures in the PV generator (Talavera et al., 2019).
The nominal power (𝑃M∗ ) is one of the most relevant parameters of the PV generator (Kumar et al. 2017). It can
be defined as equivalent to the maximum power point under STC. The meaning of this parameter is that, on the
one hand, it plays a key role in estimating energy yield, which is necessary for commercial projects, and, on the
other hand, represents value for purchase-sale transactions (Talavera et al. 2016).
At the module level this parameter is provided by the manufacturer’s datasheet and certificate which is associated
with quality assurance procedures. After installation, this given parameter value may differ from the actual 𝑃M∗
value; due to initial degradation after being exposed to light and temperature (Marcus Schweiger et al. 2017).
Under outdoor conditions, the acquisition of the actual nominal power requires measurements of current-voltage
(I-V) curves and extrapolation to STC in accordance the standard IEC 60891 (Reise et al. 2018).
At the PV system level and particularly for large PV plants, it is still an open question on how to reliably calculate
𝑃M∗ (de la Parra et al., 2017) taking into account the different system losses such as cabling, module mismatch,
temperature, angular losses, soiling, among others. There are different methods described in the literature on how
to obtain this value. As a first approach, one can take a few modules randomly and check the state at STC with a
solar simulator. However, this value would not indicate or represent the real nominal power of the entire system.
The more practical option in this case is to measure the 𝑃M∗ in-situ under outdoor conditions using the current and
voltage (I-V) curve or by measuring the maximum power point (MPP). In principle, the MPP models consider the
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information available from the PV module datasheet. The MPP modeling has been applied more commonly than
an I-V curve measurement because of the lack of commercial devices capable to measure the currents generated
by the PV system (Muñoz et al. 2016).
To calculate the 𝑃M∗ , according to well-defined procedures by (Martínez-Moreno et al., 2012), it requires optimal
testing condition or ideal environmental conditions to monitor irradiance and module temperature. This means
sunny and clear sky conditions. This is established to avoid outliers in the operating conditions, which will
introduce errors in the data processing. Notwithstanding, in several locations, where most of the time partly cloudy
sky conditions are present, such optimal testing conditions may be seldomly given. When applying the methods
proposed in the prior works, the data obtained under non-optimal conditions commonly cannot be considered due
to the introduction of additional errors in the 𝑃M∗ estimation.
This paper aims to calculate the nominal power under partly cloudy day conditions, based on the approach given
by (Martínez-Moreno et al., 2012). To achieve this, we introduce a statistical filtering procedure by applying a
non-parametric approach in order to filter out noise and outliers.

2. Experimental details
The data in this paper was collected through outdoor measurements of a PV generator in operation located at
Granada, Spain, which has been subject to prior other studies (Lomas et al., 2018; Muñoz-Cerón et al., 2018). The
supposed nominal output power of this PV plant is 109.4 kW under STC according to the datasheet of the
polycrystalline silicon modules. To assess the amount of solar irradiation (𝐺) received and the module temperature
(𝑇m ), two calibrated panels of the same technology and in the same angle as the plant’s modules were used. This
plant was used as a test laboratory for research and outdoor monitoring by the IDEA group (Muñoz-Cerón et al.,
2018).
Tab. 1: Configuration and electrical parameters of the photovoltaic generator at STC

Series connected modules per string

18

Strings in parallel

32

Current at the maximum power point (A)

257.6

Voltage at the maximum power point (V)

574.2

Power at maximum power point (kW)

109.4

Power temperature coefficient (%/°C)

-0.43

The MPP tracking efficiency of modern inverters is usually greater than 99%, thus, the DC power at the inverter
entry (𝑃𝐷𝐶 ) can be suitably assumed as the power at the MPP. Hence, 𝑃𝐷𝐶 was measured with a calibrated
wattmeter YOKOGAMA WT1600 (uncertainty of measurement less than 0.5%). Table 1 contains a short
description of the PV generator. The measured values (𝐺, 𝑇m , 𝑃DC ) were recorded with a 60 seconds time step. To
perform the 𝑃M∗ analysis, we used measurements from March 27 to September 30, 2018.
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Fig. 1: Irradiance, module temperature and DC Power of two exemplary days under (a) clear sky and (b) cloudy sky conditions.
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3. Method to calculate the nominal power
The objective of this work is to calculate the nominal power under cloudy sky conditions. To do this, it is required
to divide the data (𝐺, 𝑇m , 𝑃DC ) into two categories. As a matter of example, the days of each category are
represented in Fig. 1. The total number of days of data collected were 107. After applying a filtering procedure
which distinguishes between both conditions, we obtained 37 days with clear sky and 90 days with cloudy sky
conditions.
3.1. Nominal power estimation under clear sky conditions
The procedure suggested by (Martínez-Moreno et al., 2012) was followed and the 𝑃M∗ was calculated for each day
in clear sky conditions.. Experimentally, this procedure requires sampling of data at least every minute during one
day of a clear sky and it uses the Osterwald equation to calculate the nominal power, see equation (1). This
empirical equation describes the relationship between the maximum power point (𝑃𝐷𝐶 ) with the module
temperature (𝑇𝑚 ) and the irradiance incident on the panel plane (𝐺) for irradiances above 800 W/m2.
𝑃𝐷𝐶 = 𝑃𝑀∗ ×

𝐺
(1 + 𝛾(𝑇m − 25℃))
𝐺∗

(eq. 1)

Here 𝐺 ∗ is the irradiance under STC and 𝛾 is the temperature coefficient provided by the manufacturer module
data sheet. The DC power is corrected to 25 °C (𝑃𝐷𝐶 → 𝑃(𝐺,𝑇→25℃) ), as described by equation 2.
𝑃(𝐺,𝑇→25℃) =

𝑃(𝐺,𝑇m)
(1 + 𝛾(𝑇m − 25℃))

(eq. 2)

Second, the set of points (𝐺, 𝑃(𝐺,𝑇→25℃) ) are linear fitted with equation (3) to obtain 𝑃M∗ in an irradiance range of
800 – 1000 W/m2. Fig. 2 (a) shows the linear fitting from which the nominal power is calculated for an exemplary
clear sky day.
𝑃(𝐺,𝑇→25℃) = 𝑃𝑀∗ ×

𝐺
𝐺∗

(eq. 3)

Fig. 2 (b), also depicts the 𝑃M∗ calculated in this way for the 37 days under clear sky conditions. The average value
of 𝑃M∗ =104.13 kW and a dispersion of 1.5% is indicated. The observed dispersion is consistent with the one
reported by (Martínez-Moreno et al., 2012). Furthermore, it is plausible to derive the 𝑃M∗ from a statistical point
of view using the central limit theorem because there are more than 30 𝑃M∗ values. The resulting 𝑃M∗ was taken as
a reference for the following proposed method for calculating 𝑃M∗ with data of cloudy days.
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Fig. 2: (a) The linear fitting process for an exemplary day (2018-09-24) with clear sky conditions (b) the nominal power calculated
for 37 individual days. These results present a mean of 𝑷∗𝐌 (blue dotted line) and a 1.5% dispersion (red dotted line)

3.2. Nominal power estimation under cloudy sky conditions
The data obtained under cloudy sky conditions shows a considerable amount of noise and outliers, as seen in Fig.
3 (a). When the procedure outlined in section 3.1 is applied, the linear fitting of these data results in a nominal
power that considerably deviates from that obtained in clear sky conditions. Therefore, to estimate the 𝑃M∗ in
cloudy conditions, from the corresponding set of data, a subset of data needs to be filtered before applying the
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procedure described in section 3.1. This subset of data should represent the working conditions of the photovoltaic
system during moments of clear sky conditions, such as can be seen in Fig. 1 (b) at certain moments even during
a cloudy day.
To achieve this, first, the distribution of the measured data during cloudy days was studied. It was found that the
data exhibits a non-parametric behavior since it presents registers of agglomerated data. The study of this type of
non-parametric data can be done using a Kernel Density Estimation, KDE, (Trashchenkov et al., 2018). In order
to visualize this behavior, exemplarily, the probability density or KDE for fixed irradiation of (990 ± 2) W/m2 was
calculated and is depicted in Fig. 3(b). This kind of data distribution has been previously reported in the modeling
of photovoltaic generators (Trashchenkov et al., 2018). Furthermore, this KDE has several peaks, the one with the
highest value, marked with an arrow, is assumed to best represent the PV generator as if under clear sky conditions.
The other minor peaks are most likely artifacts generated by clouds that pass above the generator and/or irradiance
sensors.

Fig. 3: (a) Data for 90 cloudy sky days. The red dotted line at 990 W/m2 is an exemplary cross section of the data for KDE depicted
in (b) to find the representative PDC at the maximum indicated by the black arrow.

Generally, the KDE is a tool with the purpose to study the data distribution by generating the Probability Density
Function (PDF) without any prior assumption of the data distribution. The KDE is defined as the convolution of
multiple kernel functions (Qin et al., 2016), as described by the following eq. 4.
𝑛

𝑓̂(𝑝) =

1
𝑝 − 𝑝𝑖
∑ 𝐾(
)
𝑛ℎ𝑑
ℎ

(eq. 4)

𝑖=1

𝑓̂(𝑝) represents the estimated probability density, 𝑛 represents the sample size, ℎ is the bandwidth of the estimation,
𝑑 is the dimension of the data space, 𝐾(𝑧) represents the kernel function of 𝑧.
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The type of kernel function has no significant effect on the estimation of KDE. Thus, for simplicity a Gaussian
function can be considered for this type of data (Trashchenkov et al., 2018). In this work, a KDE in three
dimensions is considered since there are three sets of input data. The latter avoids introducing further bias related
to the calculation of the PDF via this method.
Given the three data collected (𝐺, 𝑇m , 𝑃DC ) at each instant of time. These were sorted by irradiance. Then, a set
of measurements {(𝐺, 𝑇m , 𝑃DC )1 ,…., (𝐺, 𝑇m , 𝑃DC )n } is considered, where 𝑛 denotes the sample size in a defined
interval of irradiance (∆𝐺 = 4 W/m2). This interval was chosen so that each sample contains at least 250 data
points (Ren et al., 2014). For the 90 cloudy days, the sample size (𝑛) was 300 points to generate the KDE.
After running the algorithm to calculate the KDE, a frequency distribution or the PDF is obtained. The maximum
value (𝐺, 𝑇m , 𝑃DC ) 𝑀𝑎𝑥 in the KDE for each set of measurements was defined as a representative value in clear
sky conditions. The set of maximum values was then corrected in temperature by using equation 2.
Fig. 4 shows the corrected power values after applying KDE filtering in contrast to the unfiltered data of cloudy
days condition. Notice how there are no more outliers present after the KDE filtering. In addition, the error bars
represent the standard deviation of the data used for the estimation of the KDE since they will be considered in
the calculation of the nominal power. Finally, to obtain the 𝑃M∗ in cloudy sky days, the values 𝑃(𝐺,𝑇→25℃) are fitted
with equation 4, resulting in 𝑃M∗ = (103.3 ± 0.25) kW.

4. Results and discussion
The estimation of the nominal power according to the method proposed by (Martínez-Moreno et al., 2012) is
strongly sensitive to the dispersion of data and outliers which deviate from the ideal working conditions of the PV
generator. Their origin is attributed to cloudy day conditions and could be explained by:
(1) The temporal delay of the meteorological influence of the clouds on the measured parameters (Trashchenkov
et al., 2018). For instance, a passing cloud can instantly affect G and PDC, however Tm slowly adjusts to the new
irradiation state and the measurement system will not record representative values under steady-state conditions.
(2) Passing clouds may introduce partial shading in the PV system and/or the irradiance sensor (Zhao et al., 2013)
which would generate outliers in the measured data of power and irradiance. Particularly in relatively large power
plants, such as the one under study, they may have a significant impact.
(3) The uncertainty in determining the operating temperature of the PV generator could have instantaneous
temperature differences of up to 10 K (Muñoz Escribano et al., 2018).

Fig. 5. The three data sets under study: all data collected (black circles), data only in clear sky conditions (red dots) and data on
cloudy days after the filter by the blue KDE method (open triangles).

The identification of such anomalies are still controversially discussed since they are difficult to distinguish (Ding
et al., 2018). However, from statistical point of view, the outliers can be defined as anomalous data that does not
represent the steady-state operating conditions of the PV system. Hence, for the PV generator, the data point could
be considered as an outlier value when the output power differs from data under clear sky conditions. The density
of the measured data can show the regions where steady-state conditions occur. The exposure time of the
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photovoltaic generator to clear or partly cloudy conditions influences this data density.
The aim is to extract the clear sky conditions considering the data in cloudy conditions. To do this, statistical
filters are found in the literature such as the 3-sigma rule, Hampel identifiers or boxplot rule outlier (Ding et al.,
2018). These filters consider that the data has a normal distribution (Zhao et al., 2013). However, in section 3.2
Fig. 2 (b), The non-parametric behavior of the data was demonstrated in cloudy condition.
In this work, data filtering is based on finding the maximum KDE value that is considered the stable-state of the
photovoltaic generator in clear sky conditions. Fig. 5 depicts the different data sets considered for this study. (1)
The entire data set collected from March 27 to September 30, 2018, including clear and cloudy sky days (black
circles), (2) the data set for only clear sky days (red squares) and (3) the data set obtained from only cloudy sky
days after applying our proposed KDE filter (blue, open triangles).
To evaluate the calculation of nominal power in clear sky conditions, three approaches have been considered and
compared:
(1) The entire data set of measurements in clear sky conditions was considered for a single fit. This means all the
points in red in fig. 5.In this sense, in fig. 6(a), the irradiance had been divided into a small grid (∆𝐺=4 W/m2)
and it was treated under parametric statistics, 𝑁(𝜇, 𝜎 2 ), with two parameters: the mean 𝜇 and variance 𝜎 2 (𝜎
is the standard deviation). The linear fit of the corrected power is shown in Fig. 6 (a). The result using equation
3 is 𝑃M∗ = (103.31 ± 0.04) kW.
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Fig. 6: (a) clear sky days with the corresponding mean and standard deviation. (b) Calculated distribution histogram collected
from in the section 3.1

(2) In section 3.1, the nominal power for each day of clear sky was calculated. The calculated average nominal
value and the dispersion were calculated resulting in 𝑃M∗ = (104.13 ± 1.56) kW. This indicates that if the
nominal power is measured on any of the clear sky days, it will be in a 1.5% confidence range concerning the
average value.
(3) Additionally, from the section 3.1, the corresponding histogram was calculated for all daily obtained nominal
power values. In fig. 6 (b), a normal distribution approach with the nominal value and one sigma error is used.
the 𝑃M∗ was calculated with the first sigma interval confidence. The result is 𝑃M∗ = (104.13 ± 0.47) kW.
As expected, the three approaches for clear sky conditions converge to similar 𝑃M∗ values. The aim is to contrast
the 𝑃M∗ estimate in the entire measurement data that was divided into clear and partly cloudy days. In this sense,
the approach (1) has been considered as a reference in favor of testing our estimation. Under partly cloudy
conditions, the nominal power is calculated using the KDE filtering procedure, (103.3 ± 0.25) kW. This value is
close to the values found in the three aforementioned cases. In this sense, the results on partly cloudy days show
that the nominal power can be found within a range of acceptable error as under clear sky conditions.
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5. Conclusions
To estimate the nominal power in a photovoltaic generator, the methodology proposed by Martinez et. al. was
applied. Different approaches have been tested from a statistical point of view. To achieve this, the data of 37
days of clear sky and 90 days with cloudy sky conditions were collected.
For partly cloudy days, we have proposed a statistical method to filter out the noise and outlier data points. This
method is based on the probability density function with a Kernel Density Estimation (KDE) of the data without
modifying it. In this approach, the KDE filter allows us to find values within the range of the values that are
considered to correspond to the operation of the system in moments of clear sky conditions during partially cloudy
days.
After obtaining the filtered data in cloudy conditions, the 𝑃M∗ was calculated at (103.3 ± 0.25) kW. For clear sky
conditions, the 37 days were considered in a single fit, getting a value of (103.31 ± 0.04) kW. These results clearly
show that this method can be used well for the estimation of nominal power in either clear and cloudy sky
conditions. Also, they are within the level of uncertainty of the measuring standard instrument (Yokogawa, 2001).
Finally, this statistical tool could be applied in the daily diagnostic and monitoring of photovoltaic generators, for
example by presenting alerts whenever the nominal power reaches values outside the ranges considered for
optimal operation.
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Abstract
This study aims to analyze the performance of mc-Si, bare and antireflective-coated (ARC) CdTe photovoltaic
(PV) modules in Florianópolis, Brazil (27°S, 48°W). Results obtained from data for the full year of 2018
revealed that both bare and ARC-coated CdTe systems are great performers at the local operating conditions,
with PR values 2.1% and 5.8% higher than those obtained for mc-Si, respectively. This can be explained by
local high temperatures and a blue-shifted solar spectrum, both characteristics favoring low-temperaturecoefficient and blue-biased thin-film CdTe. For winter months, when the local spectrum is redder and
temperatures are lower, mc-Si performed slightly better. Comparison between bare and ARC CdTe reveals that
ARC had a 3.6% higher PR value over bare CdTe modules for the year, winter months being the time of the
year that favors the most the use of this coating, due to this period’s higher incidence angles.
Keywords: PV systems; performance analysis; CdTe; crystalline silicon; anti-reflective coating; ARC;
spectrum.

1. Introduction
While traditional silicon technologies dominate the scene, with some 97% of the world market in 2018 (Mints,
2018), high-efficiency and large-area, new generation thin-film cadmium telluride (CdTe) PV modules have
recently been introduced in the market with record-breaking efficiencies (Strevel, 2017). The lower temperature
coefficient on power, and the blue-shifted spectral response when compared to multicrystalline silicon (mc-Si),
render thin-film CdTe good performers in the warm, sunny, humid and bluer skies predominant in sunbelt
regions of the world (Munshi et al., 2018). This study aims to analyze the monthly and annual performance of
three fixed-tilt, North-oriented PV systems in Florianópolis, Brazil (27°S, 48°W), installed at the FotovoltaicaUFSC solar research laboratory. The first system is based on mc-Si PV modules; the second, on CdTe; and the
third, on CdTe with anti-reflexive coating (ARC).
Campos et al. (2018) and do Nascimento et al. (2020, 2018, 2016), among others, have reported in the literature
a performance advantage for CdTe over mc-Si in Brazilian warm and sunny climates. This performance
advantage can be attributed to this technology’s lower temperature coefficient on power and blue-shifted
spectral response (Braga et al., 2019a, 2019b). Furthermore, anti-reflective coated CdTe aims at introducing an
even larger advantage to these PV modules, by reducing the incidence angle losses (IAM) at normal incidence increasing CdTe’s nameplate power - and at other angles as well, leading to better performance in real operating
conditions (Grammatico e Littmann, 2018; Passow et al., 2018).
By comparing the performance of real life PV systems, this study aims at further investigating such advantages
of CdTe and ARC CdTe over traditional mc-Si for warm and sunny climates. No such comparison between
these three types of PV modules has been done for the Brazilian climate, which is a relevant market for the PV
industry, with great solar resource (Pereira et al., 2017) and a rapidly growing PV installed capacity (Lopes,
2017; PV Magazine Latin America, n.d.).
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2. Experimental Setup and Methodology
To evaluate the performance of bare CdTe, ARC-coated CdTe, and mc-Si PV technologies in Southern Brazil,
data from three ground-mounted PV systems installed in Florianópolis-SC (27°S, 48°W), as shown in Fig. 1,
were collected, filtered and analyzed for the full year of 2018. The main electrical characteristics of the PV
systems used in this study, as well as their orientation and tilt, are shown in Tab. 1. The systems were designed
to have the best matching characteristics possible, in order to reduce the uncertainties and variables affecting the
performance comparison among the PV technologies. Each system is connected to a 2.5 kW isolated string
inverter; all three systems have identical inverters.
Electrical parameters measurements were acquired with a one-minute resolution from each of the PV systems’
inverters by a Campbell CR6 datalogger. DC data were preferred over AC because the actual power output of
the different PV technologies was the target of this analysis, not the overall performance of the systems.
Tab. 1: Main electrical and layout characteristics of the PV systems used in this study1.

Parameter

mc-Si

CdTe

CdTe w/ ARC

Nominal Module Power

235 Wp

110 Wp

110 Wp

Module Efficiency

14.2%

15.3%

15.3%

Modules in Series

10

5

5

Strings in Parallel

1

4

4

String Open Circuit Voltage

368 V

436 V

436 V

Total System Peak Power

2.35 kWp

2.2 kWp

2.2 kWp

Inverter Nominal Power

2.5 kW

2.5 kW

2.5 kW

2

2

Total System Area

16.5 m

14.4 m

14.4 m2

Azimuth Angle

0°

0°

0°

Tilt Angle

20°

18°

16°

Fig. 1: Aerial view of the three PV systems located at the Fotovoltaica-UFSC research laboratory in Florianópolis, Brazil (27°S,
48°W) and used in the present study (mc-Si, CdTe and CdTe with ARC)

Global and diffuse horizontal irradiance (GHI and DHI) data with a one-minute resolution were also acquired
from a Delta SPN1 pyranometer installed at the local weather station, shown in Fig. 2 and described in Tab. 2.
These data were then transposed to obtain the global plane of array irradiance (GPOA) for the PV systems under
study using the PVsyst V6.74 simulation software. Other environmental data were also acquired from various
sensors installed at the same weather station shown in Fig. 2, such as ambient temperature, relative humidity,
rainfall and wind speed.
1

All values are given for Standard Test Conditions (STC): 1000 W/m2 irradiance, 25°C cell temperature and
AM1.5G spectrum, according to EN 60904-3.
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Fig. 2: Aerial view of the solar measurement station located at the Fotovoltaica-UFSC research laboratory in Florianópolis, Brazil
(27°S, 48°W), numbered according to Tab. 2, from where solar and environmental data were obtained for the present study.
Tab. 2: List of sensors installed at the Fotovoltaica-UFSC research laboratory in Florianópolis, Brazil (27°S, 48°W), numbered
according to Fig. 2.

Sensor #

Measurement

Model

Manufacturer

1

Ultraviolet

CUV-5-V

Kipp & Zonen

2

Global Tilted Irradiance

SMP6

Kipp & Zonen

3

Global Horizontal Irradiance

SMP11-V

Kipp & Zonen

4

Global Tilted Irradiance

SMP11

Kipp & Zonen

5

All- Sky Camera

SRF-02

EKO

6

Global Tilted Irradiance

SMP11-V

Kipp & Zonen

7

Global Horizontal Irradiance

SMP22-V

Kipp & Zonen

8

Solar Spectrum

MS-711

EKO

9a

Infrared & Long-Wave

SGR4-V

Kipp & Zonen

9b

Global Horizontal Irradiance

SMP22-V

Kipp & Zonen

9c

Diffuse Horizontal Irradiance

SMP22-V

Kipp & Zonen

9d

Direct Normal Irradiance

SHP1-V

Kipp & Zonen

9e

Global Tilted Irradiance (1-Axis)

SMP11-V

Kipp & Zonen

9f

Global Tilted Irradiance (2-Axis)
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10a

Wind Speed and Direction
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10b

Relative Humidity & Temperature
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12

Global Tilted Irradiance (Clean)

Si-02-PT100
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Pluviometer
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14
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15
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16
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Si-02-PT100

IMT

17

Photosynthetically Active Radiation (PAR)

PQS-1
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PVsyst offers its users two options as far as transposition models go: Hay’s model (Hay, 1979) and the PerezIneichen model (Perez et al., 1990). The two models differ only in the way they transpose the diffuse component
of radiation. Hay’s model divides the diffuse component into isotropic and circumsolar, while the PerezIneichen model introduces a third component: the horizon band. PVsyst describes the Hay model as classic and
robust, and used this model as its default transposition model up to the version 5 of the software. However,
recent findings showed that the Perez-Ineichen yields better results in any case (Ineichen, 2011), therefore recent
versions of the software now use this model by default and this was the model chosen to transpose irradiance
data in the present study. The maximum possible time resolution for data computation in PVsyst is one-hour,
therefore, all other data were integrated into one-hour averages in order to use the transposed irradiance data.
Due to nearby buildings and a wind turbine (visible on Fig. 1), parts of the analyzed systems are subject to
shading during certain times of the day and year. Annual shadings were quantified using the shading masks
computed by the Ecotect software, as described in Zomer and Rüther (2017) and shown in Fig. 3. The presence
of the above-mentioned buildings west of all three systems and the wind turbine east of the mc-Si and
south/southeast of the CdTe systems can be observed on the shading masks. In this shading study, all points of
the PV systems were analyzed, with darker areas in the shading masks being a result of obstacles that affect a
big portion of the system, while lighter grey areas are objects that only obstruct the PV system under study
partially. Overall, the analysis resulted in 9.7% of annual shading for mc-Si, 11% for bare CdTe and 8% for
ARC-coated CdTe.
Fig. 4 shows the hourly shading patterns from 9:00 until 17:00 for the three analyzed PV systems: mc-Si (grey),
CdTe (orange) and CdTe with ARC (blue) for June (Fig. 4a) and December (Fig. 4b). It is clear that shading
affects more strongly the PV systems during the winter months, when the sun is lower in the sky.

(a)

(b)

Fig. 4: Ecotect shading patterns for June (a) and December (b) obtained from Ecotect for the analyzed PV systems: mc-Si (grey),
bare CdTe (orange) and CdTe with ARC (blue).

Fig. 5 shows the results from Fig. 4 translated into percentage of shading for each of the three systems in an
hourly basis for a full year. Based on this, it was decided to consider for the analysis only the time period from
9:00 until 16:00, period in which shading of the systems is minimum during all times of the year. It is important
to highlight that the two PV technologies under study have very distinct behaviors when submitted to partial
shading: while mc-Si modules are divided in substrings by bypass diodes, CdTe modules present a linear
shading loss.
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(a)

(b)

(c)
Fig. 3: Ecotect shading masks used in the shading analysis of the systems under study: mc-Si (a); bare CdTe (b) and CdTe with
ARC (c).
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(a)

(b)

(c)
Fig. 5: Shading patterns obtained from Ecotect for all three PV systems used in this study: mc-Si (a); bare CdTe (b) and CdTe
with ARC (c).
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Data from all the PV systems and the pyranometer were also individually filtered for invalid values, then crosschecked, and only data points where all PV systems were operating simultaneously and there were irradiance
data available were used. As mentioned above, one-minute data were grouped into hourly averages, and only
hours with more than 30 data points (30 minutes) were considered valid. Hourly data were then integrated into
daily values and only days with more than 6 valid hours were taken into account. Daily values were then
integrated into monthly energy and irradiation values and only months with more than half of the days were
considered well-founded. Data from incomplete months that met the aforementioned criteria were extrapolated
to obtain a value representative for a full month of data.
From monthly energy and irradiation data, figures of merit, such as yield and performance ratio (PR), were
calculated in order to characterize the performance of the PV systems under study. The yield of a PV system
(𝑌𝑖𝑒𝑙𝑑) relates the energy output of a PV system (𝐸, given in kWh) with its installed nominal peak power (𝑃𝑆𝑇𝐶 ,
given in kWp), as shown in eq. (1). Given that the systems under study are subject to nearly the same irradiation
and environmental conditions, the yield is a valid comparison metric.

𝑌𝑖𝑒𝑙𝑑 = 𝑃

𝐸

(eq. 1)

𝑆𝑇𝐶

To better evaluate systems operating under different conditions (i.e. different locations and/or orientation and tilt
angles), the performance ratio is a better-suited metric because it also takes into consideration the plane of array
(POA) irradiation. Considering the slightly different tilt of the analyzed systems, the performance ratio of the
systems under study was also calculated using measured global and diffuse irradiance transposed for each of the
systems’ tilt angles (see Tab. 1) as explained above. The equation used for PR calculation is shown in eq. (2).
𝐻𝑃𝑂𝐴 represents the total plane of array global irradiation for the analyzed period, given in kWh/m 2, given in ; 𝐸
is the total energy generated in the analyzed period, given in kWh; 𝐺 is the reference irradiance, which equals to
1 kW/m2; and 𝑃𝑆𝑇𝐶 is the total nominal power of the system, given in kW p.

𝑃𝑅 =

𝐸×𝐺
𝐻𝑃𝑂𝐴 ×𝑃𝑆𝑇𝐶

(eq. 2)

3. Results and Discussion
Tab. 3 presents the total number of valid days in each of the months considered in this analysis. May/18 is the
only month that did not meet the minimum criteria to be considered a valid month in this study. Overall, 70% of
the total days in 2018 were valid for this study. The main problem with data used in this study was caused by
communication faults in the data acquisition setup for the PV systems, leading to data gaps.
Tab. 3: Number of valid days for the months considered in the analysis. May/18 is the only month with less than 50% of valid
days, and therefore results for this month should be disregarded.

Month

Total

Actual

Fraction

Jan/18

31

18

58%

Feb/18

28

25

89%

Mar/18

31

26

84%

Apr/18

30

21

70%

May/18*

31

10

32%

June/18

30

18

60%

July/18

31

26

84%

Aug/18

31

27

87%

Sept/18

30

23

77%

Oct/18

31

22

71%

Nov/18

30

21

70%

Dec/18

31

19

61%

Annual

365

256

70%
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Fig. 6 shows the monthly yield results for all three PV technologies under study: mc-Si (grey bars), bare CdTe
(orange bars) and ARC-coated CdTe (yellow bars). Average monthly global POA irradiation for all systems
(solid green line) and average ambient temperature (dotted blue line) are also shown. A seasonal fluctuation of
yield values due to natural solar resource variation can be observed, with higher irradiation - and thus yield
values - for the summer months. Yield results are not comparable to those previously found for the same region
due to data filtering for moments at which the PV systems experience shading from nearby buildings and/or
wind turbine.

Fig. 6: Measured monthly yield (kWh/kWp) during the analyzed period (2018) for the three PV systems under study: mc-Si (grey
bars), bare CdTe (orange bars) and ARC-coated CdTe (yellow bars). Data were filtered in order to minimize shading from nearby
objects and buildings. Monthly global tilted irradiation (solid green line) and average ambient temperature (dotted blue line) are
also shown.

It can be observed that, overall, ARC-coated CdTe has the best performance throughout the year, with an annual
yield of 1416 kWh/kWp, 6% higher than the annual yield found for the traditional and market-dominant mc-Si
(1329 kWh/kWp). CdTe presented an annual yield of 1362 kWh/kWp, 2% higher than mc-Si. These results are
particularly important considering that mc-Si is the best oriented system (20° tilt at a 27° latitude site), while
CdTe with ARC is the worst oriented system (16° tilt).
PR calculated from transposed irradiance data and DC measured power for all three systems under study is
shown in Fig. 7. PR for mc-Si is represented by a grey line with triangular markers, PR for bare CdTe is
represented by an orange line with square markers, and for CdTe with ARC, PR is represented by a yellow line
with diamond markers. The monthly irradiance-weighted ambient temperature is also shown as blue bars.
The better performance of thin-film CdTe can be attributed to this technology’s blue-shifted spectral response that matches more closely the local blue-biased spectrum - and its low temperature coefficient on power (0.34%/°C vs. -0.45%/°C for mc-Si), a great advantage on the local humid subtropical climate (Cfa, according to
Köppen-Geiger’s climate classification (Alvares et al., 2013)).
Nevertheless, it can also be observed that mc-Si performs better during months surrounding the Southern
Hemisphere’s winter solstice (June 21st). This can be explained by the higher air mass values, resulting in
greater air mass (AM) values for this time of the year, culminating in a redder solar spectrum, which in turn
favors low-band-gap PV technologies such as mc-Si. Furthermore, the low temperature coefficient advantage
that CdTe has over mc-Si in this region is not as relevant during the winter months, period in which the ambient
temperature averaged only about 20°C on the evaluated year.
PR differences between CdTe with ARC and mc-Si ranged from 9.7% in March to 2.9% in June. Non-ARC
CdTe presented a similar variation when compared to mc-Si, with a maximum PR 5.8% higher than mc-Si in
March and a minimum of -1.2% in June. When comparing ARC and non-ARC CdTe, results show that modules
with ARC have a year-round superior performance (3.6% on average), with a more prominent advantage in
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April, with 4.4% higher performance ratio results. These results corroborate previous findings from similar
studies (Passow et al., 2018; Perers et al., 2015).

Fig. 7: Calculated monthly PR (%) during the analyzed period (2018) for the three PV systems under study: mc-Si (grey line with
triangles), CdTe (orange line with squares) and ARC-coated CdTe (yellow line with diamonds). Data were filtered in order to
minimize shading from nearby objects and buildings. Monthly average ambient temperature (blue bars) are also shown.

The purpose of ARC coating is to minimize IAM losses caused by non-normal incidence of light on the surface
of PV modules. These IAM losses are greater in the mornings and late afternoons, due to the Sun’s trajectory
throughout the day. In the case of the analyzed PV systems, IAM losses are also greater during winter months
due to the low tilt angles of the systems and the Sun being lower in the sky during this time of the year, resulting
in a more oblique incidence of light on the panel’s surface. Even with the filtering of early morning and late
afternoon data (time periods where partial shading was affecting one or more systems), times at which ARCcoated CdTe would have great advantage over non-ARC CdTe; the anti-reflexive coating still presented great
advantage on the monthly PR and yield results.

4. Conclusions
Results showed that new generation thin-film CdTe has great performance advantages (up to almost 10%) over
traditional mc-Si on humid subtropical climates such as the one found in Florianópolis, especially during
summer months, due to its low temperature coefficient and blue-shifted spectral response, as previously
presented by Braga et al. (2019a).
Even though it is the least well oriented out of the analyzed systems, ARC-coated CdTe showed the best overall
annual yield (1416 kWh/kWp), followed by bare CdTe (1362 kWh/kW p) and mc-Si (1329 kWh/kWp). Absolute
yield values should not be compared to previous results for the region due to the use of the aforementioned data
filtering process that excludes several hours of day from the analysis due to partial shading effects affecting one
or more of the PV arrays analyzed in this work. Yield values presented a natural seasonality, due to the local
solar resource having a seasonal behavior. Some of the PV technologies’ characteristics also add a component to
the yearly profile of the monthly yield values, such as spectral responsivity and IAM characteristics.
Annual average PR values were 79.9%, 82.1% and 85.7% for mc-Si, bare CdTe and CdTe with ARC,
respectively. ARC-coated CdTe presented a 3.7% annual higher performance ratio than bare CdTe, with winter
months being the months with the highest gains for ARC-coated CdTe over bare CdTe (reaching up to 4.2%
differences). This seasonality can be attributed to higher incidence angles during the winter months,
accentuating the performance advantage of the ARC-coated technology when it comes to angle of light
incidence. It is important to highlight that this analysis is conservative, as times of the day where significant
shading in any of the systems is present were disregarded, leaving out parts of the day in which ARC-coated
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CdTe would theoretically perform better than bare CdTe (early morning and end of afternoons). Silicon PV
modules also presented a slight increase in PR during the winter months, caused by higher air mass values and
lower precipitable water content in the atmosphere, resulting in a redder spectral distribution of light, which in
turn benefits this low band gap PV technology.

5. Further Work
Further investigations should be done using shading corrected irradiance data to avoid leaving out periods in
which ARC-coated might have great advantage over bare CdTe. A comparison between expected and actual
energy yield and performance of the PV systems is also advised, using a 3D model to simulate shading from the
nearby buildings and wind turbine.
Back-of-module temperature measurements should be considered in the future to better quantify the low
temperature coefficient advantage of CdTe over mc-Si and assess the accuracy of back-of-module temperature
estimation models in such PV technologies, mounting type and climatic conditions.
Finally, a spectral analysis shall be conducted to better quantify spectral gains of CdTe over mc-Si for the given
location. These spectral calculations can be done either with measured spectral data from the above-mentioned
solar measurement station, or with empirical direct methods using environmental parameters as inputs.
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Abstract

Nowadays, due to the increasing integration of solar energy into electrical systems, it is necessary to improve
methodologies used to analyze this type of technology. In this regard, a topic that has had permanent attention
is solar irradiation forecast and photovoltaic (PV) plant energy production estimation. This study analyzes the
performance of three methodologies commonly used in PV plant energy production estimation: Multiple
Linear Regression (MLR), Artificial Neural Networks (ANNs), and Support Vector Machines (SVMs).
Calculations lead to the conclusion that SVMs usually produce lower training errors. However, the CPU used
by this type of algorithm is significantly higher than those required by ANN and MLR. Considering this, an
MLR-based algorithm was developed to deliver training errors similar to those delivered by ANNs and SVMs,
but with significantly less processing time and use of computing resources. The algorithm proposed (F-MLRsolar2) is at least 1000000 times faster than SVM and 5000 times faster than ANN. Additionally, the proposed
algorithm allows obtaining a simple equation that can be used analytically.
Keywords: Solar energy, PV energy estimation, Support Vector Machines, Multiple Linear Regression.

1. Introduction
Today, human civilization requires abundant, clean, and safe energy supply at a reasonable cost. In response
to this need, massive integration of renewable energies can provide a path to tackle current world issues.
Abundant sources like solar energy and their implementation at residential, commercial or utility-scale level
are showing a great potential and becoming an important economic activity. Photovoltaics has many
advantages, one of them being the option to install just a few panels or thousands of them, or the possibility to
inject electricity into the grid. However, PV plants can convert sunlight into electricity only during daylight.
In addition, even at daylight, solar irradiance can change drastically in a minute (C.A.B. Vaz, L.N. Canha,
2018). These issues are reflected in the non-optimal operation of a PV plant or, even more drastic, clouds
passing over a large PV installation may produce strong instabilities in the electrical system (M. Ebad, W.M.
Grady, 2016).
Plant operation is exposed to external factors like variability of solar resources, weather and environmental
conditions, soiling, and material degradation. Therefore, sensing the main influencing parameters as well as
measuring electrical output values are needed. This action generates large datasets, which must be stored and
processed. One way to deal with these data is to use machine learning methods, tools that have provided good
results in problems of classification, energy estimation, irradiance prediction, and failure prediction, among
others (Bishop, 2006). These approaches can be used for solar radiation estimation (Voyant et al., 2017) and
PV plant production (Assouline et al., 2017). There is a broader view for categorizing machine learning
methods, namely, supervised (Dacheng Tao et al., n.d.), semi-supervised, and unsupervised learning (Greene
et al., 2008). While supervised approaches are based on datasets containing both input and output values,
unsupervised approaches contain only inputs. Therefore, supervised methods are often used for solar energy
applications. The unsupervised group can be used to find commonalities within a dataset.
A great research effort has been made to develop methodologies to predict the production of a PV plant (J.
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Antonanzas, 2016). The problem can be classified into methodologies oriented to production forecast with a
short-term (1 min - 3 hours), medium-term (day-ahead), and long-term horizon and methodologies oriented to
production estimation. Trigo et al. (2019) propose a methodology to estimate the hourly energy production in
terms of energy yield, i.e, kWh/kWp, within infra hour time frame using a minimal knowledge of weather
conditions. The methodology used was Multiple Linear Regression (MLR) applied to distinct technologies in
different Chilean Regions.
This study aims to compare three methodologies to estimate the hourly energy production of PV plants. The
methodologies applied are MLR, Artificial Neural Networks (ANN) and Support Vector Machines (SVM). In
addition, an efficient methodology is proposed to estimate PV plant production at a very low computational
cost.

2. Location, instrumentation, and photovoltaic (PV) system
This section presents the main background of the photovoltaic installation used in this study. It also explains
the procedures used to condition information measured.
2.1 Climatology
University of Almeria, UAL, (36°49′N 2°24′W) is located on the coastal area of Almeria city, southeastern of
Spain. It is one of the Iberian Peninsula areas with the most hours of sunshine, 2965 per year.
It has the driest climate -semiarid to arid- not only of Andalusia and the Iberian Peninsula but also of the whole
continental Europe in relation to geographic and dynamic factors already known. Average annual temperatures
range between 15.5ºC and 19ºC, the upper end being the highest in Andalusia as a whole. Maximum annual
averages are remarkably high - between 20.5ºC and 24.8ºC -, as a result of scarce maritime influence and
frequent winds from the west, causing absolute summer values of up to 40ºC. Minimum average records are
moderately mild, not below 10.6 º C inland - with occasional winter frosts - and up to 14 º C in warmer coastal
locations. Rainfall records are generally below 350 mm/year. The torrential rainfall regime, with a very marked
autumn maximum and extreme dryness during summer months fit into the pluviometric model of the
Mediterranean macroclimate (Gómez-Zotano, 2015). Its climatology can be defined as a warm steppe climate
with a warm summer, or BSh according to Köppen-Geiger classification (Peel, 2007).
2.2. PV system
On the roof of the CIESOL building there is a PV plant with a total installed capacity of 9.324 kWp connected
to an electricity grid. It has 42 polycrystalline modules (mc-SI) of 222 Wp power each. The arrangement
consists of three strings (14 modules in series) facing south with 22 degrees of inclination in operation since
2009. See Fig 1.

Fig. 1. Upper view of the photovoltaic system located on the roof of CIESOL building, at University of Almeria, Spain.

The cell model is A-222P with 13.63% efficiency. Its short circuit current (ISC) and open circuit voltage (Voc)
are 7.96 A and 37.2 V, respectively. Current (Impp) and voltage (Vmpp) at the maximum power point are 7.44
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A and 29.84 V, respectively. Temperature coefficients are -0.46%/ºC for Pmpp, -0.35%/ºC for Voc and
0.05%/ºC for Isc. These parameters were obtained under laboratory conditions of 1000 W/m 2, 25°C, and
AM1.5 solar spectrum.
On the other hand, variables recorded in the PV plant were irradiance in the inclined plane (G), ambient
temperature (Tb), and output electrical power (Pout) in the inverter. The acquisition system corresponds to PLC
National instruments. Measures were recorded every 5 minutes from January to December 2010, obtaining
220736 samples.
2.3. Data analysis
First, data are filtered to eliminate atypical data that may cause errors in the generation of models. New
theoretical variables are then processed and calculated to create a more robust database.
2.3.1. Normalized energy (nEac) calculation
The power measured, Pout (W), is transformed into energy (Wh) and divided by the installed PV plant capacity.
This allows obtaining a normalized pattern to compare PV plants of different sizes and technologies. The
production curve was obtained by using the trapezoidal rule, where the equation used is shown by Eq. 1
𝐸𝑎𝑐 =

(𝑃𝑜𝑢𝑡 +𝑃𝑜𝑢𝑡+1 )∗(𝑡𝑛 −𝑡𝑛+1 )
2

.

(eq. 1)

𝑃𝑜𝑢𝑡 is inverter output power (W) and 𝑡𝑛 is recording time (minutes).
In order to normalize PV production, the energy obtained from (eq. 1) is divided by installed capacity (PPV)
(see eq. 2).
𝐸𝑎𝑐

𝑛𝐸𝑎𝑐 = 𝑃

(eq. 2)

𝑃𝑉

2.3.2. Solar irradiation data
To complement data measured, variables related to solar resource and the position of the sun are calculated.
They are: zenith angle (Sza), zenith angle cosine (CosSza), and extraterrestrial irradiance (G0) (Iqbal, 1983).
The zenith angle is formed from the local zenith vertical line to the normal line of the sun position and a
reference point on the earth's surface (see Fig. 2). With this information, the time and height of the sun position
can be determined.

Fig. 2. Sun position.

To calculate the zenith angle, the cosine equation of the zenith angle obtained by (eq. 3) can be used.
𝐶𝑜𝑠𝑆𝑧𝑎 = sin(𝛿) sin(𝜙) + cos(𝛿) cos(𝜙) cos(𝜔),

(eq. 3)

where 𝛿 is solar declination, 𝜙 is latitude, and 𝜔 is the hour angle.
Extraterrestrial irradiation (G0) is obtained from (eq. 4). With these data, the amount of solar resource can be
obtained at the level of the atmosphere, which can help identify the atmospheric attenuation of the area.
𝐺0 = 𝐼𝑠𝑐 ∙ 𝐸𝑜 ∙ cos(𝑆𝑧𝑎).

(eq. 4)

The term 𝐼𝑠𝑐 is the solar constant measured in 1367 W/m2 and 𝐸𝑜 is the eccentricity of the sun – earth distance.
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2.3.2. Performance ratio
Performance ratio (PR) is the ratio of actual energy production to the theoretical yield of a photovoltaic plant
(see eq. 5). With this variable, the energy loss ratio can be identified due to the dust deposited from the PV
panels and obtain a real approximation of the system efficiency.
𝐸⁄
𝑃𝑠𝑡𝑐

𝑃𝑅 = 𝐺𝑖

(eq. 5)

⁄𝐺
𝑠𝑡𝑐

3. Methodologies
This section describes the algorithms used for the comparative study of models for PV plant energy production.
3.1 Multiple linear regression (MLR)
𝑀

Let 𝑇 = {𝑥⃗𝑗 , 𝑦𝑗 }

𝑗=1

be a dataset, where 𝑥⃗𝑗 = [𝑥𝑗1 𝑥𝑗2 … 𝑥𝑗𝑛 ] ∈ ℜ𝑀×𝑛 is an 𝑛-dimensional input vector of real

variables and let 𝑦𝑗 ∈ ℜ𝑀×1 be an output vector, 𝑀 being the amount of records. These sets contain the
variables associated with PV plant energy production. The components of 𝑥⃗𝑗 are usually solar irradiance,
ambient temperature, solar zenith angle, and wind speed, among others; whereas energy production
corresponds to variable 𝑦𝑗 . The simplest way to build a prediction model for energy production is shown in
(eq. 6), where 〈𝑤
⃗⃗⃗, 𝑥⃗𝑗 〉 is the dot product between the vectors 𝑤
⃗⃗⃗ 𝑦 𝑥⃗𝑗 . Thus, 𝑦𝑒 is the estimated energy produced
by the PV plant.
𝑦𝑒𝑗 = ∑𝑛𝑖=1 𝑤𝑖 𝑥𝑗,𝑖 + 𝑏 = 〈𝑤
⃗⃗⃗, 𝑥⃗𝑗 〉 + 𝑏

(eq. 6)

A way to find the solution to the least square problem is to minimize the squared error between measured and
estimated values through (eq. 6). Thus, (eq. 7) shows the optimization problem that must be solved.
2

𝑚𝑖𝑛 {∑𝑀
𝑗=1(𝑦𝑗 − 𝑦𝑒𝑗 ) }

(eq. 7)

The solution to (eq. 7) can be found by solving the system of linear equations defined by (eq. 8) and (eq. 9),
⃗⃗ = [1 1 . . 1]𝑡 ∈ ℜ𝑀×1, vector of 1s.
with 1
⃗⃗〉𝑏 = 〈𝑦⃗, 𝑥⃗𝑖 〉, 𝑖 = 1, . . , 𝑛
∑𝑛𝑘=1〈𝑥⃗𝑘 , 𝑥⃗𝑖 〉𝑤𝑘 + 〈𝑥⃗𝑖 , 1

(eq. 8)

⃗⃗〉𝑤𝑘 + 𝑀𝑏 = 〈𝑦⃗, 1
⃗⃗〉,
∑𝑛𝑘=1〈𝑥⃗𝑘 , 1

(eq. 9)

For PV plant production estimation problems, the number of unknowns required by MLR is usually low (less
than 20). This fact makes the complexity of the problem be low, which allows to obtain the solution in a very
short time, some milliseconds. Although there are databases with a high number of records (for instance, if
records are taken every 5 minutes for 1 year, the number of records will be 105120), MLR can obtain the
solution very quickly (some milliseconds) because these large databases are operated by making dot products
such as 〈𝑥⃗𝑘 , 𝑥⃗𝑖 〉, which are processed at a high speed. The only limitation could be the size of the computer
memory. If so, the problem can be split into smaller problems and continue solving the sub-problem even on
small computers. This technique is used in this study.
3.2. Artificial neural networks (ANN)
Let us consider a problem where, after an experiment has been conducted, information relating a variable to
other n independent variables is available, that is, 𝑦 = 𝑓(𝑥⃗) where 𝑓(𝑥⃗) is a function relating n input variables
𝑥⃗ with an output variable y.
Let ANN be the one shown in Fig. 3, with inputs x1, x2, and output y, and two hidden layers with three neurons
each. The weighting factors connecting neuron i with neuron j is denoted as wij. (P. Isai, 2004):
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Fig. 3: Artificial Neural Network with two inputs, two layers, and one output

The output of the first layer is given by (eq. 10):
ℎ𝑐1 = 𝑥 𝑡 𝑊1 = (𝑥1

𝑥2 ) (

𝑤13
𝑤23

𝑤14
𝑤24

𝑤15
𝑤25 ) = (ℎ3

ℎ4

ℎ5 ).

(eq. 10)

The output of each neuron can be affected by an activation function, so that, 𝑦 𝑐1 = 𝑓(ℎ𝑐1 ), where 𝑓(𝑥) can be
1

any function, for example 𝑓(𝑥) = 𝑥, 𝑓(𝑥) = 𝑥 2 , 𝑓(𝑥) = 1+𝑒 −𝑥 (sigmoid), etc.
By analogy, (eq. 11) gives the output of layer 2,
𝑦 𝑐2 = 𝑓(𝑦 𝑐1𝑊2 ) = 𝑓 (𝑓(ℎ3

ℎ4

𝑤36
ℎ5 ) (𝑤46
𝑤56

𝑤37
𝑤47
𝑤57

𝑤38
𝑤48 )).
𝑤58

(eq. 11)

Finally, the output in the last layer is given by (eq. 12):
𝑦𝑒(𝑤
⃗⃗⃗) = 𝑓(ℎ9 ) = 𝑓(𝑦 𝑐2 𝑊3 ) = 𝑓 (𝑓(ℎ6

ℎ7

𝑤69
ℎ8 ) (𝑤79 )) = 𝑓(𝑓(𝑓(𝑥 𝑡 𝑊1 )𝑊2 )𝑊3 )
𝑤89

(eq. 12)

Numerically speaking, (eq. 12) shows that the output of a neural network is a sequential product of vectors by
matrices. The network is completely characterized when the values of the input variables and the weighting
coefficients are known. For the network above mentioned there is an 𝑛𝑣 = 𝑛 ∙ 𝑛𝑐1 + 𝑛𝑐1 ∙ 𝑛𝑐2 + 𝑛𝑐2
coefficient, where n is the number of input variables and 𝑛𝑐1 and 𝑛𝑐2 are the number of neurons in layers 1 and
2. These parameters are the unknowns of the problem. The structure defined in (eq. 10) – (eq. 12) can be used
to find a prediction model for PV plant production. For this purpose, it is necessary to formulate an optimization
problem. In this regard, the objective function can be defined as the mean squared error between measured
values for a PV plant and the output delivered by ANN. The optimization problem to be solved is shown in
(eq. 13):
2

𝑚𝑖𝑛 {∑𝑀
𝑗=1(𝑦𝑗 − 𝑦𝑒𝑗 ) }.

(eq. 13)

In eq. 13 the design variables are the weighting factors 𝑤𝑖𝑗 of the network and 𝑦 corresponds to energy
produced by the PV plant, which was measured over a long period. Additionally, 𝑦𝑒 is the estimated energy
produced by the PV plant which is obtained from the network defined in (eq. 10) – (eq. 12).
Equations (10) – (12) were programmed in MATLAB, obtaining an algorithm that allowed training a network
under the supervised learning scheme. The Nelder-Mead Simplex method was used as an optimization
technique as it delivered the best results in the simulations. The program allows the use of up to two layers of
a neural network and an arbitrary number of neurons per layer. It can be used as an activation function that can
be linear, quadratic or sigmoid, the latter delivering the best results.
3.3. Support vector machines
SVMs are nonlinear models based on theoretical results from the statistical learning theory. This theoretical
framework formally generalizes the empirical risk minimization principle that is usually applied for ANN
training. An SVM classifier minimizes the generalization error by optimizing the tradeoff between empirical
training errors and the so-called Vapnik-Chervonenkis (VC) dimension, which is a new concept of complexity
measure Vapnik (2000). In this section, a very brief introduction to SVMs is presented.

718

M. Cortes-Carmona et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

𝑀

Consider the training set defined in section 3.1, that is, 𝑇 = {𝑥⃗𝑗 , 𝑦𝑗 }

𝑗=1

, where 𝑦𝑗 = {−1, +1} is a label that

determines the class of 𝑥⃗𝑗 . SVMs employed for two classes of problems are based on hyperplanes that separate
data so that all the points with the same label are on the same side of the hyperplane. An orthogonal vector 𝑤
⃗⃗⃗
and a bias b, which identifies the point that satisfies 〈𝑤
⃗⃗⃗, 𝑥⃗〉 + 𝑏 = 0, determine the hyperplane. Among the
separating hyperplanes, there is one whose distance to the closest points is maximum. This hyperplane is called
optimal separating hyperplane (OSH), for which the distance to the closest point is defined by 1⁄‖𝑤
⃗⃗⃗ ‖. The
quantity 𝜌 = 2⁄‖𝑤
⃗⃗⃗ ‖ is called margin. Thus, OSH is the separating hyperplane which maximizes margin 𝜌.
The margin can be seen as a measure of the generalization ability. The hyperplane with the largest margin on
the training set can be completely determined by the nearest point to itself, those being called support vectors
(SVs) because the hyperplane (i.e. the classifier) depends entirely on them.
In general, the binary classification using SVM is formulated as a problem of quadratic optimization, as shown
in (eq. 14) and (eq. 15) (K. Muller, 20001).
1

𝑚𝑖𝑛 {2 ‖𝑤
⃗⃗⃗ ‖2 + 𝐶 ∑𝑀
𝑗=1 𝜉𝑗 }

(eq. 14)

𝑠. 𝑡. 𝑦𝑖 [〈𝑤
⃗⃗⃗, 𝐾(𝑥, 𝑥⃗𝑗 )〉 + 𝑏] ≥ 1 − 𝜉𝑗 , 𝜉𝑗 ≥ 0, 𝑗 = 1, . . , 𝑀 ,

(eq. 15)

where 𝜉 is a slack-variable, 𝐾(𝑥⃗, 𝑥⃗𝑗 ) = 〈Φ(𝑥⃗), Φ(𝑥⃗𝑗 )〉 is a kernel function, and C is a regularization constant
that determines the tradeoff between the empirical error ∑𝑀
𝑗=1 𝜉𝑗 and the complexity term. A large C
corresponds to the assignation of a higher penalty to the training error.
The problem defined in (eq. 14) and (eq. 15) cannot be solved directly since 𝑤
⃗⃗⃗ lies in the features space. This
drawback is overcome when the dual optimization problem defined in (eq. 16) and (eq. 17) is set out.
1

𝑀
𝑚𝑎𝑥 {∑𝑀
⃗𝑗 , 𝑥⃗𝑖 )}
𝑗=1 𝛼𝑗 − 2 ∑𝑗,𝑖=1 𝛼𝑗 𝛼𝑖 𝑦𝑗 𝑦𝑖 𝐾(𝑥

(eq. 16)

𝑠.t. 0 ≤ 𝛼𝑗 ≤ 𝐶, 𝑗 = 1, . . , 𝑀, ∑𝑀
𝑗=1 𝛼𝑗 𝑦𝑗 = 0

(eq. 17)

Once vector 𝛼⃗ 0 , the solution of the maximization problem (16) and (17) has been found, the optimal separating
hyperplane (𝑤
⃗⃗⃗ 0 , 𝑏 0 ) has the expansion defined in (eq. 18) and (eq. 19):
0
𝑤
⃗⃗⃗ 0 = ∑𝑀
⃗𝑗 )
𝑗=1 𝛼𝑗 𝑦𝑗 Φ(𝑥
1

0
𝑏 0 = |𝐽| ∑𝑗∈𝐽(𝑦𝑗 − ∑𝑀
⃗𝑗 , 𝑥⃗𝑖 )),
𝑗=1 𝑦𝑗 𝛼𝑗 𝐾(𝑥

(eq. 18)
(eq. 19)

with 𝐽 = {𝑗: 0 ≤ 𝛼𝑗 ≤ 𝐶}
Considering the expansion (eq. 20) of 𝑤
⃗⃗⃗ 0 and 𝑏 0, the hyperplane decision function can be written as,
0
𝑓(𝑥⃗, 𝛼⃗) = 𝑠𝑔𝑛(∑𝑀
⃗𝑗 , 𝑥⃗𝑖 ) + 𝑏 0 ).
𝑗=1 𝛼𝑗 𝑦𝑗 𝐾(𝑥

(eq. 20)

SVMs can also be applied to regression problems by introducing an alternative loss function (SVR). The loss
function must be modified to include a distance measure. Vapnik (2000) proposed an 𝜖-insensitive loss
function that enables a sparse set of support vectors to be obtained. In this study SVR is used with an 𝜖insensitive loss function. The 𝜖-insensitive loss function is shown in (eq. 21).
0,
𝑖𝑓 |𝑦 − 𝑓(𝑥⃗, 𝛼⃗)| ≤ 𝜖
|𝑦 − 𝑓(𝑥⃗, 𝛼⃗)|𝜖 = {
.
|𝑦 − 𝑓(𝑥⃗, 𝛼⃗)| − 𝜖,
𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(eq. 21)

3.4. Feature space
As presented in the sections 3.1 and 3.3, linear regression and SVM use hyperplanes to identify a model for
data values. The key point of the model is to find the 𝑤
⃗⃗⃗ and 𝑏 coefficients of the hyperplane〈𝑤
⃗⃗⃗, 𝑥⃗𝑗 〉 + 𝑏. This
idea presupposes that data follow a linear law. When the data trend is non-linear, an alternative is to modify
the feature space of the input data. In this case, input vectors need to be mapped to an input feature data space
having a larger dimension (Vapnik, 2000). This concept is clarified with the following example. Let us suppose
that a 2-dimensional space follows a quadratic law of form 𝑥12 + 2𝑥1 𝑥2 + 𝑥22 . A new feature space with 5
dimensions can be defined. Its structure is the following: 𝑧1 = 𝑥1 , 𝑧2 = 𝑥2 𝑧3 = 𝑥12 , 𝑧4 = 𝑥22 , 𝑧5 = 2𝑥1 𝑥2. In
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this way, data in the 2-dimensional space are mapped to the 5-dimensional space. Once they are in the new
space, the problem is solved. In that case, the hyperplane to be determined has the following structure: 𝑓(𝑧⃗) =
〈𝑎⃗, 𝑧⃗〉 + 𝑏.
The feature space is defined as follows:
Φ(𝑥1 , 𝑥2 ) = (𝑥1 , 𝑥2 , 𝑥12 , 𝑥22 , 2𝑥1 𝑥2 ) = (𝑧1 , 𝑧2 , 𝑧3 , 𝑧4 , 𝑧5 ).

(eq. 22)

This methodology has been broadly used in SVM where Kernel concept was also developed, avoiding
exhaustive mapping. In this case, the dot product between the vectors of the original space is required and
Kernel is obtained from: 𝐾(𝑥⃗, 𝑦⃗) = 〈Φ(𝑥⃗), Φ(𝑦⃗)〉. Equations (eq. 14) – (eq. 20) already include this
methodology.
In this study, the strategy of changing the feature space is applied to MLR. The objective is to evaluate how
effective it is to use a change in the feature space for this case.
The feature space of the input data for this study has a dimension of six and corresponds to the following
variables: solar irradiance (𝐺), ambient temperature (𝑇𝑏 ), cosine of solar zenith angle (CoSza), solar zenith
angle (Sza), extraterrestrial irradiance (𝐺0 ), and performance ratio (𝑃𝑅). Solar irradiance 𝐺 and ambient
temperature 𝑇𝑏 are measured data, whereas CoSza, Sza and 𝐺0 are calculated theoretically. 𝑃𝑅 is obtained from
measurements of the energy produced and 𝐺0 . Considering previous studies and simulations, feature spaces
defined in Table 1 were selected for analysis. In the selection process, measured data were not eliminated,
trying to reduce the number of variables as much as possible.
Table 1: Selected feature spaces

Name
linearp
solar1

Dimension
4
4

Var 1
G
G

solar2
poly2

4
14

G

Var 2
Tb
Tb

Var 3
CoSza
CoSza

Var 4
PR

Tb
CoSza
(G, Tb, CoSza, PR)2

G∙PR

G∙ePR

2.5. Handling large volumes of data
When long periods of measurements are analyzed, the size of databases grows exponentially. For a year in
which data are collected every 5 minutes, the number of recorded values is 105120. Depending on the type of
methodology used, MLR, ANN or SVM, this amount of information cannot always be managed with usual
computers. For this purpose, the database can be split into various clusters and calculations can be performed
separately. Thereafter, creating ensembles for the remaining coefficients is required. Two techniques were
considered in this study. The first one consists of taking the average for the resulting 𝑤
⃗⃗⃗ y 𝑏. The second one is
to concatenate coefficients in a unique database. Results show that both methods provide similar results.
Consequently, the method of concatenating weighters into a single list was used.

4. Results
4.1. Analysis with linearp feature spacing
In this study, records from the experimental PV plant located at Solar Energy Research Center (CIESOL) in
the south east of Spain were used. The input variables used for the training process are the feature space
“linearp” that considered the following variables: Global Irradiance 𝐺, ambient temperature 𝑇𝑏 , cosine of
zenith angle 𝜃𝑧 , and Performance Ratio 𝑃𝑅. The output variable, 𝑛𝐸𝑎𝑐 defined in (eq. 2), is PV plant energy
production.
To perform simulations with MLR and ANN methodologies, a program was developed in Matlab. For SVR,
Toolbox Gun (1998) was modified in order to convert it into a more efficient code. ANN and SVR require
numerical optimization, while MLR is solved analytically. This particularity of the MLR algorithm leads to a
great difference in processing times. To obtain the minimum error in the estimation, the parameters of the
ANN and SVR methodologies were calibrated by trial and error. ANN was configured with one hidden layer
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of 8 neurons. For SVR, an Exponential Radial Basis (eRBF) Kernel function type was used, with parameter σ
= 3. The upper bound parameter was defined as C=∞ and the ϵ-insensitive parameter of loss function was set
to ϵ = 0. Table 2 shows the results of standard Root Mean Square Error (nRMSE) for different sample rates of
each algorithm for the test data set.
Table 2: Estimation errors for test data with different algorithms

(a)

3 clusters were used; (b) 2 clusters were used;

Table 2 shows that SVR provides the lowest nRMSE for the analyzed cases. In order to have more information
for analysis, Table 3 shows the number of variables that each methodology requires, along with the associated
process times.
Table 3: Resources required by each algorithm

Algorithm

Train
data

Input
variables

Unknowns

Excecution
Solution method
time [s]

SVM

11901

4

23802

2.92E+04 Numerical optimization

MLR

11901

4

5

1.56E-02 Theoretical solution

ANN

11901

4

40

7.50E+01 Numerical optimization

Table 3 shows the resources required to solve the problem with each methodology. Clearly, MLR is the most
efficient from the viewpoint of computational cost and processing time. Its limitation is that it responds
adequately insofar as data follow a linear trend. On the other hand, SVR requires a high computational load
and high processing time. However, it allows achieving low errors. It is a machine designed for non-linear
behavior. This characteristic is given by the Kernel functions. ANN is an intermediate methodology in resource
use, being oriented to non-linear models. Its results are inferior to those of SVR.
4.2. Exploring other feature spaces
Table 2 shows that MLR nRMSE is quite away from what SVM and ANN deliver. In this section, the feature
space is modified prior to solve MLR. The aim is to create a robust methodology having a high numerical
performance and comparable to SVM and ANN results. Table 4 summarizes the results obtained with MLR
for the different feature spaces defined in Table 1.
Table 4 shows a significant improvement in MLR performance. For the case of feature space solar1, the mean
error was reduced from 16.263% to 4.139%, where the hyperplane is defined by (eq. 23).
ℎ = 𝑤1 ∙ 𝐺 + 𝑤2 ∙ 𝑇𝑏 + 𝑤3 ∙ 𝑐𝑜𝑆𝑧𝑎 + 𝑤4 ∙ 𝐺 ∙ 𝑒 𝑃𝑅 + 𝑏.

(eq. 23)

Likewise, for the feature space solar2, the mean error decreased from 16.263% to 2.534%, where the
hyperplane is defined by (eq. 24).
ℎ = 𝑤1 ∙ 𝐺 + 𝑤2 ∙ 𝑇𝑏 + 𝑤3 ∙ 𝑐𝑜𝑆𝑧𝑎 + 𝑤4 ∙ 𝐺 ∙ 𝑃𝑅 + 𝑏.

(eq. 24)
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Table 4: MLR results for different feature spaces

Finally, for space poly2, the error is reduced to 2.520%. The difference between poly2 and solar2 is 0.03%;
however, poly2 has a dimension of 14. Despite the low error of poly2 and based on practical reasons, the
chosen model solar2 defined by (eq. 23) has the advantage that a simple physical interpretation can be obtained.
The simple methodology proposed competes in quality with results delivered by SVM and ANN. Table 5
shows the nRMSE average for the different methodologies studied, adding also the results obtained with ANN
Matlab Toolbox.
Table 5: Comparison of sRMSE between algorithms

MLR
nRMSE
Φ=solar2
[%]
2.5343
(a)

SVM
nRMSE
[%]

ANN
nRMSE
[%]

2.4120

5.6275

ANNT(a)
nRMSE
[%]
2.2584

ANN Matlab Toolbox

Table 5 shows that MLR with the modification of the feature space (F-MLR) included is competitive when
compared to current methodologies, as it differs 0.27% with ANNT. However, F-MLR is 4.8 x 103 times faster
than ANN and 1.825 x 106 times faster than SVM.
4.3. Application of the proposed methodology to real plants
In order to validate the proposed methodology, this section presents the application of F-MLR methodology
to a life-size plant operating in the Chilean electricity system. Atacama Solar PV Plant is located at 2690
m.a.s.l. in the Antofagasta region of Chile. The PV plant has an installed capacity of 23 MWp with single axis
tracker North-South, containing 77520 polycrystalline modules of 300 Wp. The variables recorded in the PV
plant were: irradiance in the plane of array G, ambient temperature 𝑇𝑏 , and electrical power output (Pout). The
record was measured every 15 minutes from January to December 2018, obtaining 14380 samples. The
sampling rate was 15 min. Table 6 shows the results of statistical error analysis in terms of nRMSE.
Table 6: Comparison of sRMSE between algorithms for Atacama Solar plant

Indicator
nRMSE [%]
CPU Time [s]
Time ratio

MLR
Solar2 [%]
4.6974
0.002
1

MLR
Poly2 [%]
3.8986
0.109
73

SVM
[%]
3.7500
2563.400
1,708,933

ANN
[%]
4.6425
211.050
140,700

ANNT
[%]
4.2224
7.520
5,013

Results shown in Table 6 validate the conclusions reached in section 4.2. The F-MLR algorithm using the solar
characteristic Solar2 achieves an error similar to that obtained with ANN and ANNT in a shorter process time.
Fewer errors can be achieved by changing the characteristic space to poly2, but this means increasing the space
dimension and process times. However, F-MLR-poly2 process time is significantly smaller than any
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conventional algorithm. Finally, the last row in Table 6 shows the quotient between the CPU time used by an
algorithm and the time used by F-MLR-solar2. So, these values show that F-MLR-solar2 is 5013 times faster
than ANNT and 1708933 times faster than SVM.

5. Conclusions
In this study, the performance of three methodologies for PV plant energy production estimation was analyzed.
Calculations reveal that SVMs usually deliver lower training errors. However, the CPU used by this type of
algorithm is significantly higher than those required by ANN and MLR. This means that searching for smaller
training errors requires high computational costs. Considering this aspect, an MLR-based algorithm was
developed to deliver training errors similar to those delivered by ANNs, but with significantly less processing
time and use of computational resources. As compared to SVM, the proposed algorithm is at least 1000000
times faster, while compared to ANN it is 5000 times faster. Finally, as shown in (eq. 24) F-MLR-solar2 has
a reasonably simple formula, which allows using it analytically.
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Abstract
One way of reducing the Levelized Cost of Energy of large solar photovoltaic plants without adding any material
costs is to optimize the collector row spacing and collector tilt, ceteris paribus. In this study a method of determining
optimal geometric deployment parameters for Solar PV arrays where inter-row shading is a problem, is presented.
The approach uses a techno-economic analysis which uses the Levelized Cost of Energy (LCOE) as the objective
function to minimize. This approach is used to determine the optimum specifications for the row spacing
(characterized by the ratio of row spacing to collector length – normalized row spacing S/L) and plane tilt angle, for
different field-collector cost ratios, Cf/Cc. The optimum values of row spacing, and collector tilt are defined at the
points of minimum LCOE for each of the Cf/Cc values. A design chart that can be used to directly determine the
optimum S/L and tilt angle values for a given Cf/Cc was produced aided by the industry-standard PV computer
simulation program, PVSyst. At a typical location in Zimbabwe (latitude 20.15o South) and at Cf/Cc of 0.167, for
instance, it was found that optimum values of minimum required land area; S/L and collector tilt are respectively,
0.84 ha/MW, 1.3 and 12o. It was also established that the optimal tilt angle to be prescribed for multi-row PV arrays
is very much smaller than that which would have been prescribed by the rule-of-thumb for unshaded arrays (e.g.
latitude + 5o), which has an effect on the loftiness and cost of the PV mechanical support structures required.
Although demonstrated only for a particular location, the method of this study is replicable for any other location.
Keywords: Inter-row shading, economical deployment, normalized row spacing, field-to-collector cost ratio,
optimum tilt angle, Levelized Cost of Energy, PVSyst

1. Introduction
For the economical deployment of solar collectors in multi-row arrays, inter-row shading is inevitable. This is due
to contrasting effects, on cost of energy, of very large versus very small inter-row spacing. On one hand, very large
spacing of collector rows, ostensibly to completely avoid shading, results in increased field costs (land area and
longer electrical cables or interconnecting pipework), thus increasing the cost of energy. On the other hand, bringing
the rows closer together tends to increase inter-row shading thereby reducing radiation collection on the collector
surface and energy production, again increasing the unit cost of energy. Inter-row shading presents peculiarly
complex problems in solar PV arrays since the energy output reduction is disproportionate to the amount of shading.
It is therefore critical that the geometric deployment parameters of solar PV modules in multi-row arrays (i.e. row
spacing and array plane tilt), are optimised, in order to maximise profitability of solar PV plant by minimising
Levelized Cost of Energy.
The inter-row shading problem can be illustrated by Figure 1, which shows the cross section of a multi-row solar
collector array with k rows. Depending on latitude of the location, the spacing between the collector rows (S), the tilt
angle of the collector row plane from the horizontal (β) and the collector row length (L) and lateral width (W, to
some extent), adjacent rows in the collector field tend to cast shadows on each other at certain times of the day when
the sun is low in the horizon. In Figure 1, Normally, the Row 1 is unobstructed, but Row 2 may be partially shaded
by Row 3, Row 3 by Row 2, and so on, under point C, Duffie and Beckman, 2013.
To completely avoid inter-row shading, the rows should be sufficiently spaced such that at no time during the day
will adjacent rows cast shadows on each other. However, this creates other technical and economic issues, such as
the need to use larger land area, longer and larger diameter sized cables to avoid excessive voltage drops, longer
maintenance roads, longer security fences, etc.

© 2019. The Authors. Published by International Solar Energy Society
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Fig. 1: Illustration of inter-row shading in multi-row solar array

Several methods and models, Kalogirou, 2014, have been developed by different researchers to analyse the effect
of inter-row shading firstly on radiation incident on solar collectors and of late on the overall effect on the electrical
output of Solar PV collectors. Hove, 2004a described two methods that could be used to estimate the effect of interrow shading on radiation incident on the solar collector surface. The first method assumes a solar collector field
whose row length is very large compared to other field dimensions such as row width such that the effect of end
penetration of radiation can be neglected. This method is particularly unsuitable for solar PV collectors as
mentioned in his works as it tends to overestimate the shading effects and will not give reliable results as solar PV
is very sensitive to partial shading. The second method can be used to calculate the effects of inter-row shading on
solar collector field of any system dimensions and more suitable for solar PV collector fields as it divides the module
into finite rectangular elements that can be dealt with using the binary approach where each element at each defined
moment of time is either shaded (0) or unshaded (1). This will be useful in this study as we try to model the output
of each silicon solar cell I-V characteristic using the single diode model inbuilt in PVSyst software to predict the
electrical output of solar PV array in partial shaded conditions as in inter-row shading.
This together with earlier work done in Jones and Burkhart, 1980, where the shading effects are also estimated but
with the assumption where the row length is very long relative to other system dimensions, provide the basis for
understanding the effects of inter-row shading on solar energy input on the collector surface.
Elsayed and Al-Turki ,1991 also developed a method of calculating the shading using the scale factor coefficient
and two basic shading factors i.e. the special case when collectors are tilted with an angle equal to latitude angle
and for a field using collectors with ratio of length to width equal to 2. A chart is then produced which can be used
to predict the average row shading factor. The method takes care of both beam and diffuse radiation by also taking
into consideration the collector view factor.
Appelbaum and Bany (1979) described a numerical shading model based on the shadow of an inclined pole. The
method can account for the beam radiation shading both long and short row collectors. However, the treatment of
diffuse radiation had some errors as observed by Jones and Burkhart (1980), who also neglected end penetration
effects in their method.
Hove 2004b goes further to develop a model to do an economic optimisation of the deployment parameters through
minimising average input solar energy cost into the collector field. Optimal spacing and tilt were determined by
means of techno-economic analysis trade-off between maximizing energy yield performance, on one hand, and the
corresponding collector and field cost on the other. This gives a good foundation to understand how radiation
income is affected by the deployment parameters of row spacing, tilt and row width. The inputs into this model
were costs of land, cabling, pipes etc. collectively referred therein as field costs. However, the analysis did not
consider the impact of partial shading on PV energy output.
This approach will be developed further in this study with focus now on the solar PV collector array electrical
energy yield rather than just the input solar energy. The levelized cost of array energy yield will then be used to
optimise deployment parameters considering the sensitivity of electrical energy output of solar PV collectors to
partial shading.
Topic et al (2017), presented a mathematical model to maximize lifetime profit by optimizing PV system
configuration for a given installation area, the result is to have the optimal number of rows and module angle that
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can fit in a fixed given area for maximum lifetime profit. However, in this study the minimum installation area
required is one of the key outputs.
The sensitivity on PV output to partial shading was demonstrated by Sari-Ali et al (2014), who used a two-diode
silicon solar cell model to investigate experimentally the effect of shading on the losses on the output I-V
characteristic curve of Si solar cell. The reference found out that the output power decrease due to shading was
significantly disproportionate to the amount of shading.
Deline et al (2013) developed a simple model to approximate uniform shading in large PV arrays which uses I-V
curve simulations at cell level using the single diode silicon solar cell model. This is then used to analyse the I-V
characteristics of both shaded and unshaded sub-modules, and these are summed up to produce module, string and
system level I-V curves for a given shade configuration. This justifies the fact that partially shaded sub-modules in
a module with bypass diodes can be treated as fully shaded and the model was compared to field experiments and
was found to be within 2-6% maximum error for Si-multi-crystalline modules. The same approach is used in the
development of PVSyst software that will be used for simulation in this study.
Mermoud 2012, provides an analysis of the inter-row shading effects on losses due to different radiation
components using PVSyst software simulation i.e. beam, diffuse, albedo and mismatch electrical effects over a full
year and found out that the diffuse and albedo losses are more pronounced. The beam losses were found to be very
small (at less than 9% of the total loss) because the inter-row shading occurs at low sun angles in the morning and
late afternoon when beam radiation is also low. However, the effect in the differential illumination of the collector
surface due to beam losses is amplified by the internal electrical connections of the silicon solar cells inside the
module. It was also confirmed that when the bottom cells of a module string are shaded; it affected the whole string
and the effect of by-pass diodes for energy recovery is minimal, further confirming the sensitivity of solar PV to
partial shading.
Mermoud and Lejeune 2010, demostrated that in PVSyst, the electrical shading effect is depended on the length of
the strings and the number of strings in parallel. The full shading electrical loss over a period is done through a
simulation over this period. The simulation algorithm has a worst case scenario if shading orientation renders bypass
diodes ineffective which is based on the assumption that if cells within a submodule are shaded the whole submodule
output is disregarded. This however is not entirely accurate as some power is salvaged through the effect of bypass
diodes, which are also taken into account through module layout in the same simulation. This puts to the fore the
importance of electrical configuration of the array on the effect of partial shading on electrical output.
Denholm and Margolis, 2008, looked at impact of array deployment and array electrical configuration on the landuse requirements for Solar PV plants in USA. Major considerations looked at where the PV energy density or the
energy per unit of land (or surface area). This is a function of the array power density (power per unit land area
occupied) and the PV generation which is the energy generated per unit of power (kWh/kWp). The results showed
that there is a strong dependence of energy density on system configuration, which is significantly greater than the
dependence of energy density on the difference in solar resource between different states in the USA. This means
that it is very important to optimise deployment parameters as well as the electrical configuration of a solar PV plant
in order to maximise the use of available land.
Recently, Sánchez-Carbajal and Rodrigo, 2019, analysed the inter-row shading problem in greater detail. They
correctly note that the optimization of collector deployment in a solar energy array depends on various factors, the
efficiency of the module, the field aspect ratio, the cost of system components, among others. They went on to analyse
the sensitivity of deployment optimization to each of the influencing factors. However, despite a very thorough model
on recieved radiation analysis and the effect of shading on it, they did not come up with a clear-cut rule for optimal
deployment. Their model is also not clear on how it differentiated between the loss in radiation received due shading
and the PV electrical output after the effects of the modification of I/V characteristics of the module or string due to
the shading effect.
This present study attempts to estimate more closely the optimal deployment parameters of the PV field; normalised
row spacing and collector tilt angle, taking into consideration the relative costs of field and collector and taking
Levelized Cost of Energy as the objective function. The industry-standard PV simulation software, PVSyst has
been selected as the analysing tool, since it can calculate PV electrical output for any collector configuration and
brand of PV module. In its “Module Layout” function, PVSyst is able to analyse the PV system per sub-module
(part of separated by by-pass diodes) and approximate the power output and voltage contribution of the sub-module
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to module, and subsequently to the string I-V characteristics. This method of approximation of PV output is much
closer to reality than just using the fraction of shaded collector area as basis for estimating the PV output. The
presented method is easy to follow and adopt as it is more practical and uses an off-the-shelf commercially available
industry standard Solar PV simulation software tool. The method of the study will be illustrated by a case study of
a 1MW solar PV plant at Bulawayo, Zimbabwe, latitude 20.15 oS. This study method is unique, when compared to
other methods in the literature, because it does not only use a PV simulation software which can accurately calculate
the energy output for any PV module configuration considering shading, but also the method can explicitly show
the effect of relative field to collector costs on choice of deployment parameters.
This paper is laid out as follows: 1. Introduction, 2. How PVSyst Models Inter-row shading, 3. The Study Method,
4. Results and Discussion, 5. Example of applying the study results 6. Conclusion, and 7. References

2. How PVSyst Models Inter-row shading
The industry-standard PV simulation program PVSyst (www.pvsyst.com/features/ , 2019) was used in this study as
it was considered to handle the shading problem as needed by the authors. PVSyst uses hourly meteorological data
obtained from either of two databases, namely Meteonorm 7.1 or NASSA. Meteonorm for instance, generates
accurate and representative typical meteorological years (TMY) from any place on earth and the data is obtained
from more than 8000 weather stations and satellite data. Data periods are from 1960 -1991, 1991-2010 and 19962015 for irradiation data and 2000-2009 for other parameters. The data can be obtained using 36 output formats
including CSV, TMY1, TMY2, TMY3, PVSol, PVSyst, Polysun, SAM etc.
The meteorological data generated by Meteonorm are monthly, daily, hourly and minute values and it uses
interpolation to calculate typical years for any location worldwide. In PVSyst only monthly values of Meteonorm
are downloaded into the inbuilt database and the hourly values are then synthetically generated. The parameters
obtained from Meteonorm data include Global Horizontal Irradiation (GHI), Diffuse Horizontal Irradiation (DHI),
Ambient Temperature (TA) and Wind Velocity (WindVel).
In PVSyst, for the simulation of the effects of inter-row shading on electrical output, shading factors for beam
radiation, on one hand, and for diffuse and albedo radiation, on the other hand, are treated differently. The beam
radiation shading factors for each hour are produced by simulating the sun's height and azimuth. In the “Three D”
shadings function each sub-module is represented by a finite rectangle and becomes electrically un-responsive to
beam radiation, when a part of the rectangle is shaded. The shaded sub-module can still produce some current and
voltage due to the diffuse and albedo radiation received by the sub-module. The beam radiation shading factors for
each hour are then produced by simulation, Mermoud, 2012
The shading factors for diffuse and albedo radiation are constant with time of the day and season, but only depends
on the module geometrical layout and surface azimuth. They can be calculated based on an isotropic diffuse sky
model (e.g. Liu and Jordan, 1961).
The effect of partial shading on electrical energy output of the array depends on the electrical connections between
the sub-modules or modules (series, parallel etc.) in the array. PVSyst uses the finite rectangle approach as in (Hove,
2004a) to compute the shading factors with each rectangle representing a module or string of modules depending
with array size and configuration.
A close estimation of modelling of the finite rectangular approach to calculating the shading factor as used by Pvsyst
can be illustrated by a method deveoped by Hove, 2004a to calculate the effects of inter-row shading on solar
collector field of any system dimensions and this method is more suitable for solar PV collector arrays. In this method
the collector module is divided into finite rectangular elements that can treated using the binary approach where each
element at each defined moment of time is either shaded (0) or unshaded (1). This approach actually determines more
accurately the points that are shaded on the collector and will give more accurate results in the analysis of shading
effects on electrical output of a solar PV collector since PV modules are quite sensitive to partial shading due to
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internal interconnections between silicon solar cells inside the module. This aspect is added to the complexity of the
position of bypass diodes and module electrical connection configurations.
When a PV module is partially shaded there are two kinds of losses to consider namely the irradiation losses on the
surface of the module and the electrical mismatch losses due to differential illumination of the module surface. In
this study we focus on one approach to treat the electrical losses due to shading, namely the “Module Layout”. This
function gives a more accurate evaluation involving the exact position of each PV module in the “3D construction”,
as well as in the electrical system. It identifies each electrical string in the array, and its attribution to a given string
inverter input is used for shading loss calculation
An example of the shading loss calculation for strings under different shading conditions using the “Module Layout”
function can be illustrated by the I/V characteristics at each inverter input as in Fig 2.

.
Fig. 2: I/V characteristic curves of strings under partial shading conditions as calculated by Module layout model
of PVSyst
In figure, the strings #1 and #2 (with lower Pmpp values) will operate at their residual current corresponding to the
diffuse and albedo part. Their production due to beam is completely lost. One can have completely different figures
where the MPP point is below the inverter's minimum voltage. In this case the voltage will clip on this value, and the
shading loss may be very high. The shading losses are evaluated for this MPPT input, with respect to the unshaded
Pmpp value. This loss is the sum of the irradiance deficit ("linear" part), which is estimated using the number of submodule shaded summits and the electrical mismatch losses. The total loss is the difference Pmpp (unshaded) Ploss(irradiance) - Pmpp (shaded). The notches in the I-V characteristic are due to the effect of bypass diodes, DiazDorado et al (2014).

3. The Study Method
A case of a 1MW solar PV plant in Bulawayo, Zimbabwe latitude 20.15 0 was considered to run simulations of
different combinations of array tilt and array spacing-to-row width ratio (S/L). A plant size was defined and designed
using PVSyst software with collectors oriented at 180 o azimuth (00 in PVSyst) i.e. facing north. The most important
output of the simulations for this study being the electrical energy delivered by the PV array and the electrical energy
delivered by the overall system to the Grid.
Using PVSyst software the system was defined in terms of the PV plant size, choice of type and size of PV modules
to be used, number of modules in series and the number of module strings. The choice of type, number and sizes of
inverters to deploy was also considered.
Tab. 1 gives the basic system definition parameters for the 1MW PV plant for Bulawayo.
The “3D shading scene” method was used. It allows the designer to physically place the modules into an array with
chosen dimensions in terms of number rows, length of rows and row width and it goes further to interact with the
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“Module layout” function to really consider the geometric as well as the electrical placement of each module in the
array and calculates how partial shading affects the output of each module based on the module layout.
Tab 1: System Definition parameters for the Bulawayo Case study
Item No.

Description

Specification

1

PV Plant size

1000kWp (1MWp)

2

PV module type

Yingli Solar (poly 72 cells, 3 bypass diodes)

3

PV module rating

300Wp, Vmpp 36.27V, Voc = 45.27 (at STC)

4

Number of modules

3333

5

Modules in series

15

6

Number of strings

222

7

Inverter

Green Power, 20kW, MPP input voltage 450-800V DC,
output

9

Number of inverters

50

Several configurations of electrical layouts and attributions are possible but for this study a basic attribution in which
at least modules in a string are at the same level along the row width such that when they are shaded only the inverter
they are connected is affected and the rest of the system can continue to deliver power. It should also be noted that
the orientation of modules, either in portrait or landscape influences how the shading affects electrical outputs
depending on the arrangement of sub-modules and how they are interconnected through bypass diodes, Bayrak et al
(2017), Marco et al (2013).
Tab. 2: Typical extract output of the simulation for the Bulawayo (latitude 20.15o) PV plant

Tilt (degrees)

Azimuth
(degrees)

GCR
(%)

0

0

78.57

1.58

0

78.57

3.16

0

4.7

S/L

GlobInc
(kWh/m2)

GlobEff
(kWh/m2)

ShdLoss
(kWh/m2/yr)

ShdElec
(kWh/yr)

EArray
(kWh/yr)

1.27

2171

2096

0

0

1893762

1.27

2192

2117

0.7

0

1911496

78.57

1.27

2211

2136

2.2

0

1927589

0

78.57

1.27

2229

2153

4.9

0

1941622

6.32

0

78.57

1.27

2246

2167

8.8

2055

1951688

7.89

0

78.57

1.27

2261

2179

13.2

5399

1958080

9.47

0

78.57

1.27

2274

2188

18.7

7702

1963595

11.05

0

78.57

1.27

2287

2195

25.0

9400

1967760

12.63

0

78.57

1.27

2297

2200

32.1

22270

1958858

14.21

0

78.57

1.27

2307

2202

40.3

33303

1949552

15.79

0

78.57

1.27

2315

2202

49.1

40934

1941691

17.37

0

78.57

1.27

2321

2200

59.0

64795

1915662

18.95

0

78.57

1.27

2326

2195

69.3

78652

1897853

20.53

0

78.57

1.27

2330

2189

80.5

108981

1861770

22.11

0

78.57

1.27

2332

2179

92.4

148752

1814116

23.68

0

78.57

1.27

2333

2169

104.6

172940

1780731

25.26

0

78.57

1.27

2332

2156

116.9

188124

1754817

26.84

0

78.57

1.27

2330

2142

129.0

199518

1731870

28.42

0

78.57

1.27

2327

2127

140.9

209315

1709563

30.00

0

78.57

1.27

2322

2111

152.8

216625

1688554

For the optimisation of the collector deployment in the array, PVSyst’s “Optimisation Tool” was employed. This
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tool helps to easily find the optimal values for the PV deployment parameters i.e. normalised row spacing, S/L, and
array tilt, β. It performs automatically a set of simulations, where for example each parameter is varied, in turn,
ceteris paribus, according to a specified range. The results of all simulations are stored, and can be accessed as a CSV
file, for further analysis.
Tab. 2 shows the output of the PVSyst “Optimization Tool” simulation of array deployment parameters for a 1MW
PV plant at Bulawayo, Zimbabwe at latitude 20.15 0S.
From the complete version of Tab. 2, parametric curves (with S/L as the parameter) of actual array output energy
normalised with array output energy for a horizontal collector against tilt angle were plotted. From this plot, the
relationship between the optimal tilt angle and S/L was derived.
To enable calculation of Levelized Cost of Energy by PVSyst, cost data for land, cabling, collectors etc. are required.
The land area required was calculated using the following formula:
𝑆

𝐴𝐿 = [(𝑘 − 1) + 𝑐𝑜𝑠𝛽] 𝑊𝐿
𝐿

(eq. 1)

In eq. 1, k is the number of rows of the array, S/L is the normalized row spacing as defined on Fig. 1, L is the collector
length, 𝛽 is the array tilt angle and W is the width of the row in the east-west direction.
All the other inputs are entered in the normal way into PVSyst, but were separated into field-related costs (land
owning and development, cables, maintenance roads, security fence, etc.), Cf, and collector-related costs (PV
modules and PV mounting structure), Cc.
The ratio Cf/Cc was used to characterize the cost structure of the PV plant, i.e. the relative value of the field-related
elements to that of the collector related elements. A reasonable range of Cf/Cc values were created and were used to
calculate the LCOE, for different pairs of optimal tilt angle (𝛽) and optimal normalized row spacing (S/L).

4. Results and Discussion
The complete version of Tab. 2 can be used to plot parametrically, the plant array normalized energy output against
the tilt angle, b, for different values of tilt angle, S/L on Fig. 2.

Fig. 3: Normalized array energy output against collector tilt angle for different values of S/L.

It is clear from Fig. 2 that the normalized array energy generally increases with increase in row spacing, but the
marginal increase becomes smaller as the row spacing is increased, since the shading effect is approaching zero. On
the other hand, the energy output first increases to a maximum, then decreases as the collector is increased. For each
S/L there exists an optimal tilt angle, which maximizes the energy output.
Assuming that the upfront costs of the plant for each S/L is independent of collector tilt, we can use Fig. 2 to
determine, once and for all, the locus of the curve that determines the only possible combination of S/L and β that
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gives optimal deployment. The equation for this optimal S/L-𝛽 curve can be estimated by eq. 2 derived by curvefitting the plot of βopt against S/Lopt, shown on Fig. 4.

Fig. 4: Relationship between optimal tilt angle and the normalised row spacing

With a very good correlation (R² = 0.9921), the equation relating βopt with S/L is given below.
𝑆

𝑆

𝑆

𝑆

𝐿

𝐿

𝐿

𝐿

𝛽𝑜𝑝𝑡 = −9.0713𝑙𝑛4 ( ) + 44.266𝑙𝑛3 ( ) − 79.247𝑙𝑛2 ( ) + 65.287𝑙𝑛 ( ) − 0.5591

(eq. 2)

Now eq. 2 gives the locus of combination coordinates of S/L and β for optimal array deployment. What it does not
say is which of these optimum combinations should be deployed. The correct coordinates of S/L and β to choose
should depend on the relative cost of field costs and solar collector costs, as observed by Hove et al, 2004. It should
be expected that if field costs are low relative to collector costs, larger values of S/L (larger land) can be used to
increase energy output and reduce LCOE. On the other end if the field costs are relatively large, it is more costly to
increase S/L. This leads us to introduce the parameter Cf/Cc, representing the relative costs of field (land, cables,
maintenance roads, security fencing etc) to solar collector costs (PV modules and mounting structure).
Fig. 5 shows how to optimize the normalized row spacing and tilt angle for different values of C f/Cc. The Levelized
Cost of Energy (LCOE) is used as the objective function. Although only the collector field deployment is being
optimized, the LCOE of Fig. 5 has been calculated for components of the whole solar plant. The value of S/L which
results in the minimum LCOE for each value of Cf/Cc is the optimal value of normalized row spacing. The
corresponding value of the tilt which goes with this spacing can be directly read on the “Locus of 𝛽 versus S/L”
curve, on the secondary vertical axis.
The locus of optimum deployment in Fig. 5 shifts to the left as C f/Cc increases. However, there is a limiting S/L
beyond which the rows cannot be brought any closer (e.g. in an effort to reduce field costs) together despite increases
in Cf/Cc. This is because if the rows are brought any closer than this limiting S/L value (shown by the locus becoming
vertical at the extreme left), inter-row shading effects on the specific energy yield of the plant (SE) will increase
disproportionately with any small decrease in S/L. It can be observed from Fig. 5 that, for instance, for a C f/Cc value
of 0.15, the LCOE at the optimal normalised spacing is $0.119, compared with $0.143 at “rule of thumb” tilt of 22 o
and normalised spacing of 4, which is 20% more cost. This underscores the importance of optimising deployment
parameters.
Tab. 3 shows the optimum S/L and corresponding β for different C f/Cc extracted from Fig. 5. It also shows the
difference between the specific energy output and Levelized Cost of Energy for the optimized case and for the case
when the spacing is optimized but the rule of thumb tilt angle (tilt = latitude) is used. The specific energy output and
Levelized Cost of Energy vary significantly from the optimized case to the case when the spacing is optimized but
the tilt is not optimized correspondingly. This underscores the importance of optimizing simultaneously both the
spacing and tilt angle to maximize the economic viability of the PV solar plant.
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Fig. 5: Determination of Optimum Deployment. The figure shows the plot of LCOE against S/L for different values of C f/Cc. The value
of S/L corresponding to the minimum of each curve determines the optimum normalized row spacing. The corresponding value of
collector tilt can be read directly from the “Locus of optimum Beta and S/L” curve.

Tab. 3: Comparison of specific energy yield and LCOE for Tilt angles optimised for inter-row shading and
the tilt angle with no shading considered
Cf/Cc

S/Lopt

βopt
degrees

SEoptimised
kWh/KWp/yr

SEtilt=latitude
kWh/KWp/yr

LCOEoptimised
$/kWh

LCOEtilt
= latitude

0.225

1.27

11.09

1788

1584

0.1255

$/kWh
0.1402

0.200

1.28

11.36

1788

1584

0.1232

0.1377

0.175

1.29

11.62

1788

1584

0.1210

0.1352

0.150

1.30

11.87

1788

1584

0.1188

0.1327

0.125

1.32

12.35

1788

1584

0.1166

0.1303

0.100

1.37

13.43

1800

1721

0.1137

0.1182

0.075

1.47

15.16

1807

1765

0.1121

0.1135

0.050

1.6

16.77

1816

1792

0.1092

0.1095

0.025

1.75

18.03

1822

1802

0.1067

0.1065

From Tab. 3, the variation of optimum deployment parameters of the solar plant (S/L and β) against a reasonable
range of Cf/Cc can be plotted on Fig. 6. The land area required per MW is also shown on Fig. 6. The land area per
MW is determined by the layout of the array and be characterized by the number of array rows, k (see eq. 1). This
figure can be conveniently used as a design chart for optimizing the solar PV field deployment parameters, as
demonstrated in Section 5.
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Fig. 6: Optimal deployment of solar PV collectors in inter-row shaded arrays at Bulawayo (latitude 20.15 South, longitude 28.28 East)

It is shown from the preceding that the main parameter that determine the economic deployment of collectors in an
inter-row shaded array, at a given site, is the ratio of field (land, cables, maintenance roads, security fence, etc.) cost
to collector (modules and mounting structure) cost, Cf/Cc. This parameter determines the optimal normalized row
spacing; the optimal tilt angle that goes with it and then the minimum land required for the solar plant.

5. Example for applying the study results
In this section the way to use the results of this study in practice is demonstrated. Suppose one wants to develop a 1
MWp solar plant and is interested on how to lay it out for minimizing the plant LCOE. The question is what the row
should be spacing and tilt angle of the solar collectors. Suppose, further, that the field width (east-west dimension)
of the available land is 100 m.
The solar PV modules to be used, together with the size of mounting structure, are described on Tab. 5 below.
Tab. 5: Module and mounting structure details
Module brand
Maximum power (Pmax)
Voltage at maximum power (Pmax)

Renesola JC250M-24/Bb
250 W
28.52 V

Short circuit current (Isc)
Mounting structure length
Dimensions

Current at maximum power

6.57 A

Cell type

Open circuit voltage (Voc)

35 V

Number of modules per structure

7.12 A
100 m
1641 mm x 993 mm x 41
mm
156
x156
mm
Polycrystalline, 60 (6 x 10)
pcs in series
200 (100 horizontal x 2
vertical)

Tab. 6: Unit Costs of Infrastructure
Item
PV module at $ 0.38/Watt
Mounting structure @ $ 0.12/Watt
Total collector costs
Land owning and development
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Cost
380,000/MW
120,000/MW
500,000/MW
6.5/m2

Item
Cables
Maintenance roads
Security fence
Total specific field costs

Cost
$1.5/m2
1.5/m2
0.5/m2
10/m2
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To determine the value of Cf/Cc, we need the area of land, in order to determine field costs. Since this is also a
function of Cf/Cc, we need to use an iterative procedure based on eq. 1 and Figure 6, to solve the problem. Using
Table 6, the value of L is 2 x 1.641 = 3.282 m, and the field width is W = 100 m. That means 200 modules of 25
Watts fit on one structure, giving a power deployment of 50 kW/structure. The value for the number of rows can now
be determined; k = 20 (1000 kW/50 kW). The value of S/L can be guessed (any number between 1 and 2 will do),
and the corresponding value of β can be obtained from eq. 2. For example, S/L = 1.5 can be chosen and the
corresponding tilt is β = 15.59, from eq. 2.
From eq. 1, the land area may be computed with inputs of S/L and β, together with the values of W and L mentioned
before. The field costs are obtained by multiplying the land area with the specific field cost. The collector cost per
MW can be computed from collector cost per Watt given on Tab. 6, and the total collector costs obtained by
multiplying it with the plant power. The ratio Cf/Cc can therefore be computed.
Using Fig. 6, a new value of S/L corresponding to can be read, and a corresponding β obtained again from eq. 1. The
process can be repeated with the new values of S/L and β, until the S/L and β values obtained from successive
iterations are almost equal. The values of S/L, β and land area obtained in the last line of iteration are the optimal
deployment parameters for the solar plant. In the present case, the optimal deployment parameters are S/Lopt = 1.295,
βopt = 11.72 degrees and minimum land area = 8390 m2/MW, as shown in Tab. 7.
Tab. 7: Iterative procedure for obtaining optimal deployment parameters
k
S/L

β
[deg.]
(eq. 2)

1.5

15.59

1.285
1.294

Collector
Cost, Cc
[$]

Cf/Cc

S/L
(Fig. 6)

β
[deg.]
(eq. 2)

1

Specific
Collector
Cost
[$/MW]
500000

500000

0.193

1.285

11.49

83346

1

500000

500000

0.167

1.294

11.72

83905

1

500000

500000

0.168

1.294

11.72

Land Area [m2]
(eq. 1)

Field
Cost, Cf
[$]

Plant
Power
[MW]

20

9670

96698

11.49

20

8335

11.72

20

8390

It is important to check that the minimum gap required for maintenance, referred to as collector spacing in SánchezCarbajal and Rodrigo, 2019, is adequate after setting the row spacing. The gap between the collectors is given by
𝑆 − 𝐿𝑐𝑜𝑠𝛽 , which is 1.03 m in the present case. This is considered to be adequate for maintenace people to manouvre
between collectors.

6. Conclusion
This study proposes an approach that should be used to specify the optimal row deployment of collectors in a large
solar PV array. Following the thinking in Hove, 2004b, it is realized that the optimal spacing and tilt of the collectors,
at any location with given latitude and climatic data, is determined by the relative costs of the field components (land
owning and development, electrical cables, maintenance roads, etc.) to the cost of solar collector components (PV
modules and mounting structure). Reduced row spacing, which should go together with appropriate reduction in
collector tilt angle, obviously increases the loss of radiation received by the collectors but determining the radiation
loss alone is not enough to predict the electrical losses due to shading. The overall electrical losses due to shading
depends in a complicated way with both the radiation loss and the resulting I/V-characteristic transformation of the
PV module. On the other hand, increasing row spacing (ostensibly in order to reduce shading effects), increases the
(cost of) land area used by the PV plant together with other field costs such as maintenance roads, electrical cables,
etc. This realization led to the identification of the PV simulation program, PVSyst, as a tool that can be innovatively
used to prescribe the optimum collector deployment in an inter-row shaded array.
The software PVSyst can estimate the electrical output of the shaded PV array depending on prescribed module
layout, row spacing and collector tilt. It can also perform an economic analysis of the plant, yielding the Levelized
Cost of Energy (LCOE), depending on the cost structure of the system components. In the study, the software is
applied innovatively to calculate the LCOE for different combinations of field-to- collector costs (Cf/Cc), normalized
row spacing (S/L) and collector tilt (β). The combination of S/L and β that results in the minimum LCOE for each
value of field-to-collector cost (Cf/Cc) describes the optimal deployment of collectors in the array. The main result is
the development of a chart, from which the optimal values of collector normalized spacing, tilt angle and required
land can be prescribed for a known value of Cf/Cc. The results show clearly how the collector row spacing, collector
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tilt angle and used land area should be reduced with respect to the increased value of Cf/Cc, for any site with given
latitude and climatic conditions. It also shows that non-optimized deployment parameters can result in up to 20%
more LCOE when compared to optimized ones, showing the importance of this study. This method to a large extent
is a big step towards the optimization of solar PV collector deployment in inter-row shaded arrays and is
recommended for application by designers and project managers of large Solar PV plants for maximum economic
benefits.
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Abstract
Power distribution grids with high PV generation are exposed to voltage disturbances due to the
unpredictable nature of renewable resources. Smart PV inverters, if controlled in coordination with each
other and continuously adapted to the real-time conditions of the generation and load, can effectively regulate
nodal voltages across the feeder. This is a fairly new concept and requires communication and a distributed
control logic to realize a fair utilization of reactive power across all PV systems. In this paper, a collaborative
reactive power optimization is proposed to minimize voltage deviation under changing feeder conditions.
The weight matrix of the collaborative optimization is updated based on the reactive power availability of
each PV system, which changes over time depending on the cloud conditions and feeder loading. The
proposed updates allow PV systems with higher reactive power availability to help other PV systems regulate
their nodal voltage. Proof-of-concept simulations on a modified IEEE 123-node test feeder are performed to
show the effectiveness of the proposed method in comparison with four common reactive power control
methods.
Keywords: PV generators, distributed optimization, distribution network, smart inverters

1. Introduction
Increasing presence of renewable energy in the power grid aims at reducing greenhouse gas emissions, among
other benefits, like decreasing the fossil fuel dependency as an energy source for a government (Walling et al.,
2008). However, the proliferation of variable renewable distributed energy resources (DER), such as solar
photovoltaic (PV), introduce power flow changes that cause voltage profile disturbances (Pecenak et al., 2018).
This is especially an issue if the nominal peak capacity of DERs gets closer to or surpasses the distribution
network’s load size. These problems come from the highly variable and intermittent unpredictable nature of
renewable energy sources.
In the case of PV systems, smart inverter (SI) control can help mitigate voltage problems by actively utilizing
surplus capacity of the inverter. New standards, such as IEEE 1547 (IEEE Standard Association, 2018) and
California Rule 21(California Energy Commission and California Public Utilities Commission, 2015), provide
guidelines to use the capacity of these devices to inject or absorb reactive power to/from the grid. The real power
of the inverter may also be curtailed to provide enough headroom for reactive power utilization under poor voltage
scenarios. Real and reactive power control of SI can help regulate the voltage of PV node connecting to the grid,
referred to as the point of common coupling (PCC).
As an alternative to the costly traditional network reinforcement approach, real and reactive power control of SIs
(agents) have been studied to resolve voltage disturbances caused by fluctuating renewable DERs. There exist
different control strategies to use smart PV inverters for voltage regulation. The simplest one considers that every
agent solves its own problem using only local information and applying the solution at its PCC, without any
coordination with other agents connected to the same power grid. These are known as decentralized control
approaches, like droop control (Katirarei et al., 2008; Kashani et al. 2019). These methods are effective only with
few PV systems connected to the distribution network. However, if in the same power grid, the installed PV
capacity gets close to the peak load connected to it (high PV penetration), some SIs agents can experience nonoptimal voltage.
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To overcome issues from high PV penetration, other methods exploit coordination among SIs through
communication. This type of approach has been proposed in phase 2 of California Rule 21 (CEC & CPUC, 2015).
The centralized approach requires a central entity to collect data from all SIs, calculates the optimal operation of
each SI (agent), and sends the commands back to each agent (Tsikalakis and Hatziargyriou, 2008; Li et al., 2019).
Although the centralized approach requires full communication between the central entity and each agent,
coordination of SIs can also be achieved in a distributed manner, which can realize cooperation between different
agents without a central entity. For the distributed coordination method, only communication between agents is
required, and each agent assigns a parameter (weight) to each link connected to it to define the relevance of one
link with respect to the rest. Several works have studied this type of coordination of SIs, considering different
communication topologies. A distributed consensus algorithm using adjacent nodes communication is presented
in Haque et al. (2019), which determines parameters for the amount of real power curtailed based on the PCC
voltage by optimization. In Olivier et al. (2016), a five-step control approach is presented, which combines local
regulation with distributed communication for reactive power dispatch and active power curtailment. In those
works, fixed communication weights are used, which is not optimal for operation of a dynamic distribution
network with variable renewable DERs.
To the authors‘ best knowledge, this paper is the first one proposing an adaptive reconfiguration of the
communication weights for coordinating SIs in a distributed fashion. To decide the fair utilization of each PV
unit, the maximum amount of reactive power available each time step is considered. The algorithm utilizes a
distributed collaborative optimization to determine optimal reactive power (curtailing real power if it is necessary)
and achieves cooperation of SIs for voltage regulation. Effectiveness of the proposed method will be evaluated
comparing voltage deviation at each PV system’s PCC from simulations. Other currently applied control methods
are simulated as well to compare performances. OpenDSS will be used to perform the steady-state simulations
of the distribution grid with MATLAB handling the control.

2. Problem formulation
To illustrate the problem to be solved in this paper, let's consider a simple case where two PV systems with
different sizes (1500 kVA and 75 kVA) are connected to a distribution feeder (Figure 1). A clear day irradiance
profile is used for both PVs.

𝑃𝑉1

𝑃𝑉2

Figure 1 Two PV systems with smart inverters connected to IEEE 123 node test feeder. 1500 kVA is the rating of the SI rating on
𝑷𝑽𝟏 and 75 kVA is the rating of the SI on 𝑷𝑽𝟐 .

Without any control (PV operating at unity power factor), the nodal voltage at 𝑃𝑉1 goes up to 1.03 p.u. around
noon, and the nodal voltage at 𝑃𝑉2 is higher than 1.05 p.u. the entire time simulated (Figure 3). SIs can help to
regulate the local voltage in this scenario with reactive power. A fixed control method like Volt-Var curve (Figure
2) can be used to achieve this, which establishes a relation between the voltage at the PCC and the amount of
reactive power that needs to be dispatch by the SI according to the deviation of the voltage from a reference value
(𝑉𝑟𝑒𝑓 ). The Volt-Var curve needs parameters as input (IEEE 1457 default setting are used in Figure 2) to define
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at which voltage level the SI should start dispatching reactive power, and at which rate this is going to increase
when voltage deviation rises. 𝑄̅𝑚 is the maximum reactive power available on each SI and is going to be limited
by the amount of active power that the inverter is currently injecting, according to the following equation:
𝑄̅𝑚 = √𝑆𝑚 2 − 𝑃𝑚 2 ,

(eq. 1)

where 𝑃𝑚 is the active power generated by the PV panels connected to the SI m, and 𝑆𝑚 is the inverter power
rating. If more reactive power needs to be dispatched, the inverter can be set in Var-priority mode and active
power will be curtailed to use that SI capacity in the additional reactive power needed. To assess the contribution
of each SI connected to the distribution feeder, a reactive power fair utilization ratio, 𝛼𝑚 , is defined as follows:
𝛼𝑚 =

𝑄𝑚
⁄𝑆 ,
𝑚

(eq. 2)

where 𝑄𝑚 is the generated reactive power for PV system 𝑚, and the inequality 𝑄𝑚 ≤ 𝑄̅𝑚 always holds.
Q

𝑆𝑚

0.92

−

V [p.u.]

𝑆𝑚

Figure 2 Volt-Var curve implemented in PV smart inverters to regulate the voltage at PCC using IEEE 1457 default setting.
Voltage (V) in per unit, with 𝑽𝒓𝒆𝒇 =2.4 kV, and reactive power (Q) to be dispatched on each case.

If the fixed Volt-Var curve in Figure 2 is implemented, both SIs will absorb reactive power to decrease the voltage
at their PCC (Figure 3). Voltage in both PV systems changes a small fraction around noon, and no SI can reach
1 per unit value with this control method (considering 𝑉𝑟𝑒𝑓 =2.4 kV). Results for reactive power fair utilization
ratio show the percentage of reactive power injected on each case. 𝑃𝑉2 is injecting around one third of its SI
capacity; meanwhile, 𝑃𝑉1 uses only around 10%. Voltage and reactive power profiles for 𝑃𝑉1 illustrate that a
control method better adjusted to its condition should fix its voltage. On the other hand, 𝑃𝑉2 hardly will dispatch
enough reactive power to regulate its PCC’s voltage down to 1 per unit. Under this scenario, it is valued to propose
new methodologies to improve voltage regulation controlling reactive power dispatch at each PV system’s PCC.
In particular, cooperation between both SIs (using communication capacities) can be applied to manage the extra
capacity of 𝑃𝑉1 to help voltage regulation at 𝑃𝑉2 node.

Figure 3 Voltage profile (in per unit value) along a day for both PV systems under two different control conditions: no control
(blue dashed line, No Ctl) and with the fixed curve (Volt-Var) as control (red line, F.C.). Reactive power fair utilization ratio
profile (𝜶) for the fixed curve is included as well (dashed line, F.C.). Recall SI does not dispatch reactive power for no control
case.
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3. Distributed optimization method
The proposed method takes advantage of reactive power dispatch and real power curtailment capacities of SIs
(agents). The communication capabilities of these devices allow us to implement a distributed collaborative
optimization to minimize voltage deviation at each agent's PCC with reactive power. Additionally, information
exchange and its implementation on each SI yield to a unified voltage profile from a cooperative control
perspective. On the other hand, real power curtailment on each agent is performed to have access to the full
inverter capacity, if it is necessary.
As voltage deviation minimization is the goal of the method to be implemented, then the objective function can
be defined as
𝐹𝑣 = ∑𝑚 𝑓𝑣 𝑚 ,

(eq. 3)

1

𝑓𝑣 𝑚 = ( − 𝑉𝑚 )2 ,

(eq. 4)

2

where 𝑓𝑣 𝑚 is the objective function component associated with agent 𝑚 of the distributed network, and V𝑚 is the
voltage at PCC of agent 𝑚. Maknouninejad & Qu (2014) proposes equation 3 can be minimized applying a
distributed collaborative optimization using 𝛼𝑚 as the control variable, and, in this way, 𝛼𝑚 can be considered as
an estimation of the optimal solution for that equation. At time 𝑡𝑘 , the methodology establishes the agent 𝑚
maintains 𝛼𝑚 (𝑘) as its estimate of the solution. Then, it will calculate a new estimation for the next time step,
𝛼𝑚 (𝑘 + ), using its own value from the previous time, and estimations performed by other units with whom
there is communication, 𝛼𝑗 (𝑘) (with 𝑗 representing all agents that exchange information with agent 𝑚). The
mathematical formulation of this relation is defined as follow,
𝛼𝑚 (𝑘 + ) = 𝑑𝑚𝑚 𝛼𝑚 (𝑘) + ∑𝑗≠𝑚 𝑑𝑚𝑗 𝛼𝑗 (𝑘) − 𝛽𝑚 𝑔𝑚

(eq. 5)

𝛽𝑚 > is the step size gain for agent 𝑚, and 𝑔𝑚 is the gradient of 𝑓𝑣 𝑚 with respect to agent 𝑚’s state, 𝛼𝑚 , and
is calculated as Maknouninejad & Qu (2014) as follows
𝑔𝑚 = −𝑄̅𝑚 ( − 𝑉𝑚 )

𝑉𝑚

𝑄𝑚 −𝑉𝑚 2 𝐵𝑚𝑚

,

(eq. 6)

where 𝐵𝑚𝑚 is the susceptance of node 𝑚 and it is defined as the sum of the imaginary parts of line conductances,
corresponding to all lines connected to node 𝑚. This formulation for the gradient was derived using system power
flow equations for real and reactive power.
On the other hand, 𝑑𝑚𝑗 (and 𝑑𝑚𝑚 ) are the communication coefficients, defined as
𝑤𝑚𝑗 𝑠𝑚𝑗

𝑑𝑚𝑗 = ∑

𝑙 𝑤𝑚𝑙 𝑠𝑚𝑙

𝑗, 𝑙 =

𝑀

(eq. 7)

The coefficients 𝑠𝑚𝑗 and 𝑤𝑚𝑗 (in the same way that 𝑠𝑚𝑙 and 𝑤𝑚𝑙 ) belong to the communication topology matrix
and the communication weight matrix, respectively, and they are associated with the physical connections existent
on the distribution feeder. 𝑀 is the number of agents connected to the distribution grid, and 𝑠𝑖𝑗 =1 represents the
information exchange existence between agents 𝑖 and 𝑗 (similarly, 𝑠𝑖𝑗 =0 means no communication between agents
𝑖 and 𝑗). From cooperative control theory, matrix 𝑆, which contains all 𝑠𝑖𝑗 associated with a particular distribution
grid, must contain at least one globally reachable node as a minimum requirement in order to ensure convergence
of the represented distribution network (Xin et al., 2011). In other words, the proposed method is robust under
scenarios of variations and limitations of the communication network. On the other hand, matrix 𝑊 stores 𝑤𝑖𝑗 >
; each of them corresponding to the communication weight associated to the existing communication link
between agent 𝑖 and 𝑗. This relation can be read as “how relevant the state of agent j in time step 𝑡𝑘 is for the state
of agent 𝑖 in time step 𝑡𝑘+1 , with respect to other agents connected to i in time step 𝑡𝑘 .”
This work proposes changing the communication weights along the time (dynamic weights), and their values will
be set based on their capacity to determine the influence of one agent into another. This will be utilized to allow
agents with reactive power available helping in the voltage regulation of another agent, connected to a different
bus of the distribution grid, which doesn’t have enough reactive power capacity to do it independently. To
implement this behavior, matrix 𝑊𝐷 is defined as follows
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𝑊𝐷 =

𝑄̅1𝑇
⁄̅
𝑄1
𝑄̅2
𝑠21 ∙ ⁄̅
𝑄1
𝑄̅3
𝑠31 ∙ ⁄̅
𝑄1

𝑠12 ∙

𝑄̅1
⁄̅
𝑄2

…
𝑠𝑀3 ∙

…

𝑄̅𝑀
⁄̅
𝑄3

𝑠𝑀3 ∙

𝑄̅1
⁄̅
𝑄𝑀
𝑄̅2
𝑠2𝑀 ∙ ⁄̅
𝑄𝑀
̅
𝑄
𝑠3𝑀 ∙ 3⁄̅
𝑄
𝑠1𝑀 ∙

𝑄̅𝑀
⁄̅
𝑄3

⋱

𝑀

⋮
𝑄̅𝑀
⁄̅
𝑄1

𝑄̅1
⁄̅
𝑄3

𝑄̅2𝑇
⁄̅
𝑄2

⋮

𝑠 ∙
[ 𝑀1

𝑠13 ∙

𝑠𝑀2 ∙

𝑄̅𝑀
⁄̅
𝑄2

𝑄̅
𝑠𝑀3 ∙ 𝑀⁄̅
𝑄3
̅
𝑄
𝑠𝑀3 ∙ 𝑀⁄̅
𝑄3
𝑄̅𝑀
𝑠𝑀3 ∙ ⁄̅
𝑄3

𝑄̅
𝑠𝑀3 ∙ 𝑀⁄̅
𝑄3

⋮

𝑄̅𝑀
⁄̅
𝑄3

⋱

⋮

…

…

⋱
𝑠𝑀3 ∙

𝑄̅𝑀𝑇
⁄̅
𝑄𝑀 ]

𝑄̅𝑚𝑇 = ∑𝑗 𝑠𝑚𝑗 𝑄̅𝑗 is the total reactive power available considering all SIs in communication with agent 𝑚. Each
element outside the diagonal in the matrix 𝑊𝐷 can be described as the relative reactive power available of a
specific agent with respect to each of its neighbors, where weight equal to zero when no communication exists
between those agents. In general, 𝑊𝐷 will assign a big number to 𝑤𝑖𝑗 if agent i has several times more reactive
power available than agent j. On the other hand, elements in the diagonal of the matrix 𝑊𝐷 correspond to the
fraction of total reactive power available considering all agents that are communicated with a specific agent, with
respect to its own reactive power available. In the same way, a big number in the diagonal of 𝑊𝐷 means that agent
experiences reactive power scarcity.
The implementation of a distributed collaborative optimization on SIs can be interpreted as an adaptive Volt-Var
curve that varies along the time based on the reactive power availability of each SI connected to a distribution
grid. Then, each time step equation 5 will provide a new amount of reactive power that needs to be dispatch for
an SI, based on its PCC voltage, maximum reactive power available, current reactive power dispatched, and
susceptance. In the next section, to prove the effectiveness of the dynamic weights implemented on the mentioned
distributed collaborative optimization, results combining the adaptive curve with different ways to define
communication weights will be presented.

4. Simulation study and results
To show the effectiveness of the proposed method, proof-of-concept simulations are run on a modified IEEE 123
node test feeder, with two PV systems connected: one with an inverter size of 1500 kVA and 1800 kW of PV
panels (𝑃𝑉1 ) and the second one with a power rating capacity of 75 kVA coupled with 90kW of PV nominal
capacity (𝑃𝑉2 ). They are connected to nodes 250 and 450, respectively; both PVs are 3-phase systems (Figure 1).
The nominal voltage for IEEE 123 node test feeder is 2.4 kV. The irradiance profile used as input corresponds to
clear sky day and it is shown in Figure 4. The peak load is 3.49 MW of real power and 1.92 MVAr of reactive
power and changes along the day according to the load profile of Figure 4. To facilitate result interpretations,
regulators were removed from the distribution feeder, and transformer control functions were disabled as well.
In addition, a 1000 kVAr capacitor was added to node 450 in order to increase the voltage deviation at that node.
The simulation time step selected was 10 seconds, SIs update their output every 20 seconds, and the simulation
is carried out for 11 hours period of the day from 6:30 and 17:30.

Figure 4 Global horizontal irradiance (left) and load (right) profile utilized for simulations.
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In addition to one case where no reactive power is dispatched from any smart PV inverter, established as the no
control case (No Ctl), four different control schemes implemented on each SI are simulated in this work. The first
one uses fixed Volt-Var curve with parameters corresponding to the default settings of IEEE 1457 standard norm
and it will be named fixed curve (F.C.). The other three control methods provide the reactive power generation
based on the distributed optimization defined by equation 5 (adaptive curve, A.C.), but considering different
communication topologies (no communication or communication) and methods to calculate communication
weights (fixed or dynamic). One control method does not incorporate any information exchange between the SIs,
and it corresponds to a full decentralized approach (adaptive curve with no communication, A.C.NoCm). The
second control method incorporates communication between SIs but considers all communication weights fixed
and equal to 1 (adaptive curve with fixed weights, A.C.F.W.). Finally, the last case implements the proposed
method where communication exists between the agents with communication weights that changes along the time
(adaptive curve with dynamic weights, A.C.D.W.). All methods presented modify parameters related to the AC
side of the SI, then there is no modification applied to the MPPT control utilized by the PV panels connected in
the DC side. Table 1 shows the agent estimation update for each control method implemented.
Table 1 Agent estimation update formulation for each control method simulated. 𝒇(𝑽𝒎 ) represents the Volt-Var curve presented in
Figure 2.

Name

Abbreviation

No control

No Ctl

Fixed curve

F.C.

Adaptive curve with no
communication

A.C. NoCm

𝛼𝑚 (𝑘 + ) = 𝛼𝑚 (𝑘) − 𝛽𝑚 𝑔𝑚

Adaptive curve with
fixed weights

A.C.F.W.

𝛼𝑚 (𝑘 + ) = [𝛼𝑚 (𝑘) + 𝛼𝑗 (𝑘)] − 𝛽𝑚 𝑔𝑚

A.C.D.W.

𝛼𝑚 (𝑘 + ) = 𝑑 𝐷 𝑚𝑚 𝛼𝑚 (𝑘) + 𝑑 𝐷 𝑚𝑗 𝛼𝑗 (𝑘) − 𝛽𝑚 𝑔𝑚 ,
𝑤 𝐷 𝑚𝑗
𝑑 𝐷 𝑚𝑗 = 𝐷
, 𝑊 = [𝑤 𝐷 𝑖𝑗 ]
𝑤 𝑚1 + 𝑤 𝐷 𝑚2 𝐷

Adaptive curve with
dynamic weights

Agent estimation update
𝛼𝑚 (𝑘 + ) =

𝛼𝑚 (𝑘 + ) =

𝑓(𝑉𝑚 )
̅m
Q

Figure 5 shows the voltage profile of each PV system with each tested control method. Although all of them
reduce voltage deviation for both SIs, with respect to the no control case, the reference value is reached only on
𝑃𝑉1 applying the A.C.NoCm method. The same method for 𝑃𝑉2 does not perform as well as on 𝑃𝑉1 , and methods
combining adaptive curve with communication provide better voltage regulation in 𝑃𝑉2 . A.C.D.W. increases
voltage deviation on 𝑃𝑉1 and decreases it on 𝑃𝑉2 with respect to A.C.F.W.
As each SI is undersized by 17%, flat real power generation during the time interval 10:45 – 13:08 in Figure 6
indicates inverter saturation. In addition, differences between each control method and no control profile in Figure
6 represents the amount of energy curtailed on each case. For 𝑃𝑉1 , almost no curtailment is registered for fixed
curve control method, while some real power fraction is reduced with other methods, and adaptive curve with
dynamic weights provides the lowest real power generation. For 𝑃𝑉2 , adaptive curve methods with no
communication (A.C.NoCm) and dynamic weights (A.C.D.W.) curtail 100% for the entire period, while there is
only partial curtailment for F.C. and A.C.F.W. methods.
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Figure 5 Voltage deviation (in per unit value) for 𝑷𝑽𝟏 (left) and 𝑷𝑽𝟐 (right) considering the no control case (No Ctl) and four
different control methods: fixed control curve (F.C.), adaptive curve with no communication (A.C. NoCm), adaptive curve with
fixed weights (A.C. F.W.), and adaptive curve with dynamic weights (A.C. D.W.).

Figure 6 Real power generated for each PV system considering four the control methods plus no control case. NoCtl and F.C. real
power results overlap in 𝑷𝑽𝟏 . A.C.NoCm and A.C.D.W. real power results overlap in 𝑷𝑽𝟐 .

Reactive power fair utilization ratio for each SI is presented in Figure 7. While no method utilizes full 𝑃𝑉1 inverter
capacity to dispatch reactive power, A.C.NoCm and A.C.D.W. methods use full SI capacity to absorb reactive
power in 𝑃𝑉2 . This behavior indicates 𝑃𝑉2 reactive power scarcity to regulate its voltage. Under this scenario,
methods with communication demand more reactive power absorption from 𝑃𝑉1 than methods-based on local
measurements. In other words, the extra reactive power absorbed by 𝑃𝑉1 in methods with communication is
dispatched to contribute to the voltage regulation in 𝑃𝑉2 . Additionally, A.C.D.W. method requests a higher
amount of reactive power absorption than A.C.F.W., which indicates dynamic weights are incorporating 𝑃𝑉2
reactive power scarcity to the solution and making 𝑃𝑉1 absorbs even more reactive power than the case of fixed
weights.
Figure 8 shows a comparison between all methods considering objective function final result, for each control
method applied, in two ways: adding 𝑓𝑣 for all agents connected to the distribution grid for each time step, and
the final objective function result across the entire time period squared (𝐹𝑣 2 ). Adaptive curve methods show an
important improvement in voltage deviation across the day with respect to F.C. and no control methods. In
particular, A.C.D.W. provides the lowest voltage deviation for the entire time period, where main differences
occur during daylight. This difference comes from the additional reactive power absorbed by 𝑃𝑉1 , which
decreases voltage deviation in 𝑃𝑉2 with a small increment in the deviation of 𝑃𝑉1 voltage.
Results for average losses along the time period in active and reactive circuit elements are presented in Figure 9.
All control methods implemented decreased the losses in comparison with No Ctl but the highest variation is
lower than 20%. A.C.NoCm obtained the smallest losses among all methods.
Percentages of real power curtailed with each method on each SI with respect to the No Ctl case are presented in
Figure 9 as well. Results presented on this figure show the same behave observed in Figure 6: all A.C. methods
increased the amount of curtailment; and A.C.D.W. obtained the highest amount of energy curtailed on both SIs,
which is consistent with the method that requested reactive power the most. In addition, 𝑃𝑉2 curtailed all the
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reactive power generated along the day for A.C.NoCm and A.C.D.W. methods. These results suggest future work
should incorporate some curtailment minimization in equation 4 to improve the solution.

Figure 7 Reactive power fair utilization ratio (𝜶) dispatched from each SI for the no control case, and the four control methods
tested.

Figure 8 (Left) Sum of all objective function elements from each agent (𝒇𝒗 , equation 4), for each time step for all control methods
plus no control case. (Right) the objective function results squared (𝑭𝒗 𝟐, equation 3), adding the entire time period for each method
tested.

Figure 9 (Left) Average of the total losses for the active and reactive circuit elements for all control methods. (Right) Percentage of
active power curtailed for each method on each SI with respect to the No Ctl case.

5. Conclusion
A distributed collaborative optimization technique with dynamic communication weights is proposed to regulate
the voltage across a distribution power grid with high PV penetration. The main idea is to make the control
structure adaptive to generation and load changes. Proof-of-concept simulations on a modified IEEE 123-node

745

C. Cortés et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

test feeder with two PV systems compare the effectiveness of the proposed approach to the existing techniques:
fixed control curve, adaptive curve with no communication, and adaptive curve with fixed weights. Case studies
show that the dynamic weight-based approach results in the lowest voltage deviation reducing losses with respect
to No Ctl case, and without increasing losses significantly with respect to the other methods implemented.
However, the main disadvantage of A.C.D.W. is the high amount of curtailment applied on each SI. This can be
improved in future work incorporating a term for curtailment on the objective function. More realistic scenarios,
with real feeder models and numerous PV systems, will also be studied. Irradiance profiles with high variability
along the day will be incorporated in future work as well, to test oscillations and power quality impacts of the
proposed method.
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Abstract
The aim of this paper is to evaluate three grid connected photovoltaic systems that were implemented in rural
properties dedicated to the animal protein supply chain in the west of the State of Paraná, Brazil. PV modules with
mono and multicrystalline Si solar cells from the same supplier were used. One of the PV arrays was ground
mounted, faced to North, 18 ° tilted and the others were mounted on the north-facing rooftop of the farm buildings.
On the roof of a cow-shed, PV modules were 18° tilted, azimuth angle of 9° NE and on the roof of a poultry house,
PV array was 13° tilted (same slope of the roof) and with an azimuth of 52° NE. Two inverter brands were applied
and two approaches to connect to the electrical grid were used. The results indicated that high difference in
performance ratio and yield can be produced due to the position of the inverter inside the farm (distance to the
main electric input) and the installation approach. The highest performance ratio (PR) was obtained for rooftop
mounted with optimum slope angle, reaching an annual PR of 86 %. This PV array installed in an approximately
8 m high cow-shed presented the lower operating temperatures due to the high wind speed on the roof. Concerning
the module temperature, the higher PV module effective temperatures were observed in ground-mounted array,
that achieved and annual PR of 82 %. The worst average PR obtained was 69 %, in a farm where the inverter is
located near the PV array but far away from the main electrical panel.
Keywords: photovoltaic systems, grid-connected systems, rural properties.

1.

Introduction

The Brazilian electric matrix is mostly based on renewable sources, such as hydroelectric, biomass and wind
power plants. Photovoltaic systems were firstly used in homes or isolated communities and only in 2012 the
connection of micro and mini generation power systems to the electrical grid became legal. In 2018, the
photovoltaic (PV) power capacity in Brazil was of around 2.6 GW and 0.6 GW were from distributed solar PV
generation. The Brazilian market for distributed generation by using PV technology features a rapid growth, of
around 3 to 4 times a year. Many PV systems are solar home systems or medium-size systems applied in
commercial buildings, the majority in urban areas (Faria Jr. et al., 2017; Moehlecke and Zanesco, 2018).
The Brazil is a global leader in producing chicken, beef and pork meat. For instance, in 2017, the Brazilian
production of chicken meat reached 13 million tons, being the second world production, below the United States
(ABPA, 2018). The sector is represented by dozens of thousands of integrated producers, hundreds of processing
companies and dozens of exporters. The States in the south region of Brazil are the largest producers of chickens
and porks, and the Paraná (PR) is the first one producer of chicken (34.3% of the Brazilian production). Although
the CO2 emissions due to this production chain in Brazil are lower than that observed in countries such as USA,
China or European Union due to the use of energy from hydroelectric plants, the expansion of the animal protein
industry will need new sources of electrical energy, since the cost-effective hydroelectric plants already draw all
the energy potential. Therefore, photovoltaic systems connected to the grid in farms will be an approach to reduce
the need of electrical energy from the new farms to produce animal protein and, at the same time, can contribute
to keep low the CO2 footprint of this industry (Vida and Tedesco, 2017; Alexandratos and Bruinsma, 2012;
Sobrosa Neto et al., 2018).
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To provide a detailed study of the insertion of PV systems in rural properties, a partnership was established
between the PUCRS (Pontifical Catholic University of Rio Grande do Sul), the Itaipu Binacional (the largest
hydroelectric power plant in America), three agricultural cooperatives in the state of Paraná (LAR, COPACOL
and C. VALE), the association of the farm cooperatives of the Paraná as well as the Brazilian Micro and Small
Business Support Service of Paraná (SEBRAE-PR). The objective of the project is to perform a technical and
economic evaluation of PV systems in rural properties, assessing the problems of installation and operation, the
advantages for farmers, the actual costs as well as other features.
The aim of this paper is to analyse three photovoltaic systems designed for rural properties of cooperatives in the
Paraná State and the results of the operation during 2018 and 2019. The performance of the systems in different
farms and with different mountings was analysed. Specifically, the yield and performance ratio as well as the
average effective temperature of photovoltaic modules were compared. Two inverter brands were applied and two
approaches to connect the devices to the grid were used. In two of the PV systems, PV array and inverter were
settled in different buildings in order to have the inverter as close as possible to the electrical input of the farm
(i.e., near to the utility power lines). In one system, the inverter was installed inside the building of the poultry
farm, far away to the main electrical input of the farm. Therefore, different mountings, inverters and points of
electrical connection can be compared.

2.

Photovoltaic and Monitoring Systems

Three farms were selected to install PV systems connected to the grid: two poultry farms and one dedicated to
milk production. To select the farms, the electrical energy consumption profile, the location, the owner availability
as well as the kind of farm building were considered. The power of 20 kWp for the systems was set bearing in
mind the electrical energy consumption of the farms and the existence of 20 kW inverters produced by Brazilian
industries.
One farm is located in Medianeira, PR (latitude: 25°16’32’’ S, longitude: 54°3’14’’ W), a dairy farm, and in the
Fig. 1 (a) is shown the PV array. The property is associated to the LAR rural cooperative. The array was installed
on the rooftop of a stable with the tilt angle of 18°, azimuth of 9° NE (orientation of the larger dimension of the
rooftop). The tilt angle was set to take into account the higher yield of the PV system obtained from PV*Sol
simulations. The building is relatively high for farms (height of 8 m), and PV modules were elevated 8° over the
roof inclination to achieve the 18° tilt, as presented in Fig. 1(b). The PV array comprises 76 PV modules of rated
power of 270 Wp +3%, with 60 multicrystalline silicon solar cells. The PV modules were characterized under
standard conditions by using a PSS8 Bergerlichttechnik sun simulator in order to obtain the actual power. All the
modules presented power above the nominal value and the average power was (278.9 ± 0.9) Wp. The modules
presented an average efficiency of (17.04 ± 0.06) %. The standard installed capacity was 21.19 kWp. Four strings
with nineteen PV modules (series connected) were wired to the string box. Two strings were connected in parallel
in the string box and the two panels were joined to the inverter (see Fig. 2 (a)). The solar inverter is produced in
Brazil and it is a three-phase device (380 V, 220 V between each phase and neutral) with two maximum power
point trackers (MPPT). The maximum efficiency presented in the datasheet is 98 %. The cooling system of the
inverter is based on fans. A string box-DC switch, AC circuit breaker box and a transformer also compose the PV
system. The latter device is needed in the West of Paraná because the voltage between phase and neutral is 127 V
instead of 220 V. As Fig.3 (a) shows, the string box and inverter were not installed in the same building of the PV
array due to the lack of a safe place to install them in the cow stable. Eight underground cables (two for each PV
string) carried out the connection between the PV array and string box. Therefore, the power is transmitted by DC
high voltage (of around 700 V, when irradiance on the array is near 1000 W/m2), reducing the wiring losses. The
data acquisition system consisted of a data logger, one piranometer to measure the in-plane of array solar
irradiance, one anemometer, one ambient temperature sensor as well as a temperature sensor (PT100) installed on
the rear face of a PV module. All the devices, except data logger, were installed on the stable roof, just behind the
PV array (see Fig. 1 (b)). The data logger measures and storages the electrical parameters of the inverter (DC
current, DC voltage, AC current, AC voltage, AC power, etc.) and the weather date in order to allow the
performance evaluation of the PV system. The data have been obtained since May 2018.
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LAR

WS

WS

(a)

(b)

COPACOL

WS

(c)

(d)

C.VALE
WS
WS

(e)

(f)

Fig. 1: The 20 kWp PV systems installed and analysed: (a) dairy farm, PV array on a north-facing sloping roof, 18° tilted (8° above
to the roof slope), azimuth of 8° NE (Medianeira-LAR); (b) detail of the PV module installation and weather station (WS), LAR; (c)
PV system installed in a poultry farm, ground mounted PV, 18° tilted, north-oriented (Cafelândia-COPACOL); (d) detail of the
position of weather station, COPACOL; (d) PV system installed in a poultry farm, PV array mounted on the rooftop, 13 º tilted,
azimuth of 52° NE (Assis Chateaubriand – C.VALE) and (f) details of the PV module installation and weather station, C.VALE.

In the Fig.1 (c), we present the PV system installed in Cafelândia, PR (latitude: 24°38’38’’ S, longitude:
53°18’51’’ W), in a farm dedicated to producing chickens. The property is associated to the COPACOL rural
cooperative. In this property, PV array was installed in the ground (1 m above ground) because the buildings do
not have a structure to support the new load added from PV modules. At the same time, the region of the buildings
had several trees nearby that produces shadowing on the roof. The PV modules were ground-mounted, inclined
at an angle of 18°, facing north at an azimuth angle of 0°. The array comprises 62 PV modules of rated power of
325 Wp + 3%, with 72 multicrystalline silicon solar cells. The PV module power ranged from 334 W to 340 W
and the average value was (336 ± 0.8) W, i.e., an average power of 3.5% above the nominal value. The PV modules
presented an average efficiency of (17.34 ± 0.07) %. The installed standard power was 20.86 kWp. The PV array
is composed by four strings, two with 15 PV modules (series connected) and two with 16 modules connected in
series. These strings were wired to the string box by underground cables. The solar inverter and DC-AC circuits
are shown in the Fig. 2 (b) and the position of the PV array and the inverter is presented in Fig. 3(b). The data
acquisition system was the same installed in the rural property of Medianeira, as above described. All the devices,
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except data logger and module temperature sensor, were installed in a pole, behind PV array, as Fig. 1 (d) shows.
The data have been obtained since July 2018.
In the third rural property, in Assis Chateaubriand, PR (latitude: 24°23’10’’ S and longitude: 53°32’14’’ W), a
poultry farm, the PV modules were mounted on the roof (13° tilted and with an azimuth of 52° NE), as Fig. 1 (e)
and (f) show. The property is associated to the C.VALE rural cooperative. The PV array comprises 60 PV modules
of rated power of 340 Wp + 3%, with 72 monocrystalline silicon solar cells. The PV module power ranged from
341 W to 351 W and the average value was (346.5 ± 2.1) Wp, that is, all the modules presented power above the
rated power. It worth to mention that the standard deviation of the average power of the PV modules with
monocrystalline Si cells was slightly higher than that with multicrystalline ones. The modules presented an
average efficiency of (17.9 ± 0.1) %. The installed standard power was 20.79 kWp. The PV array is composed by
four strings with fifteen PV modules, series connected. The four strings were connected to the built-in string box
of the inverter, producing two panels with two strings in each parallel. A three-phase inverter, produced in China,
with two MPPTs, was installed near the roof where PV array was mounted. The maximum and the weighted
efficiency (EURO/CEC) presented in the datasheet is 98.2% and 98 %, respectively. The Fig. 2 (c) shows the
inverter, AC breaker and transformer. Unlike the inverter used in the farms associated to LAR and COPACOL
cooperatives, this device has a passive cooling system, with a heat sink on the back. The inverter is connect to the
internal grid of the building and is linked to the main input of the property by AC by using underground cables.
In the Fig. 3 (c) the local of inverter and of the main electrical input of the property are shown. The monitoring
system is composed by data logger and a weather station. The solar irradiance on the plane of PV array, ambient
temperature, PV module temperature as well as direction and speed of the wind are measured. The data have been
stored since November 2018.

(a)

(b)

(c)

Fig. 2: Inverter, string box-DC switch, AC circuit breaker and transformer installed in each rural property: (a) PHB inverter,
Medianeira, LAR; (b) PHB inverter, Cafelândia, COPACOL; (c) ABB inverter, Assis Chateaubriand, C.VALE.

(a)

(b)

(c)

Fig. 3: Connection of the PV array to the string-box+inverter in each system: (a) Medianeira, LAR; (b) Cafelândia, COPACOL; (c)
Assis Chateaubriand, C.VALE.
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3.

Methodology

3.1. PV module temperature
The effective temperature of the PV modules, Teff, is defined as the weighted temperature with the solar irradiation
on photovoltaic modules (Lorenzo, 2014). Therefore, during the day, the hours with higher solar irradiation will
be more significant to analyse the PV array performance. The effective temperature can be calculated with:
, .

T

,

(eq. 3.1)

where HT(β,t) is the solar irradiation on the plane of PV array during a period and TModule (t) is the temperature of
the PV modules.
The daily and monthly average Teff as well as ambient temperature, Tamb, were calculated for each PV system. The
difference between Teff and Tamb, called ΔT, was used to analyse the influence of the mounting on the effective
temperature of the PV array.
3.2. Performance analysis
To assess the performance of the PV systems, the final yield, YF, and the performance ratio, PR, were used (IEC,
1998; Khalid et al., 2016; Marion et al., 2005).
The final yield of the system is the ratio between the average value of the electric energy produced in a period and
delivered to the load and the nominal power of the photovoltaic system. The unit is kWh/kWp or hours. The YF
indicates how a PV system in a given location can produce electrical energy, being a good parameter to compare
locations (ambient temperature and irradiation) and installation. Final yield can be described by the equation 3.2
as follows:

FV

Std

(eq. 3.2)

where PFV(t) is the instantaneous AC power output, PStd is the power of the PV array at standard conditions and T
is the integration period.
The reference yield, YR, is the total in-plane solar irradiation (kWh/m2) divided by the reference irradiance (1
kW/m2). It is the number of peak sun-hours and can be calculated by:

(eq. 3.3)

/ ²

where G(t) is the solar irradiance on the plane of the PV array (kW/m2) and T is the integration period.
The performance ratio, PR, is defined by the following equation as:

100%

(eq. 3.4)

The higher the PR of the system, the better the performance of it as compared to other systems with similar
climatic conditions. A PR of 0.8 and above is an indicator of a good performing system (Khalid et al., 2016).
These losses can be classified as non-temperature related factors (e.g., inverter inefficiency, wiring, mismatch,
soiling, system's availability and component failures as well as shading) and temperature related factor (Quansah
et al., 2017).
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4.

Results and Analysis

4.1. Effective temperature

10

----------------------------------------------------------

In-plane solar irradiation (kWh/m².day)

Fig. 4 shows the monthly average daily total solar irradiation on the PV arrays. During the year of 2018, the
monitoring system in the COPACOL and LAR rural properties presented instabilities and date were not recorded.
In the summer months (December, January and February), PV array installed on the roof of the building in the
C.VALE associated property presented the higher in-plane solar irradiation because the angle of incidence of
beam irradiance was lower than the angle in the other installations. The high irradiation was observed in December
2018, achieving near 6.8 kWh/m2.day, value above the maximum of 6.6 kWh/m2.day, observed in summer months
and presented by Tiepolo et al. (2016) in the Solar Energy Atlas of the State of Paraná.
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Fig. 4: Monthly average daily total in-plane solar irradiation on the three PV arrays.
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Fig. 5: (a) Monthly average effective and ambient temperatures and (b) monthly average T and wind speed.
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Fig. 5 (a) presents the monthly average daily ambient temperature and effective temperature of a PV module. The
higher monthly average ambient temperatures were observed in Assis Chateaubriand, in the rural property
associated to C.VALE cooperative, reaching 28.4 °C, that is, 4 °C and 7 °C higher than those measured in
Cafelândia-COPACOL and Medianeira-LAR, respectively. The lower effective temperatures were presented in
the PV module installed on the roof of the cow stable (Medianeira-LAR), where the wind speed was higher, as
we can conclude from the date presented in Fig. 5 (b). For instance, for January 2019, the monthly average wind
speed near PV arrays were: LAR, 3.4 m/s, COPACOL, 1 m/s and C.VALE, 2 m/s. The instantaneous wind speed
achieved values as high as 8 m/s in the roof of cow stable at Medianeira-LAR, and this reduces strongly the PV
module temperature (Schwingshackl et al., 2013). Besides the higher wind speed observed in the 8 m high cow
stable, PV modules are inclined at an angle of 8 ° to the roof, allowing the heat transfer by the back face of the
modules. Therefore, the lower T was observed in the PV array installed in the rural property in Medianeira. The
higher T was observed in the COPACOL associated property, achieving approximately 32 °C, for the groundmounted PV array. From winter to summer months, the ground-mounted system always presented the higher T.
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4.2. Performance analysis
In the Fig. 6 are presented the monthly final yield and monthly performance ratio of the three PV systems analysed.
The PV system installed in Medianeira, monitored during 14 months, presented a yearly performance ratio of
around 86 %, and the monthly PR always remained above 80 %, indicating that the system is operating in a proper
way and PV array is kept in relatively low operating temperatures (due to high wind speed and mounting that
allow convection on the back of the modules). The high PR observed is similar to that obtained in PV systems
installed in 12 m high buildings in cold climates like Ireland, as reported by Ayompe et al. (2011). For instance,
in a region of the India, the average annual PR of a PV system with multicrystalline silicon modules achieved 82
%, in a climate hot and dry for about eight months and moderate-cool during four months (Kumar et al., 2014).
The yearly final yield achieved 1287 kWh/kWp, a value of around 13 % lower than that obtained by simulation
with the PV*Sol computer program due to the low solar irradiation observed in 2018-2019 when compared to the
historic date of solar irradiation in cities of the west of Paraná (Araujo et al., 2018).
The ground-mounted PV system in the rural property associated to COPACOL was monitored during 12 months
and presented an average PR of 82 % and an YF of 1140 kWh/kWp. The worse PR was obtained in February 2019,
reaching 74 %, but it is not due to the higher module temperatures because this month had several cloudy/rainy
days. The final yield was 24 % lower than the value estimated by PV*Sol simulations (Araujo et al., 2018).
Bearing in mind that the monitoring system did not collect date in several periods in 2018, the results of PR and
YF can be considered a first result of the performance evaluation.
The PV system installed in rural property in Assis Chateaubriand was monitored since November 2018. During
the eight months, the average PR was 69 % and the YF was 762 kWh/kWp. Final yield was 20 % below the
estimated value (Araujo et al., 2018) due to lower solar irradiations and due to the inverter disconnections to the
grid or the power reduction in several days, mainly in November 2018 and January 2019. In this farm, PV array
and inverter were installed in the same building, far away to the main electrical input of the rural property, where
electrical noises (due to the fans, illuminating control system, etc.) can disable the inverter, problems that we are
now identifying by installing PV systems connected to the grid in farms. The Fig. 7 shows the solar irradiance
and the AC power injected by the inverter to the grid and the periods of disconnection are easily observed. Besides,
the system has an inverter with passive cooler, an issue in hotter rooms (“standard” in farms in Brazil). In summer
days, the temperature of the inverter can achieve 60 °C and this may promote also disconnections or the reduction
of the power injected to the grid. If we disregard the two worse performance months, the average PR increases to
74 %, but remains low when compared to the value obtained in the others PV systems. In humid tropical climate,
Quansah et al. (2017) reported low annual PR of 68 % and 76 % for multicrystalline and monocrystalline PV
modules, but the high operation temperature of the modules mounted directly in contact with roof was the main
issue.
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Fig. 6: (a) Monthly final yield (YF) and (b) monthly performance ratio (PR) of the PV systems over the monitored period.
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Fig. 7: AC power output of the inverter and solar irradiance in a sunny day of November 2018 in the farm associated to C.VALE
agricultural cooperative, in Assis Chateaubriand, Paraná.

5.

Conclusions

Three 20 kWp photovoltaic systems were installed in farms in the West of Paraná, Brazil, and monitored during
2018 and 2019. Multicrystalline and monocrystalline silicon modules were used and three installations approaches
were implemented: ground-mounting, rooftop mounting with optimum tilt angle (with an elevated structure over
the roof) and just on-roof mounting following the inclination of the roof.
PV modules were characterized under standard conditions in order to obtain the actual installed power. All the
modules presented power above the nominal value and the average power was: 1) LAR associated farm, PV
module rated power of 270 Wp and average power of (278.9 ± 0.9) Wp, and average efficiency of (17.04 ± 0.06)
%; 2) COPACOL associated rural property, nominal power of 325 Wp and average power of (336 ± 0.8) W and
average efficiency of (17.34 ± 0.07) %; 3) C.VALE poultry farm, nominal power of 340 Wp and an average value
of (346.5 ± 2.1) Wp and average efficiency of (17.9 ± 0.1) %.
The PV system installed in Medianeira, in a dairy farm associated to LAR agricultural cooperative, was monitored
during fourteen months and presented a high annual performance ratio of 86 %, a value that corresponds to the
best PV systems installed around the world. The monthly average daily effective module temperature were the
lower of the systems compared in this work due to the greater wind speed on the 8 m high roof. The final yield
was 13 % lower than the expected due to the lower solar irradiation observed during 2018-2019.
The ground-mounted PV system installed in the COPACOL associated property, in Cafelândia, was monitored
during twelve months and presented an average PR of 82 % and the final yield was 24 % lower than the predicted
by the simulations. The higher difference between effective module temperature and ambient temperature was
observed in this PV array, achieving approximately 32 °C.
In Assis Chateaubriand, the rooftop PV system installed in a poultry farm associated to C.VALE was monitored
by eight months, and the average PR was low, reaching 69 %, due to the disconnections or power reductions of
the inverter in sunny days, mainly in November 2018 and January 2019. This shortcoming was attributed to the
electrical noises due to the fans or illumination controls in the building of the poultry farm.
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Abstract
Soiling losses may have an impact in PV performance as a result as a complex balance between sources associated
to environmental conditions and removal mechanisms like precipitation and wind. In the PVCastSOIL project a
small experimental facility is set up in a park zone in Madrid to characterize the soiling in a near forest urban zone.
The soiling ratio has been estimated from two different methodologies by comparing the performance of a soiled
module with a reference module (which is cleaned every week). The methodologies are based on estimating the
performance ratio from the maximum power and from the short-circuit current (since I-V curves are being
monitored for every PV modules). The preliminary results show an average soiling ratio below 1% for modules
with tilt angle of 8º and 0.5% for 35 tilt angles.

Keywords: PV performance, soiling losses, PV and soiling monitoring

1. Introduction
The penetration of PV technologies nowadays is noticeable worldwide. Moreover it is foreseen a continuous
increase for the next few years (IEA-PVPS, 2018). The performance and efficiency of any PV system is closely
linked to the in-site meteorological conditions. However, sites with high irradiation levels increasing the
performance are typically accompanied by low precipitation rates and high aerosol loads. Under that conditions,
the benefit of the high irradiation can be partially reduced by the performance losses due to deposition of dust and
other particles and contaminants on the modules surfaces, denoted as soiling effect (Beattie et al., 2012; Ilse et al.,
2018; Massi Pavan et al., 2011; Menoufi et al., 2017; Micheli and Muller, 2017). The impact of several
meteorological parameters on the soiling losses have been reported by several works (Micheli and Muller, 2017).
The losses due to soiling are the result of a balance between natural sources and sinks of soiling: particle deposition
versus particle removal or resuspension. The process is complex because of the many influencing factors including
meteorological conditions, PV module surface properties and characteristics of the PV array regarding tilt angle
and orientation.
The project PVCastSOIL is intended to improve the forecasting capabilities for PV production. The project is being
developed and will run until the end of 2020. One of the key specific objectives in this project is to characterize the
soiling losses in different sites in Spain and to develop explicit functions or models that correlate the soiling ratio
with the main affecting environmental parameters (rain intensity, wind speed, airborne particle density, etc.). Thus
the project is being mainly developed by three institutions: Ciemat (Madrid), UAL (Almería) and UHU (Huelva).
A small scale roof-top experimental facility is built at CIEMAT (Madrid) for monitoring single individual PV
modules performance and the soiling losses. In Almería, south-east Spain there is a small scale PV plant of 15 kW
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that will be used for developing a model that incorporates the soiling losses. Finally in Huelva, south-west Spain, a
small facility is setting up for studying the spectral transmittance losses of individual PV modules due to soiling.
This paper presents the main characteristics and objectives of PVCastSOIL projects and the preliminary results
regarding the individual PV modules performance and soiling monitoring so far. The soiling ratio measured during
the first semester of 2019 was very low. The environment of the Madrid site will likely result in seasonal periods of
different soiling loads: First two months could be characterized by some cupressaceous pollen loads and in summer
dust soiling is expected due to long periods of dry conditions with no rain.

2. Experimental facility
The experimental facility consists of four groups of three PV modules each one covering two technologies and two
different tilt angles. Both multi crystalline silicon and CdTe are placed with south orientation and tilt angles of
about 35° and 8°. Calibrated cells are used at each tilt angle to measure irradiance at the plane of the array (POA).
The Dust IQ instrument from Kipp & Zonen is also installed in the 8° tilt structure to measure the soiling ratio.
This device measures the soiling ratio based on measuring the transmission losses of light in two small windows.
Every group contains three PV modules. The denoted as reference module is carefully cleaned once a week. The
other two are exposed to the environment without manually cleaning and are called soiled and coated, since one of
them was treated with an anti-soiling coating at the glazing. Figure 1 shows a picture of the experimental facility.
In addition, a few spaces for small glass pieces can be observed on the right of the picture. They are intended for
measuring the spectral transmittance of soiled glasses.

Fig. 1: Picture of the experimental facility

All the modules are off-grid connected and thus I-V curve is being monitored individually for each module using a
PVPM2540C tracer and a specific electronic device for linking the tracer to each module. Temperature of the
modules is also monitored by a thermocouple attached to the rear part of every module. Recommendations found in
PVPS Task 13 have been followed in monitoring single I-V curves (Friesen et al., 2018). Therefore there is electric
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information of every module every 5 minutes, POA irradiance at two tilt angles and additional meteorological
variables (ambient temperature, relative humidity, wind velocity and direction and precipitation, mainly) from a
Vaisala meteo station. All the modules where carefully cleaned on 27th February 2019 and therefore that day can be
considered as the starting point for the soiling study.

3. Preliminary results
Individual I-V curves for each module and additional meteorological variables have been monitored every 5
minutes since 27th February. Figure 2 shows the soiling ratio measured with the Dust IQ and the average rain
intensity in daily basis. According to Dust IQ measurements the soiling ratio is very low in the whole semester. It
reaches the 1% at the end of February, middle May and end of June. The first one could be associated to the high
load of cupressaceae pollen that took place during January and February. In addition correlation with the
precipitation can be also observed in the figure.

Fig. 2: Soiling ratio from the Dust IQ (left axis) and precipitation (right axis)

In order to minimize the uncertainties coming from shadowing, clouds transients and cloud enhancement, angular
losses and so on a filtering of the single electrical data monitored was made using the incident irradiance. The first
filter consisted in select those instants with conditions closer to clear sky, which are denoted as near clear sky
instants. The algorithm proposed by Zhao was used to select near clear sky time instants (Zhao et al., 2018). It must
be remarked here that there is no perfect algorithm to select clear sky instants without any failure. A thorough
revision of methods for identification of clear sky conditions was presented by Gueymard et al. where Zhao
method is included along with many others and where it concludes that there is still effort to be made on clear sky
detection algorithms (Gueymard et al., 2019). Figure 3 shows the global tilt irradiance measured at 8.2° tilt angle
along with the global tilt irradiance computed for clear sky, using the Ineichen clear sky model and the isotropic
model for transposing to the tilt angle, and the selected instants considered as near clear sky (Ineichen and Perez,
2002). Cloud enhancement conditions (i.e reflection by clouds near the sun producing eventually very high
irradiance peaks) have been also removed in the filtering. According to the figure 3 the Zhao algorithm combined
with the removing of cloud enhancement conditions is a good approximation to select the best conditions to
estimate single module performance.
On the selected instants corresponding to near clear sky conditions a second selection of data was performed to
remove the single module shadowing taking place in the morning and late afternoon due to surrounding trees
placed around the roof-top. Therefore, a time window was selected around 12:00 and 16:00 solar times where no
shadowing at all occurred in the analyzed period.
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Fig. 3: Selection of near clear sky conditions in the experimental data

Performance ratio aggregated to daily basis can be calculated, for every single module, from the maximum power
measurements and the POA irradiance by,

∑
∑

(eq. 1)

where Pmax and Pstc are the maximum power of the module and the power at standard conditions (1000 Wm -2 and
25 °C), respectively, and GPOA the incident irradiance at the plane of the array. However, in cases where the I-V
curve is being monitored it could be more convenient to express the performance ratio as a function of the shortcircuit current (Friesen et al., 2018),

∑
∑

(eq. 2)

being Isc and Isc,stc the short-circuit current measured in the module at outdoor and standard conditions,
respectively. The performance ratio estimated with equation 2 should be less sensitive to the temperature effect and
it is expected to be more stable along the year and more sensitive to soiling even under low soiling conditions.
Therefore, daily performance ratio is computed for those days accomplishing the near clear sky conditions and for

759

J. Polo et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

the time window selected for avoiding shading effects. Since for each technology and tilt angle there is a clean
module and a soiled module, the soiling ratio for every case can be computed from the performance ratio for each
tilt angle (associated to maximum power or to short-circuit current) by,

(eq. 3)

Figures 4 and 5 show the performance ratio of clean and soiled modules at 8 degrees of tilt angle (upper curve) for
multicrystalline silicon and the corresponding soiling ratio (bottom curve) computed using the maximum power
and the short circuit current, respectively. The PR plot is accompanied by the precipitation. The soiling ratio during
the monitoring period (close to 6 months) is rather low, reaching daily average losses around 0.8% in the shortcircuit current and a 1.3% in the maximum power. Clear correlation with the precipitation can be observed in both
curves. The measurements of the Dust IQ resulted in a daily average loss of 0.5% for the six-month period.
It must be noted that the performance ratio computed using the maximum power measurements from the I-V
curves was corrected by the temperature using the temperature coefficient of power and the module temperature
being monitored with a thermocouple in the rear part of the module. However the uncertainty in the module
temperature might have an effect in the PR determination. Therefore, the soiling ratio determined from short-circuit
current measurements could be a more reliable method than the use of the maximum power. In any case the results
are preliminary since the soiling losses are still rather low. As the monitoring is progressing and when the exposure
time is longer and thus the soiling deposition larger the differences among the different methods for determining
the soiling ratio will decrease.
Figure 6 shows the soiling ratio computed with short-circuit current and power compared to the measurement of
the Dust IQ. The three methods show the same trend but there are larger differences as the soiling ratio increase.

Fig. 4: Soiling ratio estimated from short-circuit current in 8º PV modules
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Fig. 5: Soiling ratio estimated from maximum power in 8º PV modules

Fig. 6: Comparison of different ways to estimate the soiling ratio

Figure 7 shows the determination of the soiling ratio for 35 degrees of tilt angle from the different performance
ratio definitions used here. As expected the soiling effect is much lower in this case than in the case of 8º of tilt
angle. The environmental conditions during this near six month period were rather clean and more significant
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results are expected for longer testing period.

Fig. 7: Soiling ratio estimated from maximum power in 35º PV modules

4. Conclusions
The project PVCastSOIL is aimed at incorporating the soiling losses in a forecasting scheme of PV generation that
will include the forecasting of incident solar irradiance and other parameters to predict the soiling losses. Within
the project activities a small experimental facility was set up to characterize the soiling losses and find correlations
with the environmental parameters. The experimental facility is analyzing two different PV technologies (p-Si and
CdTe) and two different tilt angles (around 35º and 8º). For every case a group of three modules is arranged: the
called reference module is being cleaned every week, the soiled and the coated modules are being exposed to the
environment, the latter has an anti-soiling coating. The facility is placed in a large park in Madrid.

The preliminary results from about six months of monitoring the I-V curves of every module have shown a small
soiling ratio, around 0.5-1.5 %. Good correlation with the precipitation was found as expected. Under low soiling
exposure different methods for determining the soiling ratio have been explored. The advantage of monitoring the
I-V curves allows to determine the soiling losses from the short-circuit current instead of from the maximum power
which would be the usual parameter to compute the performance ratio. In conditions of very low soiling ratio the
selection of near clear sky conditions is fundamental for analyzing the results. In this sense, this paper presents a
novel method for selecting clear sky instants in POA irradiance measurements using the POA estimation for clear
sky conditions. Under low soiling ration conditions it should be also remarked that uncertainties play arole in
establishing differences in the soiling ratio measure by Dust IQ (with a small measuring window) and soiling ratio
obtained from electric measurements in modules (with a larger surface for exposure). More significant results are
expected in the future for longer testing time (after finishing the summer season and other subsequent seasons with
pollen load).
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Abstract
Curitiba is the capital city of Parana State in Brazil. The city is famous for its urban plan and Bus Rapid
Transit (BRT) system. The cylindric design of the bus stations, known as tubelike stations, in Curitiba's BRT
system, is unique and considered a symbol of the city. Recently these bus stations have been criticized for
lacking thermal comfort and for their high-power consumption (around 18 kWh/day). Organic Photovoltaic
(OPV) solar panels printed on flexible polyethylene terephthalate (PET) substrate can be a solution to locally
generate power without altering the unique design of the stations. The energy provided by OPV panels
should cover at least 60% of that demand to be economically viable. In this work we analyzed efficiency,
reliability and resilience of OPV panels installed on the top of a tubelike station for 11 months. Performance
related parameters (JxV curves, JSC, VOC, irradiance) were measured and a methodology to test soiling
effects on the OPV panels was designed. Because there are not many publications on soiling effects on OPV
panels the methodology used in this work was adapted from methodologies described in works on soiling
effects on Si based PV modules.
Keywords: OPV, urban furniture, flexible solar panels, efficiency analysis, soiling effects on PV modules.

1. Introduction
Bus rapid transit (BRT) is the main public transportation system in Curitiba. BRT stations in Curitiba were
revamped back in 1991 and since then became a symbol of the city (Leitman and Rabinovich, 1996). On
more than one occasion interventions to the iconic tubelike bus stations were proposed and were not accepted
because they added major changes to the original design of the stations.
The average energy consumption of a standard tubelike station is, according to the Urban Administration
Office (URBS) of Curitiba, 180 kWh per month. URBS will only consider installing OPV panels on BRT
stations if the panels can generate at least 60% of the power demand of each station. Analysis of energy
efficiency, environmental cost and adaptation of solar cells to a standard tubelike station will help local
administration to decide on the use of OPV panels for BRT stations and other urban furniture.
In this work we report the performance of Organic Photovoltaic (OPV) panels that were installed in a test
tubelike station. URBS donated the station that was installed inside Universidade Federal do Parana (UFPR)
campus that is destined to research and development of technologies that might be later reproduced in other
tubelike stations in Curitiba.
Although OPV based cells have been studied for over 30 years (Inganas, 2018), the industrial production of
the panels only happened a few years ago. OPV panels enable better architectural integration and also have
the advantage of having a production with less environmental impact than the production of Si based solar
panels (Hengevoss et al, 2016). Production of OPV panels should soon have even less environmental impact
with the use of green solvents that have been recently researched (Wouk de Menezes et. al, 2018).
The lack of viability studies on market ready OPV panels in climate conditions similar to those in Curitiba
motivated us to design a comprehensive set of measurements that evaluate efficiency, reliability and
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resilience of the panels in Curitiba. As OPV panels can be printed on flexible substrates like PET they have
potential to be used on windows and urban furniture.
The OPV panels studied in this work were produced by CSEM Brasil using roll to roll technique (Hosel et al,
2012) and are available to the market. The panels were installed on the top of the test tubelike station (Figure
1).

Figure 1: Test tubelike station at UFPR campus. CSEM OPV panels are installed on the top of the station.

The main difference between organic and Si-based solar cells is in the semiconductor layer. In organic cells,
this layer uses organic compounds (usually C60 and derivatives) as electron receptors and an electron donor
polymer, such as P3HT. The organic solar panels installed on the top of the test tubelike station were
produced by CSEM / SUNEW.
In this viability study we periodically measured open circuit potential (VOC
 ) and short circuit current (ISC) of
14 sets of 2 solar panels to evaluate their efficiency in different seasons. Efficiency measurements usually
done in a lab environment on 10 cm x 10 cm cells as described by Canestraro 2007 and Cava 2013 were
adapted to measure the efficiency of the OPV panels. The measurements made by Krebs, F.C. et al in 2014
were also a reference for our measurement protocol.
Figure 2 shows how the panels are disposed on the top of the test tubelike station. We also present an
experimental setup to test how soilingt affects efficiency of OPV panels and to characterize the dust that
adheres to the panels in Curitiba. Previous works on soiling that guided our choice of experimental setup
were reviewed in Kazmerski et al, 2013. Although none of the soiling studies presented by this review were
done for OPV panels it was possible to adapt the protocols to our setup.

Figure 2: Arrangement of panels on top of the bus shelter.
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2. Materials and Methods

2.1 Solar Panels
The test tubelike bus shelter was installed inside the university campus between a parking lot and a campus
road. 28 OPV solar panels printed on polyethylene terephthalate (PET) were installed over the top of a
cylindrical bus shelter, see Figure 2. The panels were connected in series in sets of 2. The 14 sets of panels
were then connected in parallel. 2 sets of panels are under a tree shadow part of the day. The panels are
connected to an energy monitoring system that allows voltage readings of the 14 sets of panels separately.

2.2 Sample preparation for microscopy and transmittance measurements
PET samples measuring 10 cm x 30 cm were taped on the top of the bus shelter between OPV panels. Part of
the samples received a film of a hydrophobic solution (NT70) and part of the samples didn’t receive any
treatment. Prior to transmittance measurements and microscopy, part of the samples were cleaned with
common neutral detergent. This procedure was done to check if standard hygienization is effective to restore
light transmittance. The detergent used for cleaning was common neutral detergent used for cleaning dishes.
Transmittance measurements were performed on PET samples after 1 week, 2 weeks and 3 weeks. Confocal
microscopy, SEM and EDS were also performed on the samples. SEM was performed with a magnification
of 1.39 kX and the potential was 15 kV.

2.3 JxV measurements
JxV measurements: For measurements an HP benchtop was connected to the energy monitoring system. The
connection was done for each of the 14 sets and an HP benchtop multimeter used with the ammeter function
to measure the forward and reverse current. In this work we report measurements relative to one set of panels
that was not under a shadow throughout the 10 months when the measurements took place.

3. Results and Discussion
3.1 Efficiency of the OPV panels
In the period between August/2018 and July/2019 several J xV measurements were done. The panels were
connected two by two in series. Every set of 2 panels was then connected in parallel with the others.
Measurements in dark and under different conditions of illumination and temperature were also done.
On Figure 3, measurements of the current density (J) versus the voltage (V) are presented. These
measurements were done in daylight. Chart 3 is a plot of measurements done on August 31/2018 and
November 30/2018 under illumination.
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Figure 3: J x V curve. Measurements of one set OPV panels placed on top of the bus shelter made under illumination.

Performance of OPV panels varies according to the climatic conditions. Solar irradiation was 51% higher in
November 30/2018 compared to August 31/2018. This difference indicates that a higher efficiency of the
panels should be expected from the November measurements due to greater accumulation of solar radiation1.
To calculate the efficiency of the solar panels we took the measurements done on August 31/2018 and
November 30/2018 in one of the sets of panels and used equation (1).

η=

J sc V oc F F
P in

(1)

Where ɳ is the efficiency, VOC is the open circuit voltage, JSC is
the short circuit current density, FF is the fill

factor and Pin is the input power density. In table 1 measured quantities and calculated values are presented.
Table 1 Measured and calculated values

Date

Voc (V)

JSC (A/m2)

FF

2
Pin(W/m
)


ɳ (%)

2018/08/31
2018/11/30

46.34
48.38

0.18
0.41

0.38
0.51

201
392

3.16
3.27

The efficiency calculated for both dates is around 3% and is considered satisfactory for OPV based panels. It
is not possible to affirm to what extent soiling affected influenced the efficiency of the panels in the 3
months period between measurements. In order to better understand the performance of the OPV panels,
measurements of J x V and Jsc and Voc will continue in the next few months and will be then compared to
measurements from 2018. Measurements in dark will also be made to study degradation of the solar panels.
In table 2 measurements of short circuit current density (JSC) and open circuit voltage (VOC) at different dates
for different illuminances are shown. As expected VOC and JSC values increase for higher temperatures and
with higher solar irradiance.
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Table 2 Isc  and Voc
  measurements

Measurement
count
1

Date

Voc (V)

Jsc(A/m2)

T (oC)

Aug 29/2018

49.48

0.343

15

Irradiance
(W/m2)
570.38

2

Sep 12/2018

44.42

0.111

14

110.76

3

Sep 19/2018

50.39

0.423

19

617.00

4

Sep 24/2018

50.44

0.415

20

613.04

5

Oct 22/2018

50.19

0.287

19

231.87

6

May 03/2019

44.91

0.228

18

587.05

7

June 13/2019

38.1

0.072

16

112.73

3.2 Transmittance and Microscopy
Although Curitiba dust levels are not high, light transmittance on PET is affected when samples are exposed
to the open environment. After 7 days exposed, samples that were not submitted to any cleaning treatment
had a 5% loss in light transmittance while samples cleaned with detergent or samples that received a
hydrophobic film (NT70) showed no loss in transmittance. After 2 weeks the loss in transmittance was 7%
for samples with no treatment, 3% for samples treated with hydrophobic film and under 1% for samples
exposed for 2 weeks and then cleaned with detergent .
The final light transmittance measurements were done on samples exposed to the open environment for 3
weeks. Light transmittance of PET samples that were not cleaned had a 20% loss in the light transmittance
while the samples treated with hydrophobic film had a loss of 15% in light transmittance and samples that
were cleaned with detergent after exposure had a loss of 4% in light transmittance.
Confocal microscopy on PET samples shows progressive soiling accumulation after 1 week, 2 weeks and 3
weeks of exposure (Figure 5). SEM of the samples after 3weeks (Figure 6) reveals soiling accumulation on a
sample exposed without any treatment. In samples treated with hydrophobic film, soiling accumulation was
concentrated on punctual spots. Samples exposed and then cleaned prior to SEM showed a clear surface with
no soiling spots.
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Figure 4: Transmittance measurements on PET samples. The blank is PET with no treatment and no exposure. Treated and
untreated samples were exposed on the top of the bus shelter for periods of 1-3 weeks.

a)

b)

c)

Figure 5: Confocal microscopy of the samples after a) 1 week, b) 2 weeks and c) 3 weeks of exposure.

a)

b)

c)

Figure 6: SEM on a view field of 200 µm a) sample with 3 weeks of exposure b) sample cleaned NT70 cleaning, c) sample cleaned
with detergent.
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4. Conclusions
Soiling affects light transmittance and cleaning with common detergent restores light transmittance.
Application of hydrophobic film delays the need for cleaning. Although Curitiba is not in a region with
moderate amount of dust (Ghazi, 2014) soiling affects the performance of solar panels.
During the 10 months of this work the setup of the panels and energy monitoring system proved to be
reliable. In the next two years we will continue to measure IxV, Voc and ISC to compare the efficiency of the
panels with the values measured in the first months of use.
It is important to follow the efficiency of an OPV panels setup under real use conditions. Degradation studies
of the panels under real use conditions should be done as they are critical to evaluate the reliability of this
kind of system for the use in urban furniture.

5. Acknowledgements
The authors acknowledge Curitiba Prefecture, Urban Planning Secretariat (URBS) for donating the bus
shelter, Sunew for manufacturing the solar panels and Jchebly for donating the panels. We thank CNPq for
financial support and UFPR Microscopy Center for technical support.

6. References
Canestraro, C.D., Mello, R.M.Q., Micaroni, L., Roman, L. S., Valaski, R. 2007. Organic photovoltaic
devices based on polythiophene films electrodeposited on FTO substrates. Solar Energy Materials and Solar
Cells. Vol. 91, Issue 8, 684-688.
Cava, C. E., Roman, L. S., Salvatierra, R. V., Zarbin, A. J. G.. 2012. ITO-Free and Flexible Organic
Photovoltaic Device Based on High Transparent and Conductive Polyaniline/Carbon Nanotube Thin Films.
Advanced Functional Materials. Vol 23, Issue 12, 1490-1499.
Ghazi, Sanaz, Sayigh, Ali, Ip, Kenneth. 2014. Dust effect on flat surfaces - A review paper. Renewable and
Sustainable Energy Reviews. 33, 742-751.
Hengevoss, D., Baumgartner, C., Nisato, G., Hugi, C. 2016. Life Cycle Assessment and eco-efficiency of
prospective, flexible, tandem organic photovoltaic module. Solar Energy, Vol. 137, 317-327.
Hosel, M., Krebs, F. C., Soendergaard, R.R. 2012. Roll-to-Roll fabrication of large area functional organic
materials. J Polym Sci Part B: Polym Phys, Vol 51, 1, 16-34.
Inganas, O. 2018. Organic Photovoltaics over Three Decades. Advanced Materials 30(35):1800388.
Kazmerski, L.L., Qaraghuli, A. A., Sarver, T. 2013. A comprehensive review of the impact of dust on the use
of solar energy: History, investigations, results, literature, and mitigation approaches. Renewable and
Sustainable Energy Review, 22, 698-733.
Krebs, F.C. et al. Worldwide outdoor round robin study of organic photovoltaic devices and modules. 2014.
Solar Energy Materials and Solar Cells. Vol 130, 281-290.

770

A.G. Tempesta et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Leitman, J., Rabinovitch, J., 1996. Urban Planning in Curitiba. Scientific American, Vol. 274, Issue 3.
Wouk de Menezes, L., Renzi, W., Marchiori, C., Oliveira, C., Von Kieseritzky, F., Duarte, J. L., Roman, L.
(2018). Nonradiative Energy Transfer Between Porphyrin and Copolymer in Films Processed by Organic
Solvent and Water-Dispersible Nanoparticles with Photovoltaic Applications. The Journal of Physical
Chemistry C. 122. 10.1021/acs.jpcc.8b00390.

771

C3. PV Components and Materials

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Performance evaluation and characterization of different photovoltaic
technologies under the coastal, desertic climate conditions of Lima, Peru
Luis A. Conde1, Jesús Montes-Romero2, Alejandro Carhuavilca1, Renzo Perich1, Jorge A.
Guerra1, José Angulo1, Emilio Muñoz2, Jan A. Töfflinger1* and Juan de la Casa2
1

Departamento de Ciencias, Sección de Física, Pontificia Universidad Católica del Perú, Av.
Universitaria 1801, Lima 32, Perú
*Correspondence author: japalominot@pucp.edu.pe

2

IDEA Research Group (Research and Development in Solar Energy), Centre for Advanced Studies
in Energy and Environment (CEAEMA), Electronics and Automation Engineering Department,
University of Jaén, Spain
Abstract

This work presents the firsts results of the experimental characterization campaign under outdoor conditions
carried out with three different photovoltaic (PV) module technologies: Standard poly-crystalline silicon (polySi) aluminum back surface field (Al-BSF) cells, mono-crystalline (c-Si) Heterojunction with Intrinsic ThinLayer (HIT) cells, and amorphous and microcrystalline silicon (a-Si/µc-Si) thin-film tandem cells. We studied
the behavior of these PV technologies and their performance in Lima's desertic and coastal climate during the
period from May 2019 to July 2019. For this study, a new outdoor-PV laboratory was implemented at the
Pontificia Universidad Católica del Perú (PUCP) with the help of the IDEA research group of the University of
Jaén (UJA), Spain. The laboratory enables the characterization of PV modules by extracting the electrical
parameters from the current-voltage (I-V) curve under outdoor conditions and by measuring the irradiance, the
spectral distribution, the panel temperature, and the weather conditions. As a first step, the nominal maximum
power of the PV modules under standard test conditions is obtained from the outdoor data. Then, an analysis of
the different PV technologies’ performance under the local climate conditions is presented by applying the
Osterwald and the constant fill factor methods to compare the modeled and experimental maximum power.
Keywords: Photovoltaic modules, PV technologies, I-V curve, Osterwald, Peru, Lima

1. Introduction
The Peruvian government is currently working on a regulatory framework to encourage investments in
renewable energy, to reach 15% of the energy matrix from non-conventional renewable sources by 2030 [1].
There are also rural electrification projects promoted by the Ministry of Energy and Mines (MINEM) for
communities that do not have access to the electricity grid (due to the rugged relief of the Andes), and currently
one of these projects has 200 thousand PV panels installed for essential electricity services in homes, medical
centers and schools [2].
PV modules are commonly cataloged concerning their maximum power generated under specific conditions
called Standard Test Conditions (STC) which are: a normal irradiance of 1000 W/m2, a spectral distribution of
AM 1.5 and a cell temperature of 25 °C. Because these conditions hardly represent real outdoor operating
conditions, an extensive PV characterization campaign is required to know the real performance under the
climatic conditions of the installation place. A recent publication (Romero-Fiances et al., 2018), presented a first
analysis of the grid-connected PV system performance for two different commercial PV technologies, Al-BSF
and a-Si/µc-Si, installed in Lima. However, more detailed studies are needed to understand these PV
technologies’ behavior on a fundamental basis, and more different technologies need to be compared. This work
aims towards achieving a better understanding of the PV performance on module level for different technologies
in Lima.
Lima is located on the central west coast of Peru (12° 2'S, 77° 1’W) and, as Peru’s capital, is one of the most
populated cities in Latin America. Lima has an “arid hot desert climate” as classified in (Kottek et al., 2006) and
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has a population of over 10 million [3] that represents one-third of the population of Peru. That is why it is
important to study the real behavior of commercial PV technologies and their performance under the local
conditions. This information will support Peru’s transition towards an electricity supply with more renewable
energies to meet the goal of the energy reform that the country has planned [4].
To know the real behavior of PV modules of different technologies, an outdoor module characterization system
was implemented with the help of the IDEA research group of the University of Jaen (UJA) in the roof of the
Physics section of the Pontificia Universidad Católica del Perú (PUCP). It is the first fully equipped
photovoltaic panel characterization laboratory in Peru for research purposes as well as offering PV module
evaluation services in the near future.
For the characterization of the PV modules, this system allows the measurement and recording of the currentvoltage (I-V) curve data simultaneously with the module temperature, and all relevant meteorological
parameters: irradiance, solar spectrum, environmental temperature, wind speed, humidity, etc., at adjustable
time intervals. With the measurement of the I-V curve, the characteristic electrical parameters can be obtained
which are: Short-circuit current (𝐼𝑆𝐶 ), open-circuit voltage (𝑉𝑂𝐶 ), maximum power (𝑃𝑀 ), current (𝐼𝑚𝑝 ) and
voltage (𝑉𝑚𝑝 ) at the maximum power point and the fill factor (𝐹𝐹), based on the procedures shown in
(Fernández et al., 2018).
This paper presents the first results of the analysis of the generated power of different PV modules installed with
respect to the cell temperature and irradiance, applying known methods and checking the scope of this
measurement campaign to date. The paper is organized as follows: Section 2 describes the experimental setup,
the instrumentation system, definitions of the parameters and the models used; Section 3 presents and discusses
the first results of the experimental campaign; finally, in section 4 the conclusions are presented.

2. Materials and Methods
2.1. Measurement system
The home-made measurement system is installed on the roof of the Physics section (12° 4'S, 77° 4'W) in the
PUCP (Fig. 1). All PV modules and instruments were placed at an angle of 20° facing north (to maximize the
incident solar radiation) and were cleaned weekly to remove dust and dirt. The modules and sensor system are
depicted in Fig. 1.
For the experimental campaign, three PV modules were studied: Standard poly-crystalline silicon (poly-Si)
aluminum back surface field (Al-BSF) cells, mono-crystalline (c-Si) Heterojunction with Intrinsic Thin-Layer
(HIT) cells, and amorphous and microcrystalline silicon (a-Si/µc-Si) thin-film tandem cells. Table 1 shows their
main electrical parameters provided by the manufacturer.
The solar spectrum is recorded with an EKO MS-711 spectroradiometer (300-1100 nm), installed at the same
angle as the PV panels. Note that an analysis of the recorded spectral distribution is out of the scope of this
paper. However, in future studies, its impacts on the performance of different module technologies will be
studied in detail.

Fig. 1: Outdoor station for characterization of PV modules and the environmental sensors.
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Tab. 1: PV Module electrical parameters under from the factory datasheet.

PV
Module

𝑷𝒎𝒂𝒙
(W)

𝑰𝑺𝑪
(A)

𝑽𝑶𝑪
(V)

𝑰𝒎𝒑
(A)

𝑽𝒎𝒑
(V)

𝜸
(%⁄°𝑪)

𝜶
(%⁄°𝑪)

𝜷
(%⁄°𝑪)

Efficiency
(%)

Al-BSF

270

9.32

37.9

8.75

30.8

-0.41

0.05

-0.31

16.5

HIT

330

6.07

69.7

5.70

58.0

-0.26

0.06

-0.24

19.7

a-Si/µc-Si

128

3.45

59.8

2.82

45.4

-0.24

0.07

-0.30

9.0

The measurements of the environmental variables are obtained by a Lufft WS500-UMB station. It can record air
temperature, humidity, ambient pressure, air density, wind direction, and wind speed.
For the measurement of the irradiance, we have an EKO MS-80 pyranometer (0 – 4000 W/m2) in a horizontal
position and another at an angle of 20°. Also, we use a calibrated 5 W poly-Si PV module in short-circuit at an
angle of 20° as a sensor of irradiance.
The complete diagram of the characterization system is shown in Fig. 2. This system can measure a total of up
to fifteen individual PV panels periodically and consists of four main parts: the control system of the
photovoltaic panels, the meteorological instruments, the capacitive load (as implemented Muñoz et al., 2011)
and the control software developed in LabVIEW. The system is composed mostly of relays that are controlled
by the digital output of an Arduino Mega 2560. These relays allow the passage of the sensors signal and the
electrical energy of the PV modules. The module temperature was measured with two Class B PT100 sensors
located on the back of each module, one at the center and other near the border.
The Control System of PV modules is composed of a multiplexer (MUX) of 16 channels and control boxes (B1B15). Each box is connected to the positive and negative terminal and the PT100 temperature sensor of each PV
module. Each channel of the multiplexer is connected to a different box. When a channel of the multiplexer is
activated, the box is connected and allows the current passage of the PV module and their respective signal of
the temperature sensors.
When a PV module is selected for measurement, the capacitive load is connected. First, to know the
approximate charging time (𝑡𝐶 ) of the capacitor (eq. 1), the irradiance and the temperature of the module are
measured and stored to calculate the short-circuit current (𝐼𝑆𝐶 ) (eq. 2) and the voltage in open-circuit (𝑉𝑂𝐶 ) (eq.
3) values at that time from the characteristic parameters in STC.

Fig. 2: Diagram of the PV module characterization system.
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𝑡𝐶 = 𝐶

𝑉𝑂𝐶
𝐼𝑆𝐶

(eq. 1)

𝐺
𝐺∗

(eq. 2)

∗
𝐼𝑆𝐶 = 𝐼𝑆𝐶

∗
𝑉𝑂𝐶 = 𝑉𝑂𝐶
− 𝛽 (𝑇𝑐 − 𝑇𝑐∗ )

(eq. 3)

∗
Where 𝐶 is the capacitance value of the capacitor, 𝐼𝑆𝐶
is the short-circuit current in STC, 𝐺 is the measured
∗
∗
irradiance, 𝐺 is the irradiance in STC, 𝑉𝑂𝐶 is the open-circuit voltage in STC, 𝛽 is the temperature coefficient
of 𝑉𝑂𝐶 , 𝑇𝑐 is the cell temperature, and 𝑇𝑐∗ is the cell temperature in STC.

A more precise equation for 𝐼𝑆𝐶 that includes temperature dependence is shown in eq. 4, where 𝛼 is the
temperature coefficient of the short-circuit current.
∗
𝐼𝑆𝐶 = 𝐼𝑆𝐶

𝐺
(1 + 𝛼 (𝑇𝑐 − 𝑇𝑐∗ ))
𝐺∗

(eq. 4)

Once the capacitor charge time has been calculated, a negative preload voltage 𝑉𝑝 is applied to the capacitor by
closing the switch 𝑃 for a short period to start the measurement in the second quadrant. Next, the relays 𝑅1 and
𝑅2 are closed to start the capacitor charge and synchronously record the current and voltage points with two
Keysight 34465A multimeters respectively. Simultaneously, the solar spectrum and meteorological variables are
also measured.
When the capacitor is charged, and the I-V points are stored, the relays 𝑅1 and 𝑅2 are opened. Finally, the relays
𝑅3 and 𝑅4 are closed, so that the resistor 𝑅𝑑 discharges the capacitor and a new measurement can be made. The
Fig. 3 shows a screenshot of the program interface developed in LabVIEW.
A complete analysis of the uncertainty of the measurement using a similar instrumental configuration was
published by (Montes-Romero et al., 2017). The same type of instruments were used as in this work, thus
undermining the suitability and validity of the applied measurement system applied here.
When the process of design, construction, assembly, adjustment and verification of the complete system was
completed, the experimental campaign of characterization of different commercial PV technologies in Lima
began at the end of Abril 2019.

Fig. 3: Screenshot of the LabView program developed for the control, measurement and analysis of data.

776

L.A. Conde Mendoza et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2.2. Methodology
The objective of this research is to verify with what fidelity, simple analytical models can provide an estimate of
the outdoor performance of different PV technologies in Lima. For this, two known methods to translate the
maximum power under outdoor temperature and irradiance conditions to STC were used:
•

Osterwald’s method

This is one of the best known and simplest methods, as demonstrated in (Osterwald, 1986).
∗
𝑃𝑀 = 𝑃𝑀

𝐺𝑖
[1 − 𝛾. (𝑇𝑐 − 25)]
𝐺𝑖∗

(eq. 5)

Where 𝑃𝑀∗ is the maximum power in STC, 𝐺𝑖 is the incident irradiance, 𝐺𝑖∗ is the incident irradiance in STC, 𝛾 is
the temperature coefficient of 𝑃𝑀 and 𝑇𝑐 is the cell temperature.
•

Constant Fill Factor (FFk) method

This method assumes that the fill factor remains constant in all operating conditions, also that the values of the
short-circuit current and the open-circuit voltage vary linearly with the incident irradiance and the operating
temperature, respectively, as presented in (Fuentes et al., 2007).

𝑃𝑀 = 𝐹𝐹 ∗ 𝐼𝑆𝐶 𝑉𝑂𝐶

(eq. 6)

Where 𝐹𝐹 ∗ is the fill factor in STC (eq. 7), 𝐼𝑆𝐶 is the short-circuit current (eq. 2) and 𝑉𝑂𝐶 is the open-circuit
voltage (eq. 3).

𝐹𝐹 ∗ =

∗
𝑃𝑀
∗
∗
𝐼𝑆𝐶
𝑉𝑂𝐶

(eq. 7)

3. Results and discussion
More than 5000 I-V curves were recorded during the period of study along with the environmental variables
(irradiance and temperature) and the solar spectrum for each module every 5 minutes. The data was collected on
May, June, and July, when Lima is transitioning from autumn to winter seasons.
Fig. 4 shows the data distribution collected in percent with respect to different irradiance ranges for each PV
technology. It is shown that for the months studied there is a large amount of data in low ranges of irradiance
due to the respective seasons.

Fig. 4:Data distribution collected for each PV technology.
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3.1. PV module characterization
First, the experimental characterization of the PV modules under study (Al-BSF, HIT and a-Si/µc-Si) was
carried out. From the total of data collected, approximately 100 I-V curves were selected for each type of PV
module, with the following criteria: to be acquired during the first days of the experiment (on clear days), at
irradiations greater than 800 W/m2 and in the central hours of the day. This allowed the losses associated with
the angle of incidence and the spectral losses (Nofuentes et al., 2006) to be considered negligible.
For the characterization of the nominal power 𝑃𝑀∗ of the PV modules, eq. 8 was applied using the experimental
values of the maximum power, irradiance, and temperature of the selected data:
∗
𝑃𝑀
=

𝐺𝑖∗
𝑃𝑀
𝐺𝑖 [1 − 𝛾. (𝑇𝑐 − 25)]

(eq. 8)

Eq. 9, 10 and 11 were used to calculate the values of 𝐼𝑆𝐶 , 𝑉𝑂𝐶 and the fill factor in STC.
∗
𝐼𝑆𝐶
=

𝐺𝑖∗
𝐼𝑆𝐶
𝐺𝑖 [1 + 𝛼 (𝑇𝑐 − 25)]

(eq. 9)

∗
𝑉𝑂𝐶
= 𝑉𝑂𝐶 + 𝛽 (𝑇𝑐 − 25)

𝐹𝐹 ∗ =

(eq. 10)

∗
𝑃𝑀
∗
∗
𝐼𝑆𝐶
𝑉𝑂𝐶

(eq. 11)

To analyze the reproducibility of the sample, statistical indices will be used: The average (eq. 12) was calculated
∗
∗
for the values of 𝑃𝑀∗ , 𝐼𝑆𝐶
, 𝑉𝑂𝐶
and 𝐹𝐹 for each PV technology. The results compared to the manufacturer's values
with the relative difference are shown in Tab. 2. The standard deviation (eq. 13) and coefficient of variation (eq.
14) were calculated, which give information about the scattering of the data.

∑ 𝑋 (𝑖 )
𝑁

(eq. 12)

∑(𝑋(𝑖)−𝑋̅)2
𝑁

(eq. 13)

𝑥̅ =
𝜎𝐼 = √

𝐶𝑉 (%) =

𝜎𝐼
× 100
𝑋̅

(eq. 14)

Al-BSF

Tab. 2: Characteristic values in STC of the PV modules calculated from the experimental irradiance and cell temperature data,
and compared with respect to the values given by the manufacturer.
Experimental
Value

Standard
deviation

Coefficient
of variation

Manufacturer
information

Relative
difference

𝑷∗𝑴 (W)

269.2

1.87

0.7%

270

0.3%

𝑰∗𝑺𝑪 (A)

9.45

0.13

1.4%

9.32

-1.4%

𝑽∗𝑶𝑪 (V)

37.2

0.15

0.4%

37.9

1.8%

0.77

0.008

1.0%

0.76

-0.1%

𝑷∗𝑴 (W)

324.6

5.90

1.8%

330

1.6%

𝑰∗𝑺𝑪

(A)

6.05

0.13

2.1%

6.07

0.3%

𝑽∗𝑶𝑪 (V)

70.4

0.49

0.7%

69.7

-0.9%

𝑭𝑭∗

0.76

0.010

1.3%

0.78

2.2%

(W)

127.9

2.08

1.6%

128

0.1%

𝑰∗𝑺𝑪 (A)

3.32

0.07

2.0%

3.45

3.8%

𝑽∗𝑶𝑪

59.1

0.17

0.3%

59.8

1.1%

0.65

0.004

0.6%

0.62

-5.1%

HIT

𝑭𝑭

a-Si/µc-Si

𝑷∗𝑴

∗

(V)

𝑭𝑭∗
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In Table 2, low standard deviation values indicate that most data are close to the mean and low coefficient of
variation values indicate that there is little dispersion and variability in the data.
3.2. Analytical models vs experimental measurements
With the prior experimentally characterized value of 𝑃𝑀∗ and the experimental irradiance and temperature data,
the power is calculated with the Osterwald (eq. 5) and FFk models (eq. 6-7).

Fig. 5. Modeled power values (𝑷𝑴 ) calculated through Osterwald model vs the measured for the Al-BSF PV module.

Fig. 5 exemplary shows the graph of the power modeled by Osterwald vs the power measured for the Al-BSF
technology. As can be seen in the slope value of the linear correlation and the determination coefficient (𝑅2 )
close or equal to 1, respectively, the applied Osterwald model can reasonably estimate the measured power
value. However, the value of the slope is slightly greater than 1 indicating that the Osterwald model is slightly
overestimating the value of the modeled power. We suggest that this is most likely due to an overestimated
nominal power 𝑃𝑀∗ of the modules. Therefore, we propose to introduce a correction factor (𝜅) for further
analysis.
∗
𝑃𝑀∗,𝑐𝑜𝑟𝑟 = 𝜅 × 𝑃𝑀

(eq. 15)

Tab. 3 shows the calculated correction factors for each model applied to each technology, values less than 1
indicate that the modeled values are being overestimated and values greater than 1 indicate that the modeled
values are being underestimated. An over- or under estimation implies that in addition to irradiance and module
temperature other factors need to be taken into account for modeling the power, such as spectral distribution
and/or direct and diffuse irradiance components.

Al-BSF

Tab. 3: Correction factor (𝜿) values for the Osterwald and FFk models applied to the 𝑷∗𝑴 and 𝑭𝑭∗ respectively.

Model

Experimental
value

Correction
factor (𝜿)

Corrected
modeled value

𝑷∗𝑴 (W),
(Osterwald)

269.24

0.97

261.17

𝑭𝑭∗ , (FFk)

0.77

0.96

0.73

(W),
(Osterwald)

324.60

0.97

314.86

𝑭𝑭∗ , (FFk)

0.76

0.97

0.74

(W),
(Osterwald)

127.93

1.01

129.21

𝑭𝑭∗ , (FFk)

0.65

1.02

0.66

a-Si/µc-Si

HIT

𝑷∗𝑴

𝑷∗𝑴
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The values of the modeled 𝑃𝑀 calculated using the correction factor vs the experimentally measured power are
shown in Fig. 5, 6 and 7 for each PV technology.

∗,𝒄𝒐𝒓𝒓
Fig. 6: Modeled power calculated using 𝑷𝑴
through (a) Osterwald and (b) FFk models vs the measured for the Al-BSF PV
module.

∗,𝒄𝒐𝒓𝒓
Fig. 7: Modeled power calculated using 𝑷𝑴
through (a) Osterwald and (b) FFk models vs the measured for the HIT PV module.

∗,𝒄𝒐𝒓𝒓
Fig. 8: Modeled power calculated using 𝑷𝑴
through (a) Osterwald and (b) FFk models vs the measured for the a-Si/µc-Si PV
module.

To evaluate the goodness of each model after applying the correction factor, the statistical parameters root
means square error (RMSE) and mean bias error (MBE) were calculated. The RMSE (eq. 16) provides
information on the scattering of the modeled power values vs the measured ones, while the MBE (eq. 17)
provides the average deviation of the modeled power values from the measured ones.
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𝑁

∑𝑁 (𝑃𝑇𝑖 − 𝑃𝑂𝑖 )2
1
⁄( ∑ 𝑃𝑂𝑖 )
𝑅𝑀𝑆𝐸(%) = 100 √ 𝑖=1
𝑁
𝑁

(eq. 16)

𝑖=1

𝑁

𝑀𝐵𝐸(%) = 100

∑𝑁
1
𝑖=1(𝑃𝑇𝑖 − 𝑃𝑂𝑖 )
⁄( ∑ 𝑃𝑂𝑖 )
𝑁
𝑁

(eq. 17)

𝑖=1

Where 𝑃𝑇𝑖 is the 𝑖𝑡ℎ modelled value of the power after applying the correction factor, 𝑃𝑂𝑖 is the 𝑖𝑡ℎ measured
value of the power and 𝑁 is the number of modelled or measured values.
Fig. 9 (a) shows the RMSE values for the different PV technologies after applying the Osterwald and the FFk
model. On the one hand, it shows that the HIT module is the PV technology with a lowest RMSE and, thus,
dispersion. This may indicate that this PV technology is less susceptible to environmental conditions not
considered by the models and that may be dominant in Lima between the autumn and winter months. On the
other hand, the a-Si/µc-Si module is the technology with the highest RMSE and, thus, dispersion. This is in
accordance with results presented in (Torres-Ramírez et al., 2014), probably these technologies based on thinfilms and tandems are more dependent on external effects that are not considered in these models such as the
spectral effect (Hirata et al., 1995).
Fig. 9 (b) shows the MBE values for the different applied PV technologies and models. The values less than 1%
mostly for the Osterwald model and the FFk in the different PV technologies indicate that the models interpret
the measurement system very well, with a lower error for Al-BSF and a higher error for a-Si/µc-Si.

Fig. 9: (a) RMSE and (b) MBE values for the different PV technologies after applying the Osterwald method and the FFk method.

4. Conclusions
For the appropriate development and implementations of PV technologies in a country, it is necessary to
conduct a detailed study of the different commercial versions of these technologies. For this, it is essential to
have research laboratories that allow the study and analysis locally.
The PUCP, in collaboration with the University of Jaén-Spain, using own funds and those of the Peruvian
government, in the framework of the project “Caracterización, modelado y estudio del comportamiento de
diferentes generaciones de tecnologías fotovoltaicas frente a las condiciones climáticas del Perú”
(Characterization, modelling and study of the behavior of different generations of photovoltaic technologies
with respect of Peru's climatic conditions), is making the first advances so that Peru has a laboratory for the
analysis and calibration of PV modules under outdoor working conditions. This laboratory is the first in the
country that has the appropriate instrumentation to perform calibration processes and certification of PV
modules that could be offered to companies or public institutions, as well as detailed research studies of the
behavior and degradation of different commercial PV technologies depending on the particular operating
climate conditions of the city of Lima (irradiance levels, operating temperature, humidity, spectral distribution,
etc.).
After a year of design, construction, assembly and calibration, it can be affirmed that the PV module
characterization laboratory, based on the complete tracing of its characteristic I-V curve, has been fully
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operational since the end of April of 2019. In this work some first advances of the investigations carried out to
date have been presented. As a previous step to carry out any analysis of PV technologies, an experimental
calibration process of the fundamental electrical parameters of the PV modules under study has been carried out.
This experiment allowed us to affirm that the experimental outdoor results reasonably comply with the indoordata of electrical parameters provided by the module manufacturers.
Subsequently, and during the following three months, an experimental study has been carried out to investigate
the applicability and validity of the two analytical models: Osterwald and Constant Fill Factor methods. These
two represent the simplest and most commonly used methods by the scientific community to interpret such
experimental results for PV technologies. Furthermore, each method has been discussed in terms of their
goodness of the power prognosis they offer when compared with the experimental measurements. It should be
emphasized that the three months of study, together with August, are the most unfavorable for the operation of
PV technology in this geographical area, due to the peculiarities of Lima's climate during winter months.
Typically, at least one or two years of the experimental campaign are necessary to publish definitive conclusions
on outdoor PV experiments. Nevertheless, even with only three months of data presented in this work, the
partial conclusions obtained to date are of upmost interest for the local community.
The experimental characteristic curves of the three PV technologies were acquired under conditions of
irradiance and temperature representative of Lima's climate during the months of study. When comparing the
modeled powers with the experimental measures, the good indexes of linear correlation (≈ 1) and of coefficient
of determination (R2 > 0,98) indicate a very good prediction reliability of the models.
Furthermore, the applied corrections factors > 1 for the a-Si/µc-Si indicate that the applied models may
underestimate the nominal power of the tandem technology under the local climate conditions. Whereas a
correction factor of < 1 indicates that the nominal power of the Al-BSF and HIT modules may be overestimated
for the same conditions. This hypothesis is in accordance with the conclusions shown in previous studies
(Romero-Fiances et al., 2018) where performance ratios close to 1 demonstrate a proper functioning of the aSi/µc-Si technology on PV-system level under the climate of Lima. However, longer and more profound studies
need to be performed to explore this hypothesis. For instance, more complex theoretical models will have to be
evaluated that consider particularly the spectral distribution (Nofuentes et al., 2013) as well as the direct and
diffuse components of the irradiance. This will be subject to the broader experimental campaign currently in
process to deepen the knowledge of the behavior of the different PV technologies in Lima, Peru.
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Abstract
The harsh conditions of the Atacama Desert have been shown to affect both PV performance and lifetime of
mechanical and electronic systems. In this sense, inverters inside containers have been the configuration that has
presented the highest number of failures by excess temperature. In order to analyze this problem, a simulation of
a real PV plant installed in the Atacama Desert and the specific modelling of the inverter rooms inside containers
were done. Five cases were evaluated to study and mitigate the excess temperature inside the inverters room. An
adequate combination of ventilation and cooling proved to be the best solution in a condition of high irradiation.
On the contrary, in a range of medium-low irradiation, ventilation of the inverter rooms is enough to reach the
maximum production of the PV plant.
Keywords: PV inverter rooms, ventilation, Atacama Desert, TRNSYS.

1. Introduction
Chile had an exponential growth in solar energy uses in recent years, particularly photovoltaic (PV) technologies.
The PV capacity increased from 2 MW operating at the end of 2012, to 2,306 MW operating in February 2019
(CNE, 2019). Favorable market conditions for new investors and the exceptional solar resource are two of the key
points to understand this development. The most favorable location for the development of solar energy is the
Atacama Desert, where a yearly total over 2,500 kWh/m2 of Global Horizontal Irradiation (GHI) can be reached,
according to that, in central and northern Chile there is a great potential for the utilization of solar energy
technologies (Escobar et al., 2015). Nevertheless, the performance of PV technologies is affected by desert
conditions like high temperatures and ultraviolet (UV) irradiation, deposition of dust, etc. (Zurita et al., 2018).
These conditions also affect the operation and reduce the lifetime of mechanical and electronic systems. A main
component of solar PV plants is the inverter, which has already shown failures by being exposed to Atacama
Desert conditions (Encare & Energia 360, 2017).
Inverters are considered one of the most critical components at PV plants. There are many factors that could
affect its performance, such as wrong placing of the inverters into the plant, internal failures or operating with
high temperature, which implies low efficiency operation or having to turn off the systems (Gallardo-Saavedra et
al., 2019).
Inverters inside containers has been demonstrated to be the configuration with most failures by excess
temperature. Each failure means a partial operation of the inverter and therefore less electricity generation from
the PV plant. This configuration is designed to protect the inverters from humidity due to rainfall or other
environmental factors, it is not appropriated for Atacama Desert conditions, due to the scare rainfall at this location
the water protection is not needed, and the inverters room is heated by the high solar irradiation. In this study,
several options are evaluated in order to reduce and control the temperature inside each inverters room.
Considering the fast PV growth in the Atacama Desert, it is useful to know the best way to mitigate the high
temperature troubles in inverters inside containers. This work studies the most effective solutions to control the
temperature inside the inverters room, using active or passive systems, comparing it and finding the optimum
combination that allows avoiding the problems in electricity generation for the inverters due to overheating in
terms of operating with derating power or turning off the inverters. Moreover, the results of this work can become
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a guideline when the use of batteries increases, if they are placed inside containers.

2. Methodology
The PV plant selected for this study is Finis Terrae Plant, property of Enel Green Power, which uses inverter
rooms from the Italian company FIMER. This PV plant is composed of 516,135 PV modules of 310 Wp each one,
with an one axis tracking system with east-west orientation, and 220 inverters R7500TL from FIMER. The total
installed power of the plant is 160 MWp. The effective power of the plant, according to its ambient impact
declaration, is 145 MW due to energetic losses of approximately 10%, which are produced during the process of
conversion from solar irradiation to electricity. These losses mainly correspond to DC transmission, diodes and
connections, PV modules maladjustment, PV modules temperature, inverters efficiency and AC transmission.
In order to realize performance improvements in inverter rooms, different scenarios are studied. The methodology
used in this study considers a characterization of the operational conditions for PV inverter rooms at Atacama
Desert. The operational conditions consider the ambient temperature profile during the year at the location of the
PV plant, the relative humidity, and mainly the solar irradiation profile. Also, is considered in the physical
modeling of the system, the sizing and material of the components inside the room, the material of the walls and
the air inside the room. These values are important to characterize and model properly the situation and develop
computational simulations in TRNSYS software to evaluate the base case scenario and a series of potential
solutions proposed.
First, the Finis Terrae plant was modelled. For its modeling and simulation the following values were considered:
energetic loss of 8% at the DC line, an inverter efficiency of 98.62% and 1% of energetic losses at AC line. This
values are typically used in PV plants simulation software such as SAM and PVSyst. Energetic losses due to
soiling at the PV modules and shading between modules were not considered.
The R7500TL FIMER inverters are installed inside the MS3000 FIMER inverter room, which are shown at Fig.
1. This model of inverter has a control system, which protects the inverters from overheating. The control system
can apply power derating or turning off the inverters if it is needed. The control scheme was taken from a technical
visit to the PV plant. The control depends on the air temperature inside the inverters room. If it is below 50 °C the
inverters work at full capacity. When the temperature rises to a level between 50 and 55 °C the control system
applies a linear power derating, going from 100% to 60% of the inverter capacities. Finally, when the air
temperature exceeds 55 °C the inverters are turned off. Using this control scheme, the energy losses in the main
components of the PV plant, and an input of solar resource data, is calculated the electricity production of the
plant. The Fig. 2 shows the control logic described for the operation of the inverters, relating the maximum power
capacity of the system with the air temperature inside the room.

Fig. 1: FIMER MS3000 Inverters room, inside it contains four FIMER R7500TL inverters.

785

C. Felbol et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 2: Derating of the inverters due to air temperature inside the inverters room.

The location selected to perform the simulations is Crucero in northern Chile (Crucero, Lat 22.20 °S and Lon
69.29 °W, Global Horizontal Irradiation (GHI) 2,595 kWh/m2-yr) with an elevation of 1,146 meters above mean
sea level (MAMSL). The selection of this site is due to it is located nearby to Finis Terrae plant, about 30km of
distance, and for its similar solar irradiation and climatic conditions, furthermore its solar resource data in a TMY3
was validated with a solarimetric station. It is worth to mention, that at these conditions, there is no derating power
at the inverters due to elevation above mean sea level. Monthly GHI values of this location are shown at the Fig.
3.

Fig. 3: Monthly GHI at Crucero.

Five cases were defined to be modelled and simulated, these cases represent different scenarios for the inverters
room, presenting the base case scenario and possible solutions to the overheating inside the room, avoiding the
power derating from the inverters. The cases are listed below:
 Case 1, Base case scenario: This case corresponds to the base case, which models the PV plant considering
only energetic losses due to the inverter efficiency, without considering any kind of derating power due to
temperature. This case represents the theoretical maximum electricity generation of the plant.
 Case 2, Inverters room without ventilation: This case models a theoretical scenario where the inverters
room is sealed without ventilation, to obtain the theoretical maximum temperature inside the room due to the
thermal power from the inverters and the solar irradiation.
 Case 3, Thermal case: This scenario evaluates the first proposed solution to the overheating problem inside
the room, this solution consists in a thermal case installed inside the room, in its walls, composed by a phase
change material (PCM) as a possible solution to avoid high temperatures inside the inverters room.
 Case 4, Room with ventilation: This scenario is other proposed solution to solve the overheating problem.
This model considers the incorporation of different filtered air mass flow rates, to extract part of the heat inside
the room.
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 Case 5, Room with ventilation and cooling: This scenario consists into a solution utilizing the same design
from the model of the Case 4, but adding a pre-chamber to cool the inlet air.
For the Cases 4 and 5, which considers ventilation as part of the solution, a parametric analysis was performed,
considering it with different air mass flow rates through the room. The minimum ventilation conditions that allow
to avoid the power derating problems due to temperature were searched. The same parametric analysis was
performed to evaluate different air cooling temperatures in the pre-chamber that enters to the room.
All the models evaluate an inverters room composed by 4 inverters with dimensions of 0.82 m long, 2.23 m tall
and 1.99 m width each one. The dimensions of the room are 2.47 m long, 2.59 m tall and 9 m width. The models
consider a balance of mass and energy to evaluate the thermodynamic behavior inside the room. These balances
consider the heat provided by the inverters inside the room, the heat from the solar irradiation in the outside walls
of the room, and the heat from convection processes at the internal and external walls of the room. In addition,
the models that utilized ventilation consider the effect of the mass flow rate in both balances impacting the
temperature of the air inside the room and the balance of mass for the system.
When a PCM case inside the inverter rooms is considered, the heat transfer process changes for the internal wall
of the room. In this model, the rise of the wall temperature considers a phase change process, starting with solid
material, then at 25 °C this material begins to melt and when it is totally melted the liquid material begins to rise
its temperature.
Inverters room with
ventilation (4)

Inverters room with
ventilation and
cooling
(5)

Inverters room
without ventilation
(2)

Inverters room with
thermal case
(3)

PV Plant + Inverters
(1)

Fig. 4: Five cases defined to be modelled and simulated.

The detailed methodology applied in each case is explained below, considering the development of each
mathematical model, and diagrams of each scenario.

2.1 Case 1: Base Case Scenario, PV Plant and Inverters
As mentioned before this case considers the electricity production of the plant only considering the efficiency of
the inverters, without taking in account the overheating problems that cause derating in the inverters. This case
defines the maximum theoretical electricity production that can achieve the PV plant. In this simulation, the plant
is modelled and simulated in TRNSYS software to obtain the annual electricity production, comparing its value
to the design conditions, and to the value reported to the National Electricity Coordinator (CEN).

2.2 Case 2: Inverters room without ventilation
In this case, the model developed considers an energy balance over a control volume of air with the inverters room
inside dimensions, and another energy balance regarding the walls of the room to consider internal and external
convection, and its effect above the internal air temperature. The equations that represent this balance are
presented below.

𝑐𝑎𝑖𝑟 ∙

𝜕𝑇𝑎𝑖𝑟

𝑐𝑤𝑎𝑙𝑙 ∙

̇ − 𝑄𝐶𝑜𝑛𝑣𝐼𝑁
̇
= 𝑄𝐼𝑛𝑣

𝜕𝑡
𝜕𝑇𝑤𝑎𝑙𝑙
𝜕𝑡

̇ + 𝑄𝐶𝑜𝑛𝑣𝐼𝑁
̇
̇
= 𝑄𝑆𝑢𝑛
− 𝑄𝐶𝑜𝑛𝑣𝐸𝑋

(eq. 1)
(eq. 2)

𝐶𝑎𝑖𝑟 corresponds to the thermal capacitance of the air, this value is calculated in the next equation.

𝑐𝑎𝑖𝑟 = 𝑚𝑎𝑖𝑟 𝑐𝑝𝑎𝑖𝑟

(eq. 3)
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̇ is the heat
𝑚𝑎𝑖𝑟 corresponds to the mass of air inside the room, 𝑐𝑝𝑎𝑖𝑟 is its specific heat. On the other hand, 𝑄𝑖𝑛𝑣
transfer from the four inverters inside the room and it is calculated according to the inverters efficiency as follow:

̇ = ∑4𝑖=1 𝑄𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟
̇
𝑄𝐼𝑛𝑣
𝑖

(eq. 4)

̇ , this value corresponds to the heat transferred from the solar irradiation to the room, and it is
Regarding 𝑄𝑠𝑢𝑛
calculated as the sum of the solar irradiation received in each external wall of the room, multiplied for its respective
area and for an absorptance coefficient which is defined with a value of 0.3.

̇ = ∑4𝑖=1 𝑄𝑆𝑜𝑙𝑎𝑟
̇
𝑄𝑆𝑢𝑛
𝑖

(eq. 5)

Only four external walls of the inverters room are affected by the solar irradiation, because there is an auxiliary
services room at one of the sides of the inverters room, for this reason this side is not exposed directly to the sun.
It is assumed that there is not a thermal resistance due to the wall thickness, because the metal is an excellent
thermal conductor. Additionally, it is considered the thermal capacitance of the wall, which is calculated with the
equation presented below.

𝑐𝑤𝑎𝑙𝑙 = 𝑚𝑤𝑎𝑙𝑙 𝑐𝑝𝑠𝑡𝑒𝑒𝑙

(eq. 6)

Where 𝑚𝑤𝑎𝑙𝑙 is the mass for the walls of the inverters room, and 𝑐𝑝𝑠𝑡𝑒𝑒𝑙 corresponds to the specific heat for the
̇
steel. Regarding the external convection, 𝑄𝑐𝑜𝑛𝑣𝐸𝑋
corresponds to the heat transferred to the ambient from the
room. It is assumed that there are 5 walls with external convection, due to is assumed that the auxiliary services
room is at ambient temperature, for that reason there is thermal transference between the rooms. In addition, in all
cases is considered that there is not heat transference with the floor. The external convection is calculated by the
next equation.

̇
̇
𝑄𝐶𝑜𝑛𝑣𝐸𝑋
= ∑5𝑖=1 𝑄𝐶𝑜𝑛𝑣𝑒𝑡𝑖𝑜𝑛𝐸𝑋
𝑖

(eq. 7)

̇
𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝐸𝑥
is the heat dissipated for each wall, and is calculated with the following equation.
𝑖

̇
𝑄𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝐸𝑋
= ℎ2 𝐴(𝑇𝑎𝑖𝑟 − 𝑇𝑎𝑚𝑏 )
𝑖

(eq. 8)

𝑇𝑎𝑚𝑏 corresponds to the ambient temperature, 𝐴 represents the area of each specific wall and ℎ2 corresponds to
the external convection coefficient for each face, which depends of its geometric specifications. ℎ2 is calculated
in the following equation.

ℎ2 =

𝑁𝑢 𝑘

(eq. 9)

𝐿

Where 𝑁𝑢 corresponds to the Nusselt number, which is obtained from correlations, 𝑘 is the air conductivity at
film temperature, which is the mean temperature between the ambient temperature and the temperature inside the
room, and 𝐿 is a characteristic longitude. There are two configurations to model the walls, one corresponds to a
flat plate vertically oriented with uniform temperature, which applies to the vertical walls of the room, and the
other one corresponds to a flat plate horizontally oriented with uniform temperature, which corresponds to the
roof of the room.
The correlation utilized for the flat plate vertically oriented with uniform temperature, assuming natural
convection, and uses as characteristic longitude the height of the wall, is presented below.
1

𝑁𝑢 = {

0,59(𝑅𝑎 )4
0,1(𝑅𝑎 )

1
3

104 < 𝑅𝑎 < 109

(eq. 10)

109 < 𝑅𝑎 < 1013

In that correlation 𝑅𝑎 corresponds to the dimensionless Rayleigh number. On the other hand, the correlation
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utilized for the flat plate horizontally oriented with uniform temperature, assuming natural convection, which uses
as characteristic longitude the value
1

𝑁𝑢 = {

0,54(𝑅𝑎 )4
1

0,15(𝑅𝑎 )3

𝐴𝑟𝑒𝑎
𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟

, is presented below.

104 < 𝑅𝑎 < 107
7

(eq. 11)

11

10 < 𝑅𝑎 < 10

When the wind velocity is above 0 m/s, it is considered forced convection externally. In this case two correlations
are utilized to obtain the Nusselt number, which depend on the dimensionless Reynolds number (𝑅𝑒 ), which
determinates if the wind flow must be considered laminar or turbulent. Also, is included in both correlations the
dimensionless Prandtl number (𝑃𝑟 ). These correlations are presented below, defining the Polhausen correlation
for laminar flow at Equation 12, and the Colburn correlation for turbulent flow at Equation 13.

𝑁𝑢 = 2 (0,332 𝑃𝑟 1/3 𝑅𝑒 1/2 )
𝑁𝑢 = (0,037𝑅𝑒 4/5 − 871) 𝑃𝑟 1/3

(eq. 12)
(eq. 13)

The characteristic longitude in this case corresponds to the distance traveled for the wind in each wall. As the
wind can flows from different directions, this affects in how the wind faces the room, therefore, it has been
pondered the effect that the wind flows in east-west direction and it flows in north-south direction.
̇ , this value corresponds to the heat dissipated from
On the other hand, regarding the internal convection 𝑄𝑐𝑜𝑛𝑣𝐼𝑁
the air inside the room to the walls, represented with the following equation.

̇
̇
𝑄𝐶𝑜𝑛𝑣𝐼𝑁
= ∑5𝑖=! 𝑄𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝐼𝑁
𝑖

(eq. 14)

̇
Where 𝑄𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝐼𝑁
corresponds to the heat dissipated for each wall and it is calculated with the following
𝑖
equation.

̇
𝑄𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝐼𝑁
= ℎ1 𝐴(𝑇𝑎𝑖𝑟 − 𝑇𝑤𝑎𝑙𝑙 )
𝑖

(eq. 15)

𝐴 represents the area of each specific wall, ℎ1 corresponds to the internal convection coefficient for each face,
which depends of its geometric specifications, ℎ1 is calculated using the same equations used to calculate ℎ2 . To
model the walls of the room was utilized the same focus, analyzing two options, a flat plate vertically oriented
with uniform temperature, and a flat plate horizontally oriented with uniform temperature. There is one correlation
different between the calculations of ℎ1 and ℎ2 , and it is the one for the flat plat horizontally oriented with uniform
temperature, in this case must be considered that the plate is hot in the upper side, and its equation is presented
below.
1

𝑁𝑢 = 0,27(𝑅𝑎 )4

105 < 𝑅𝑎 < 1011

(eq. 16)

Is assumed that there is only natural convection inside the room. The equations regarding external convection are
presented below.

̇
𝑄𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛𝐸𝑋
= ℎ2 𝐴(𝑇𝑤𝑎𝑙𝑙 − 𝑇𝑎𝑚𝑏 )
𝑖

(eq. 17)

It is considered that the wall transferred heat with the ambient.

2.3 Case 3: Inverters room with Thermal Case
In this case, the model developed considers an energy balance similar to the Case 2 considering a wall,
nevertheless, a thermal case filled with a phase change material (PCM) is added to the wall, this implies three
different situations. First, when the wall temperature is lower than the phase change temperature, the PCM inside
the thermal case keeps in solid phase, and the energy balance is represented by the following equation.
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𝑐𝑃𝐶𝑀 𝑠𝑜𝑙𝑖𝑑 ∙

𝜕𝑇𝑤𝑎𝑙𝑙
𝜕𝑡

̇ + 𝑄𝐶𝑜𝑛𝑣𝐼𝑁
̇
̇
= 𝑄𝑆𝑢𝑛
− 𝑄𝐶𝑜𝑛𝑣𝐸𝑋

(eq. 18)

Where 𝐶𝑃𝐶𝑀𝑠𝑜𝑙𝑖𝑑 corresponds to the thermal capacitance of the wall, when the PCM inside of it resides in solid
phase, this is calculated with the following situation.

𝑐𝑃𝐶𝑀 𝑠𝑜𝑙𝑖𝑑 = 𝑚𝑃𝐶𝑀 𝑐𝑝𝑃𝐶𝑀𝑠𝑜𝑙𝑖𝑑

(eq. 19)

𝑚𝑃𝐶𝑀 corresponds to the mass of the PCM used in the thermal case, and 𝑐𝑝𝑃𝐶𝑀𝑠𝑜𝑙𝑖𝑑 corresponds to the specific
heat for the PCM at solid phase.
The second situation occurs when the wall temperature is equal to the phase change temperature; in this case the
energy balance is represented by the following equation.
𝑚𝑃𝐶𝑀 ∙ ∆ℎ
∆𝑡

̇ + 𝑄𝐶𝑜𝑛𝑣𝐼𝑁
̇
̇
= 𝑄𝑆𝑢𝑛
− 𝑄𝐶𝑜𝑛𝑣𝐸𝑋

(eq. 20)

Where ∆ℎ represents the change of enthalpy and ∆𝑡 represents the time step considered. In this situation the wall
temperature remains constant.
The third situation occurs when the enthalpy is equal to the latent heat of the PCM, in this case the PCM changes
to liquid phase and the energy balance is represented with the following equation.

𝑐𝑃𝐶𝑀 𝑙𝑖𝑞𝑢𝑖𝑑 ∙

𝜕𝑇𝑤𝑎𝑙𝑙
𝜕𝑡

̇ + 𝑄𝐶𝑜𝑛𝑣𝐼𝑁
̇
̇
= 𝑄𝑆𝑢𝑛
− 𝑄𝐶𝑜𝑛𝑣𝐸𝑋

(eq. 21)

𝐶𝑃𝐶𝑀𝑙𝑖𝑞𝑢𝑖𝑑 corresponds to the thermal capacitance of the wall, when the PCM inside of it is in liquid phase, this
value is calculated with the following equation.

𝑐𝑃𝐶𝑀 𝑙𝑖𝑞𝑢𝑖𝑑 = 𝑚𝑃𝐶𝑀 𝑐𝑝𝑃𝐶𝑀𝑙𝑖𝑞𝑢𝑖𝑑

(eq. 22)

In the last equation, 𝑚𝑃𝐶𝑀 corresponds to the mass of PCM inside the thermal case and 𝑐𝑝𝑃𝐶𝑀𝑙𝑖𝑞𝑢𝑖𝑑 corresponds
to the specific heat of the PCM in liquid phase. Regarding the equation that represents the energy balance of the
air inside the room, is similar to the equation in the Case 2, and is presented following.

𝑐𝑎𝑖𝑟 ∙

𝜕𝑇𝑎𝑖𝑟
𝜕𝑡

̇ − 𝑄𝐶𝑜𝑛𝑣𝐼𝑁
̇
= 𝑄𝐼𝑛𝑣

(eq. 23)

The PCM material selected is called Bio PCM®, from the company Phase Change Energy Solutions. This material
was selected due to its operating temperatures, mainly to its phase change temperature around 25 °C, which is
useful for the temperature requirements inside the room. In addition, this material is commercially available and
it is commonly used for similar applications at datacenter rooms. Some properties for this material are listed below
(Phase Change Energy Solutions, 2015).


Melting point temperature: 25 °C



Latent heat: 230 kJ/kg



Specific heat in solid phase: 2.2 kJ/(kgK)



Specific heat in liquid phase: 4.5 kJ/(kgK)



Approximate price: $35 USD/kg (Beltrán et al., 2017).

2.4 Case 4: Inverters room with ventilation
In this case, the model developed considers an energy balance similar to the Case 2, which considers the inverters
room without ventilation, nevertheless, an additional component must be considered in this energy balances,
corresponding to the mass air flow rate which ventilates the room. The energy balance is represented by the
following equations.
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𝑐𝑎𝑖𝑟 ∙

𝜕𝑇𝑎𝑖𝑟

𝑐𝑤𝑎𝑙𝑙 ∙

̇ − 𝑄𝐶𝑜𝑛𝑣𝐼𝑁
̇
̇
= 𝑄𝐼𝑛𝑣
− 𝑄𝑉𝑒𝑛𝑡

𝜕𝑡
𝜕𝑇𝑤𝑎𝑙𝑙
𝜕𝑡

(eq. 24)

̇ + 𝑄𝐶𝑜𝑛𝑣𝐼𝑁
̇
̇
= 𝑄𝑆𝑢𝑛
− 𝑄𝐶𝑜𝑛𝑣𝐸𝑋

(eq. 25)

̇ corresponds to the effect of the room ventilation, which is calculated with the following equation.
Where 𝑄𝑉𝑒𝑛𝑡

̇ = 𝑚̇𝑎𝑖𝑟 ∙ 𝑐𝑝𝑎𝑖𝑟 ∙ (𝑇𝑎𝑖𝑟 − 𝑇𝑎𝑚𝑏 )
𝑄𝑉𝑒𝑛𝑡

(eq. 26)

2.4 Case 5: Inverters room with ventilation and cooling
In this case, the model developed is the same from the Case 4, the only difference will be the air temperature that
ventilates the room, but the mathematical model implies the same equations.
Fig. 5 shows the scheme that models all the cases presented, considering the energy balance specified in each
case.

Fig. 5: Scheme of the model for each Case. (a) Scheme of the Case 2, inverters room without ventilation; (b) Scheme of the Case 3,
inverters room with thermal case; (c) Scheme of the Case 4, inverters room with ventilation; (d) Scheme of the Case 5, inverters
room with ventilation and cooling.

3. Results
The results conducted by the methodology used in this study, for each case, are presented in terms of total annual
energy produced by the PV plant. In the first case, the maximum theoretical annual energy production is reached,
due to this case does not consider the energetic losses due to the overheating temperature problems inside the
inverters room.
To evaluate the thermal performance of the plant in the base case, and the Cases 2 and Case 3 which do not
consider ventilation, it was simulated a typical clear sky day for the location, which corresponds to December 16.
Regarding the Case 1, was simulated the output power of the plant without considering energetic losses, for the
typical day selected, this result is shown in Fig. 6. The energetic losses related to DC line are 8% approximately,
this value is important due to this power is distributed between the 220 inverters and let us calculate the thermal
losses associated to each inverter.
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Fig. 6: Output power of the PV plant, without considering energetic losses related with the overheating problem at the inverters.

The Case 2 considers the simulation of the inverters room with no ventilation. In this case, the energetic losses
due to increment of the temperature inside the inverters room are noticeable, in terms of monthly operating hours
with derating power into the inverters, and the time when the inverters are turned off due to the high temperatures
inside the inverters room, according to the control scheme. Fig. 7 shows the results of the simulation considering
the control scheme, the temperature inside the inverters room is higher than 55 °C for many hours, this implies
that the annual quantity of hours when the system is turned off is higher than the hours when the system is
operative, even considering its operation with derating power. This situation presents the worst case scenario,
without taking measures to improve the thermal performance of the room.

Fig. 7: Results for Case 2. (a) Temperature of the air inside the inverters room and ambient temperature; (b) Monthly hours when
the inverters are turned off or operating with derating power due to the high temperatures inside the room.

The Case 3 adds a thermal case to the inverters room, filled with phase change material. The mass required of this
material is estimated on its thermal properties and considering the dimensions inside the room, and is equivalent
to 3,000 kg of mass, which represents adding 6 cm of thickness to the wall. The cost associated to this quantity of
phase change material is $105,000 USD approximately. The results of the simulation are shown in Fig.8 in terms
of temperatures and monthly hours with the system turned off and with the system operating with derating power.
It is noticeable that the hours with the system turned off are lower than the Case 2, but the problems with derating
power are persistent and the problem of operating with high temperatures inside the inverters room are not solved
with this solution, only decreasing the quantity of turned off hours.

Fig. 8: Results for Case 3. (a) Temperature of the air inside the inverters room, temperature of the thermal case and ambient
temperature; (b) Monthly hours when the inverters are turned off or operating with derating power due to the high temperatures
inside the room.

The Case 4 and Case 5 consider ventilation, and cooling with ventilation as a solution. For this reason, a sensitive
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analysis was performed in order to obtain the total annual energy production, with different air flow rates and
cooling effect. The effect of an adequate ventilation in the inverters room is presented in the Fig. 9, since an
increase in the air flow rate per container allows to reach the maximum production of the ideal case. Cooling the
inlet air produces a decrease in ventilation requirements. Indeed, an air flow rate of 7,750 m3/h at environment
temperature is needed to achieve the maximum production of the model, which decreases to 5,250 m3/h if the
cooling air flow rate has 10°C. When the inlet cooling air has 15°C, the air flow rate required is only 4,500 m3/h.

Fig. 9: Annual energy production for different ventilation air flow rate and cooling.

Another relevant parameter is the total daily energy produced by the PV plant connected to the different inverter
room models and its relation with the daily irradiation received. Fig. 10 shows that the worst scenario is without
ventilation, where the inside temperature of inverter rooms increases above 55 °C even with low GHI and therefore
almost all the day the inverters are off. The scenario with thermal case is quite bad, compared to the ventilation
scenarios. When ventilation is applied with inlet air at environment temperature (purple points) the production is
close to the maximum until 6 kWh/m2 of daily GHI. If the irradiation increases, refrigeration should be added to
decrease the ventilation requirements to avoid all the overheating problems in the inverters.

Fig. 10: Total daily energy production vs total daily GHI, for five simulated scenarios.

4. Conclusions
This study allows to evaluate the performance of the different scenarios presented, proposed as solutions to the
problems in photovoltaic plants related to the malfunctioning of the inverters room due to high temperatures. It is
clear that some scenarios are not a solution to improve the performance of PV plants.
The thermal case scenario is not effective as a solution, mainly because it does not reduce effectively the
temperature inside the inverters room. This scenario does not show a significant improvement in the electricity
generation compared to the scenario without ventilation presented as Case 2. In economic terms, this scenario
presents an investment of 105,000 USD per room, which is economically unfeasible, due to this price per room is
higher than the price of invest in new inverters from other companies with better performance.
On the other hand, it is shown that for the cases which consider ventilation as an option, there is an optimal
ventilation value to assure an operation without derating power in the inverters. This optimal ventilation value
must be calculated, depending on the capacity and efficiency of the inverters, related to its heat dissipation, and
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to the solar resource in the selected location. For the case of ventilation combined with cooling, the optimal
ventilation value also depends on the cooling level applied to the air. Both scenarios are effective as a solution to
improve the energy produced by the PV plant, raising the total annual electricity production of the plant with a
considerable increment in the thermal performance of the inverters room, reaching lower temperatures and totally
avoiding the derating power episodes.
It is worth to mention, that the proposed solutions with ventilation must consider an air filter system, to avoid the
incorporation of dust and other elements inside the room, due to this elements could cause other performance
problems in the operation of the inverters. These filter systems corresponds with other topic that could be studied
in detail in further works.
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Abstract
Operation of solar PV systems under extremely high temperatures and high humidity in hot climates represents
one of the major challenges to guarantee higher system’s reliability. Therefore, thermal management in hot
climates is crucial for reliable application of PV systems, as it has a potential to increase the efficiency and life
expectancy and to stabilize the output power characteristics. On the other side, dust accumulation on PV module
together with atmospheric water vapor condensation may cause a thick layer of mud that is difficult to be
removed. The present research focuses on utilization of Phase Change Materials (PCM) for passive thermal
management of solar systems. Passive cooling uses the high temperature differences between day and night in
arid desert regions, due to sky radiation in the night. The high thermal capacity of PCM accumulates coolness
during night to keep the PV cells at a moderate temperature during the day. This also can help maintaining the
PV panel temperature well above the dew point to prevent condensation during day and night, thereby avoiding
mud formation on the panel surface, which reduces water consumption and mechanical efforts in cleaning.
Initially the passive cooling concept has been examined with one type of solar PV panels; Monocrystalline, with
two thicknesses of PCM Absorber; 30 mm and 50 mm, melting point of 54°C and another arrangement with
heat fins in place of the PCM layer, where both arrangements are compared with a reference PV module with no
cooling devices attached to it. The experimental campaign has been conducted at the outdoor testing facility
under weather conditions in Qatar for nine months from April to December 2018. The experimental analysis
showed that the PV module’s peak temperature was shaved by 10 °C with the PCM effect compared to
reference PV modules without PCM. The experimental analysis confirmed the results of the numerical
optimization, which revealed that there is an optimum thickness for PCM layer ~ 20-30 mm at 54 °C melting
point. The analysis has revealed that cooling mechanism with heat fins alone (without PCM) achieved a
temperature shaving of 5-8 °C. Moreover, the module peak temperature can be shaved at a constant temperature
for a longer time with higher PCM thickness during noontime and remains at the same as the PCM melting
temperature for five hours. Although the magnitude of peak shaving effect decreases with the higher thickness,
stabilized temperature for longer time around the noontime can have a positive impact on stabilized power
supply that is important for grid operation when installing large capacities of solar PV. It is worth mentioning
that a numerical simulation model has been developed in parallel, and validated against measurements under
real operation conditions of PV modules in Qatar, to examine the effect of the PCM-Matrix Absorber (PCMMA) on solar PV systems and optimize its properties for Qatar. For the optimized PCM-MA, which has been
arrived at later after manufacturing the pilot plant, the PV module temperature is reduced by 23 °C, the energy
yield can increase by 9-11% for mono and polycrystalline PV modules and 6-8% for thin film modules
depending on the temperature coefficient of the high quality modules available in the international market.
Presentation of the numerical simulation model and results will be elaborately discussed in a following
publication.

Keywords: Passive Cooling of PV, Operation of PV in desert, PV Efficiency, Solar Power, hybrid PV-T

1. Introduction
It is well known that considerable degradation in the electrical efficiency and life time of PV modules takes
place with the increase in the panel temperature, which is the biggest challenge for reliable operation of PV
systems in hot and desert climates. This fact has triggered scientists and research institutions to propose and test
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different cooling techniques both numerically and experimentally as well as improving PV cells characteristics
to reduce the temperature coefficient, which correlates the magnitude of efficiency drop against the module’s
temperature. These techniques include both passive and active cooling. Active cooling relies water or air
cooling, with forced air draft and water circulation techniques. Passive cooling techniques include conductive
cooling, e.g. with heat fins for extending heat transfer surfaces with ambient, and using phase-change materials
(PCM) as heat absorbers. In hot summer, air-cooling would be less effective as the ambient temperature reaches
up to 50°C, hence water cooling or passive thermal management of PV cells become a necessity.
Enhancement of the PV module electrical efficiency depends mainly on the cooling technique, geographical
location and the season of the year, type and size of the module, and usually corresponds with a rise of 3-5 % in
overall efficiency [1] - [4].
Application of PCM for passive cooling, which can be realized by integration of a PCM layer as a heat absorber
with the back side of PV panels, which shaves the peak temperature of PV modules during day time and helps
maintaining the module temperature above the dew point, thereby preventing mud formation and cementation of
dust on the modules. One of the main problems faced when using passive cooling is the strong dependency of
natural cooling rate on ambient conditions, as high ambient temperature or low wind speed or combination of
both significantly affect the cooling effectiveness of this method. Due to low thermal conductivity of PCM,
which limits the power density during charging and discharging, it can be combined with highly conductive
aluminum matrix absorber, which allows a significant enhancement of the PCM thermal conductivity [5].
Although passive cooling is simple and does not involve water or air circulation like active cooling, a large
amount of incident energy on the solar PV module (usually more than 80%) is converted into heat, which
reduces the electrical efficiency and is dissipated to the ambient as waste heat. Hence, a more efficient approach
would be to harness such waste heat as useful thermal energy through active cooling with water or air, i.e.
hybrid PV-Thermal (PV/T) collectors. As hybrid PV/T delivers both electrical and thermal energy
simultaneously from the same device and land area, these units usually have a higher overall efficiency up to
85% and more in some designs, when compared with stand-alone PV modules or solar thermal collectors. This
results in significant cost savings and requires less space per unit energy produced. Moreover, it can play a vital
role in decarburization plans of energy systems, as the thermal energy/heat constitutes about half of total global
energy demand. Solar heat offers key advantages over other renewable sources for meeting this demand through
distributed, integrated systems [6]. However, PV/T may be viable only in areas where there is a demand for
thermal energy, otherwise for desert based plants where this condition is not satisfied passive cooling should be
more economically and technically viable.
The present research focuses on utilization of Phase Change Materials (PCM) for passive thermal management
of solar PV systems. The main focus is to explore the effect of utilization of PCM-based cooling elements on the
thermal behavior of solar PV modules. By attaching PCM-Absorbers to the back side of PV modules, the
modules temperature can be regulated by the virtue of PCM to extract and accumulate heat at high density, as
PCM have a high specific heat capacity due to latent heat of fusion during melting and solidification. Moreover,
the PCM absorber can help reducing atmospheric water vapor condensation during night on the surface of PV
module by releasing the absorbed thermal energy during the daytime to keep the PV module on a temperature
above the dew point.
Some of the important advantages of the proposed solution include, simplicity, no moving parts such as coolant
circulation pumps or air blowers are needed, low tech and can be manufactured locally from aluminum waste
and oil waste, zero self-energy consumption, involves no hazards such as chemical toxicity, flammability or
explosivity, and has a longer life time than the life span of top quality PV modules available in the international
market.
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The main focus of this paper is to present and discuss the experimental analysis on passive cooling of PV using
PCM-Matrix Absorbers under real weather conditions in Qatar. The analysis examined the effect of main
parameters of the PCM absorbers such as the PCM melting point, heat capacity or absorber thickness as well as
the effect of using heat fins to extend the heat dissipation surface with the ambient.

2. Methodology
A pilot and outdoor experimental test setup has been designed, manufactured and installed at the Outdoor Solar
Test Facility (OTF) of Qatar Foundation, in Qatar, where the system effectiveness and performance have been
measured under the sun and experimental data has been analyzed for almost 9 months.
The commissioned modules include a PV reference module, PV module with phase change material 54°C
melting temperature, 30 mm thickness attached to the back sheet, PV module with aluminum heat fins attached
to the back sheet of the PV module and PV module with phase change material 54°C melting temperature, 50
mm thickness attached to the back sheet as shown in Figure. 1. All the PV modules are monocrystalline with
specifications shown in Table. 1.

Figure 1: Outdoor Test Facility and Pilot Plant at the Outdoor Solar Test Facility of Qatar Foundation

Table 1: PV Module electrical characteristics

Characteristics
Maximum Power (Pmax) *
Short circuit current (Isc)
Open circuit voltage (Voc)
Maximum power current (𝑖𝑚𝑝𝑝 )
Maximum power voltage (𝑣𝑚𝑝𝑝 )
Temperature Coefficient (𝛽𝑟𝑒𝑓 )
Temperature Coefficient (𝛽𝑣 )
Temperature Coefficient (𝛽𝑖 )

Nominal values (Eco Line ES30M36)
30 [W]
5.84 [A]
51.8 [V]
1.78 [A]
16.8 [V]
-0.44 [%/°C]
0.36 [%/°C]
0.05 [%/°C]
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3. Outdoor Testing Results
3.1 Pre-commissioning Testing in Germany
In order to test the functionality of the pilot plant, the system was pre-commissioned and tested in Germany
before shipment to Qatar at the Fraunhofer-Institut für Fertigungstechnik und Angewandte Materialforschung
(IFAM) (Fraunhofer-Institute for Manufacturing Technology and Advanced Materials), Branch Lab Dresden,
Germany. The IFAM has developed a fibrous porous aluminum structures that has be used for enhancing heat
transfer characteristics of the PCM-Matrix absorbers used in this study.
The pre-commissioned system has been examined under Sun in Germany on some of the hot days in summer
2017. The outdoor tests in Germany confirmed the research hypothesis and actual temperature reduction of PV
modules by 10 °C even under climatic condition in Germany on one of the hot days as shown in figures 2 & 3.

Figure 2: Pre-commissioned PV system cooled with PCM Absorbers in Dresden, Germany

Figure 3: Sample of outdoor test results under Sun in Germany in June 2017
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5.1 Outdoor Experimental Test Setup
The passive thermal management test setup has been designed installed and commissioned in Qatar end of
March 2018. The measurements campaign and data collection started on 3 rd of Apr 2018 up to date. One
thermocouple is attached at the module backside, while voltage and current (V, I) for each module were
measured at MPP and accordingly the power produced was calculated. The existing DAQ system of the STF
was used for collecting and storing the measured data.
The experimental analysis showed that the PV module’s peak temperature was shaved by 10 °C with the PCM
effect compared to reference PV modules without PCM as shown in Figure 4. The experimental analysis
confirmed the results of the numerical optimization, which revealed that there is an optimum thickness for PCM
layer ~ 20-30 mm at 54 °C melting point. The analysis has revealed that cooling mechanism with heat fins alone
(without PCM) achieved a temperature shaving of 5-8 °C.
Moreover, the module peak temperature can be shaved at a constant temperature for a longer time with higher
PCM thickness of 50mm, as shown in Figure 5. The module temperature peaked at 54 °C during the noontime
and remained at a temperature almost the same as the PCM melting temperature for five hours. Although the
peak shaving effect with higher thickness of PCM is less than that of the optimum thickness of 30 mm, such
thermal behavior with higher thickness of PCM can have a positive impact on stabilized power supply that is
important for grid operation. In addition to that, three continuous days temperature profile is shown in Figure 6,
which shows the continuous transient behavior and effectiveness of the PCM matrix absorber.
Energy yield is one of the most important parameters for assessing any new scheme or technology along with
the expected lifetime for deploying that technology. In fact, those two parameters are what mostly concern the
decision makers. Therefore, the monthly energy yield for the four tested modules is shown in Figure 7, where
the PV module with 30 mm PCM attached to the back sheet shown the highest energy yield all along followed
by the PV reference module, then the PV module with aluminum heat fins and finally the PV module with 50
mm PCM attached to the back sheet. As shown in Figure 7 the trend is almost stable and the difference in the
total energy yield for each module per month due to the received irradiance only as the modules were cleaned
three times per week.
In addition to that, for better comparison the cumulative energy yield for three months is shown in Figure 8. In
fact, the PV module with 30 mm PCM attached to the back sheet shown a (2-5 %) higher energy yield compared
to the PV reference module. Furthermore, the PV heat fins configuration shown a relatively lower energy yield
compared to the reference module with 1.2% and the PV-PCM 50 mm configuration shown also a relatively
lower energy yield compared to the reference module with 3%.
However, it is worth mentioning that a numerical simulation model has been developed in parallel, and
validated against measurements under real operation conditions of PV modules in Qatar, to examine the effect
of the PCM-Matrix Absorber (PCM-MA) on solar PV systems and optimize its properties for Qatar. For the
optimized PCM-MA, which has been arrived at later after manufacturing the pilot plant, the PV module
temperature is reduced by 23 °C, the energy yield can increase by 9-11% for mono and polycrystalline PV
modules and 6-8% for thin film modules depending on the temperature coefficient of the high quality modules
available in the international market. Presentation of the numerical simulation model and results will be
elaborately discussed in a following publication.
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Figure 4: One-Day Temperature Profile 28th -Apr 2018

Figure 5: One-Day Temperature Profile 7th -May 2018
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Figure 6: Three Days Temperature Profile 26th –To 29th Apr 2018

Figure 7: Monthly Energy Yield
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Figure 8: Cumulative Energy Yield

5. Conclusion
The efforts in this research focused on the development of a passive cooling of PV modules using phase change
materials matrix absorbers for reliable operation of PV systems in deserts. The focus of this paper is on outdoor
testing and experimental analysis to examine the effect of utilization of PCM based cooling elements
incorporating cellular metallic heat conducting structures on the thermal behavior of solar PV panels.
Initially the passive cooling concept has been examined with one type of solar PV panels; Monocrystalline, with
two thicknesses of PCM Absorber; 30 mm and 50 mm, melting point of 54°C and another arrangement with
heat fins in place of the PCM layer, where both arrangements are compared with a reference PV module with no
cooling devices attached to it. The experimental campaign has been conducted at the outdoor testing facility
under weather conditions in Qatar for nine months from April to December 2018.
The experimental analysis showed that the PV module’s peak temperature was shaved by 10 °C with the PCM
effect compared to reference PV modules without PCM. The experimental analysis confirmed the results of the
numerical optimization, which revealed that there is an optimum thickness for PCM layer ~ 20-30 mm at 54 °C
melting point. The analysis has revealed that cooling mechanism with heat fins alone (without PCM) achieved a
temperature shaving of 5-8 °C.
Moreover, the module peak temperature can be shaved at a constant temperature for a longer time with higher
PCM thickness of 50mm. The module temperature peaked at 54 °C during the noontime and remained at a
temperature almost the same as the PCM melting temperature for five hours. Although the magnitude of peak
shaving effect with higher thickness of PCM is less than that of the optimum thickness of 30 mm, such thermal
behavior with higher thickness of PCM can have a positive impact on stabilized power supply that is important
for grid operation.
However, it is worth mentioning that a numerical simulation model has been developed in parallel, and
validated against measurements under real operation conditions of PV modules in Qatar, to examine the effect
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of the PCM-Matrix Absorber (PCM-MA) on solar PV systems and optimize its properties for Qatar. For the
optimized PCM-MA, which has been arrived at later after manufacturing the pilot plant, the PV module
temperature is reduced by 23 °C, the energy yield can increase by 9-11% for mono and polycrystalline PV
modules and 6-8% for thin film modules depending on the temperature coefficient of the high quality modules
available in the international market. Presentation of the numerical simulation model and results will be
elaborately discussed in a following publication.
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Summary
A 3D coupled thermal-optical model was used to simulate the solar ray-tracing, heat transfer, and fluid flow
in a water-based photovoltaic/thermal (PV/T) module. All layers of the PV/T module were simulated along
with their optical and thermal properties as well as the greenhouse effect between the glass cover and PV cells.
The Navier-Stokes and energy equations were solved in the thermal model and, simultaneously, the discrete
ordinate (DO) model using a two-band radiation model was employed for the optics. Then, the effects of
different operating conditions including the coolant mass flow rate, solar heat flux, and ambient temperature
at different number of tubes in the cooling part of the PV/T module were studied. The results showed that
increasing the number of tubes containing the water from 5 to 16, the performance of the modules improved
dramatically; however, afterward, the thermal and electrical efficiencies increase only slightly.

Keywords: Photovoltaic/thermal module (PV/T), Thermal model, Optical model, Discrete ordinate (DO)
model, Number of tubes, Greenhouse effect

1. Introduction
Solar energy is one of the most valuable renewable energies due to its eco-friendliness and availability.
Because of the depletion of fossil fuels, and global warming issues, its implementation is growing widely. By
employing photovoltaic (PV) modules, the solar irradiance is converted to electrical power, but most of the
received solar irradiance is turned into thermal energy which is wasted. Photovoltaic/thermal (PV/T)
technology—the combination of photovoltaic modules and solar collectors—has been proposed to
simultaneously convert solar energy to thermal and electrical energies. This method also improves the
electrical efficiency of the PV module by reducing the solar cell temperature. Many researchers have attempted
to numerically investigate the effects of various geometric parameters, operating conditions, and material
properties on the efficiency of these solar systems. Almost all models have focused on the thermal modeling
or optical modeling of PV module separately, using one-dimensional (1D) models. For instance, Yazdanifard
et al. (2017) applied a 1D heat balance model using a thermal-resistance approach. This is a cost-effective and
quick method to evaluate PV/T systems (Spertino et al., 2016). To achieve more accuracy and details in
modeling such as the temperature distribution in the module, some researchers have investigated the PV/T
performance by employing a 2D (Maadi et al., 2017; Wu et al., 2019) and 3D simulation (Hosseinzadeh et al.,
2018).
Based on the authors’ knowledge, most of the studies on PV/T systems have simply modeled optical losses
by considering wavelength-independent-optical properties for the glass cover and PV cells. However, the glass
cover and PV cells have different optical functions at different solar wavelengths, whereby the short
wavelengths pass through the glass and long wavelengths are trapped between the glass and PV cells. This is
called the ‘greenhouse effect’. For the simulation of PV/T systems, particularly glazed systems, it is necessary
to consider the wavelength dependent properties and thermal modeling simultaneously. Therefore, this study
aims to numerically investigate the performance of a water-based PV/T module considering all module layers
and wavelength-dependent optical properties for the glass cover and PV cells. For this purpose, the discrete
ordinates (DO) radiation model, using a two-band radiation model, is used. In addition, a solar ray tracing
algorithm is used to calculate the absorbed energy in the solid layers which is coupled as a source term in the
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energy equation. The proposed model is employed to parametrically scrutinize the effects of the various coolant
flow rates, solar heat fluxes, and ambient temperatures along with varying number of tubes on the electrical
and thermal efficiencies as well as the proportion of thermal-optical losses to total received energy.
The rest of this paper is arranged as follows. The numerical model is discussed next, followed by the
results and their discussion. The final Section summarizes the conclusions and gives recommendations for
future studies.

2. Numerical modeling
The simulated layers in PV/T module are shown in Fig. 1(a). The layers are: the poly-crystalline silicon cells
(pc-Si) encapsulated by two transparent layers above them, an Ethylene-vinyl acetate (EVA) and anti reflective
coating (ARC), and two layers of EVA and Tedlar polyvinyl fluoride (Tedlar) underneath. The operating
conditions for the base case are: water inlet temperature (TW,in) and coolant (water) flow rate (𝑚𝑚̇) of 311 K and
0.044 kg/s, respectively, wind velocity of 1 m/s, ambient temperature of 303.15 K, solar irradiance of 700
W/m2 (Gsun), and pump efficiency of 80% (ηpump). Other geometrical specifications, thermo-physical and
optical properties along with operating conditions can be found in Maadi et al. (2019).
Thermal modeling. The laminar convective heat transfer of air inside the air gap, and water flowing through
the tubes, are governed by the continuity, Navier-Stokes, and energy equations. However, the energy equation
for the solid components of the PV/T is:
𝑘𝑘𝑠𝑠 ∇2 (𝑇𝑇𝑠𝑠 ) + 𝛾𝛾𝐸𝐸̇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝑆𝑆ℎ = 0

(1)

In Eq. (1), 𝛾𝛾 = 1 for the PV cells (i.e., pc-Si layer) and zero otherwise. The subscript s indicates the solid layers.
𝐸𝐸̇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 is the electrical power as discussed by Yazdanifard et al. (2017). Moreover, 𝑆𝑆ℎ is a heat source, which
represents the amount of solar irradiance absorbed by each solid layer. To determine 𝑆𝑆ℎ , the Radiative Transfer
Equation (RTE) must be solved coupled with the other conservation equations of mass, momentum, and
energy.

Fig. 1: (a) Schematic of the PV/T module, heat conduction tubes, and simulated layers; (b) Computational mesh with the water
flow highlighted in blue.

Optical Modeling. For solving the RTE, the DO radiation model is employed. The RTE for the spectral
intensity 𝐼𝐼λ (𝑟𝑟⃗, 𝑠𝑠⃗) at position 𝑟𝑟⃗ in the direction 𝑠𝑠⃗ is written as:
�⃗. (𝐼𝐼λ (𝑟𝑟⃗, 𝑠𝑠⃗)𝑠𝑠⃗) + (𝜎𝜎λ + 𝜎𝜎𝑠𝑠 )𝐼𝐼λ (𝑟𝑟⃗, 𝑠𝑠⃗) = 𝜎𝜎λ 𝑛𝑛2 𝐼𝐼bλ +
∇

4𝜋𝜋

𝜎𝜎𝑠𝑠
� 𝐼𝐼λ (𝑟𝑟⃗, 𝑠𝑠⃗)Φ(𝑠𝑠⃗. 𝑠𝑠⃗′ )𝑑𝑑𝛺𝛺′
4𝜋𝜋

(2)

0
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where ��⃗
𝑠𝑠′ and 𝜎𝜎𝑠𝑠 are scattering direction vector and scattering coefficient, respectively. 𝜎𝜎λ , n, Φ, and 𝛺𝛺′ denote
spectral absorption coefficient, refractive index, phase function, and solid angle, respectively. 𝐼𝐼bλ is also the
blackbody intensity given by the Planck function. The non-gray model was applied by dividing the radiation
spectrum into two wavelength bands (i.e. two-band model) as 0–4.25 𝜇𝜇m and greater than 4.25 𝜇𝜇m for a typical
glass (Moghimi et al., 2015) with absorption coefficients of 26 m-1 and 1100 m-1, respectively.
The boundary conditions of the tubes are mass flow inlet and zero gradients at the outlet. The boundary
of the exterior surface of the glass were simulated by standard convection and radiation boundary conditions.
ANSYS-Fluent 18.1 was used to solve the governing equations using the SIMPLE scheme, second order
upwind discretization, and the PRESTO scheme for pressure. The sun’s rays that enter the computational
domain were modeled by the ray tracing algorithm. The mesh is shown in Fig.1(b). More details about the
governing equations, assumptions, and numerical procedure are given in Maadi et al. (2019).
Performance of PV/T module. To evaluate the performance of the PV/T module, the thermal efficiency
(𝜂𝜂𝑡𝑡ℎ ), electrical efficiency (𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 ), and overall efficiency (𝜂𝜂𝑜𝑜𝑜𝑜 ) are defined as (Yazdanifard et al., 2016):
𝑚𝑚̇𝐶𝐶𝑝𝑝,𝑤𝑤 �𝑇𝑇𝑊𝑊,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑊𝑊,𝑖𝑖𝑖𝑖 �
𝐴𝐴𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
=
𝐴𝐴𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠

𝜂𝜂𝑡𝑡ℎ =

(3)

𝜂𝜂𝑜𝑜𝑜𝑜 = 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 + 𝜂𝜂𝑡𝑡ℎ

(5)

𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(4)

where, 𝑇𝑇𝑊𝑊,𝑜𝑜𝑜𝑜𝑜𝑜 , 𝑇𝑇𝑊𝑊,𝑖𝑖𝑖𝑖 , 𝐶𝐶𝑝𝑝,𝑤𝑤 , and A are the outlet and inlet water temperature flowing through the tubes, heat
capacity of water, and module area. Eelec and Ppump are calculated as follows:
𝑁𝑁𝑚𝑚̇𝛥𝛥𝑝𝑝
(6)
𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =
𝜌𝜌𝑤𝑤 𝜂𝜂𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
(7)
𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜏𝜏𝑔𝑔 𝛼𝛼�𝑝𝑝𝑝𝑝 𝐴𝐴𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 (1-𝛽𝛽𝑟𝑟𝑟𝑟𝑟𝑟 (𝑇𝑇𝑝𝑝𝑝𝑝 − 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 )) 𝑃𝑃𝑎𝑎

In order, 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 , 𝛽𝛽𝑟𝑟𝑟𝑟𝑟𝑟 , 𝑇𝑇ref , N and Δp are reference values for cell efficiency, temperature coefficient,
temperature, the number of the tubes, and the pressure loss in one tube, respectively. τg and 𝛼𝛼�𝑝𝑝𝑝𝑝 are
transmittance of the glass and effective absorptance of the PV cells.

3. Results and Discussion
To examine the accuracy of the proposed thermal-optical model, the thermal (𝜂𝜂𝑡𝑡ℎ ) and electrical (𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 )
efficiencies predicted by this model were compared to the experimental data of Bhattarai et al. (2012) for a
similar PV/T module at different solar irradiances. Table 1 shows a reasonable agreement between the
numerical results and measured data.
The validated model can now be used to study the effects of different geometrical, operational,
environmental and material factors on the performance of PV/T module. In the present study, the results on
the effects of the mass flow rate, solar heat flux, and ambient temperature as well as the number of tubes are
presented and discussed.

Table 1: Validation study of efficiencies from present numerical study and available experimental study (Bhattarai et al., 2012).
�𝑻𝑻𝒘𝒘,𝒊𝒊𝒊𝒊 − 𝑻𝑻𝒂𝒂𝒂𝒂𝒂𝒂 �
𝜼𝜼𝒕𝒕𝒕𝒕,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆
𝜼𝜼𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆
𝜼𝜼𝒕𝒕𝒕𝒕,𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓𝒓
𝜼𝜼𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆,𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏𝒏
𝑮𝑮𝑺𝑺𝑺𝑺𝑺𝑺
(%)
(%)
(%)
(%)
(𝒎𝒎𝟐𝟐 𝑲𝑲⁄𝑾𝑾)
0.01

53.68

51.3

12.73

13.2

0.02

48.28

46

12.36

12.7

0.03

41.38

40

11.99

12.3

The optical modeling of the glass cover in the glazed PV/T modules is a challenge due to the changing
behaviors of its optical properties as the wavelength of the solar radiation changes (as previously stated in
section 2). On the other hand, capturing the greenhouse effect, i.e., trapping the long wavelengths of the
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radiation through the air gap between the glass and PV layers, and modeling the reflection of each part could
play an important role in the performance of a PV/T module and are included in our model. Fig. 2 demonstrates
the ray tracing of the incident radiation. Due to the greenhouse effect, a part of the incident radiation is trapped
between the PV module and glass cover, and leads to a temperature rise in the PV module. Therefore,
considering the greenhouse effect in the simulation decreases the optical losses (shown in Fig. 2), which in
turn can increase the thermal efficiency of the module. For instance, at solar irradiance of 300 W/m2, applying
the greenhouse effect results in the thermal efficiency increasing by 12% compared to the case without this
effect (Maadi et al., 2019).

Optical Losses
Incident radiation

Semi-transparent glass

Air gap

PV layers
Absorber plate
Bonding

Tube wall thickness

Tube

Reflection (Long + short wavelength light )
Long wavelength light
Short wavelength light
Absorption
Fig. 2: A schematic of the incident radiation interaction and trapped wavelength between encapsulated PV layers and glass cover
(greenhouse effect). Figure taken from Maadi et al. (2019).

3.1 Coolant flow study
Fig. 3(a-c) illustrate the variations in the electrical efficiency, thermal efficiency, and ratio of energy loss over
total received energy in terms of water mass flow rates (in laminar flow) and different number of tubes, N,
respectively. It should be mentioned that the calculated energy loss contains both thermal and optical losses
including convection to the ambient, thermal radiation to the sky, the reflectance of solar irradiance from the
glass surface to the ambient, and the escape of some reflected light from the PV cells through the glass to the
ambient. Considering Fig. 3(a), for a given total water mass flow rate in the tubes, increasing N leads to an
increase in electrical efficiency of the PV/T module due to a reduction in the average temperature. An electrical
efficiency improvement is also experienced when the water flow rate increases. Increasing the water flow rate
increases the heat transfer coefficient inside the tube, which in turn increases the heat transfer rate from the
solid layers to the coolant, reducing the PV plate temperature and improving the electrical efficiency. Similarly,
the thermal efficiency of the PV/T module increases with N and the water flow rate (see Fig. 3(b)). The results
also indicate that the improvement in the performance of the PV/T module is more considerable when N
increases to 16, but a further increase has no significant effect. Therefore, N = 16 is likely to be an optimum
value, when economical and technical issues are taken into account. In Fig. 3(c), the ratio of energy loss over
the total received energy is observed, where increasing N and flow rate reduce the energy loss as higher
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amounts of absorbed energy are transferred to the water.

0.024 kg/s

0.044 kg/s

80

0.064 kg/s

70

11

Thermal Efficiency (%)

Electerical Efficiency (%)

11.1

10.9
10.8
10.7
10.6
10.5
10.4

60
50
40
30
20
10
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Number of tubes

0
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5
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(a)

16
20
Number of tubes

25

(b)
35

Eloss/Ein (%)

30
25
20
15
10
5
0
5

10

16

20

25

Number of tubes
(c)
Fig. 3: Effects of water mass flow rate at different number of tubes on the (a) electrical efficiency, (b) thermal efficiency, and (c)
ratio of energy loss over total received energy (At solar heat flux of 700 W/m2 K and ambient temperature of 303.15 K).

3.2 Solar heat flux study
Fig. 4 shows the simultaneous effects of solar heat flux and number of tubes on (a) the electrical efficiency,
(b) thermal efficiency, and (c) ratio of energy loss over total received energy. As expected, by increasing the
solar heat flux, the cell temperature increases. As a result, the thermal and electrical efficiencies of the module
increase and decrease, respectively. However, these variations are more pronounced when the solar heat flux
increases from 300 to 700 W/m2. According to Fig. 4(b) and considering a constant solar heat flux (e.g. 1100
W/m2), the thermal efficiency initially experiences a dramatic rise by increasing N from 5 to 16 which is
followed by a level off (reaching nearly 73% at 25 tubes). Although by increasing the solar heat flux the energy
loss increases, the results show that the proportion of energy loss to total received energy decreases (see Fig.
4(c)).
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Fig. 4: Effects of solar heat flux at different number of tubes on the (a) electrical efficiency, (b) thermal efficiency, and (c)
ratio of energy loss over total received energy (At total mass flow rate of 0.044 kg/s and ambient temperature of 303.15 K).

3.3 Ambient temperature study
A comprehensive investigation was conducted on the effects of ambient temperature along with N on the
performance of the PV/T module as shown in Fig. 5(a-c). According to the results for N = 5, 10, 16, 20 and
25, increasing the ambient temperature from 293.15 to 313.15 K leads to an increase in the PV temperature
by 2.51, 2.07, 1.56, 1.38 and 1.25 K, respectively. Therefore, at a constant N, increasing the ambient
temperature reduces the electrical efficiency, which is more pronounced at lower N (see Fig. 5(a)).
As depicted in Fig. 5(b), higher ambient temperature results in a higher thermal efficiency. For
example, increasing the ambient temperature from 293.15 to 313.15 K increases the thermal efficiency by
13.14%, 14.42%, 14.72%, 14.75% and 14.68%, for N = 5,10,16, 20 and 25, respectively. Clearly, it can be
seen that increasing N above 16 does not have a significant effect on the thermal efficiency. Based on the
results, there is a direct correlation between the ambient temperature and thermal efficiency, whereas there is
an indirect correlation between the ambient temperature and electrical efficiency. Due to these opposite
behaviors, the overall efficiency should be taken into account in evaluating the performance of the system at
varying ambient temperature. Fig. 6 indicates that higher ambient temperature increases the overall efficiency
of the module, which similar to the results in previous sections. Increasing N to 16 shows a significant increase
but for larger N, the efficiency is nearly constant.
As demonstrated in fig. 5(c), by increasing the ambient temperature, the ratio of the lost energy to the
input energy decreases. For instance, at N = 16, changing the ambient temperature from 293.15 to 303.15 K
and then to 313.15 K results in a significant reduction in overall heat loss to the environment and sky by
76.36% and 52.08%, respectively. Furthermore, this reduction is more pronounced at N = 16, which is
consistent with Fig. 6.
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Fig. 5: The effects of ambient temperature at different number of tubes on the (a) electrical efficiency, (b) thermal efficiency, and (c)
ratio of energy loss over total received energy (At a constant total mass flow rate of 0.044 kg/s and solar heat flux of 700 W/m2).
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Fig. 6: Overall efficiency of the PV/T system in various ambient temperature and number of tubes (At a constant total mass
flow rate of 0.044 kg/s and solar heat flux of 700 W/m2).

4. Conclusion and recommendation for future studies
The performance of a PV/T module is examined using a detailed computational model which was validated
against some recent experimental studies. The 3D coupled thermal-optical model directly determines the heat
transfer in the coolant (water) flowing in the tubes on the back of the PV module and accounts for the effects
of the greenhouse effect inside the air gap within the PV module. The effects of different operating conditions
including the solar heat flux, ambient temperature, and mass flow rate of the coolant fluid at the different
number of tubes in the cooling part of the PV/T module were investigated. Key findings of this numerical
study are summarized as follows:
•
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the thermal and electrical efficiencies of the module. Increasing the number of tubes above16, the
module performance increases only slightly.
•

The thermal and optical losses decrease by increasing the mass flow rate, which in turn improves the
performance of the module.

•

Increasing the solar heat flux and ambient temperature results in a temperature rise in the PV module.
As a result, the electrical efficiency decreases and the thermal efficiency increases. Using a suitable
number of tubes can improve both efficiencies.

According to the proposed model used in this study and the results, the following can be suggested as a subject
of future studies:
•

Investigate the influence of modeling greenhouse effect by scrutinizing different design parameters
and optical properties like the solar angle and the effects of using two or three glass covers,

•

Study novel PV materials to ascertain their thermal behavior and overall efficiency.
Investigate different tube geometries to optimize heat transfer.

•
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Abstract
During 2017 and 2018, performance-ratio (PR) of the 60 kWp photovoltaic-system (PVS) was evaluated at the north
location of Mexico City. The solar irradiation was detected using the thermopile-pyranometer installed in a plane of
array (POA) of PV panels. The average daily generated energy for 2017 was 261.65 kWh/day, with a PR of 80.1%,
while in 2018, the generated energy was 254.79 kWh/day with a PR of 76.6%. The day-time average PV module
temperature during 2017 was 34.8 ºC and 35.6 ºC for 2018. In addition, and during February 2017, the PVS

resulted with a poor PR due to the soiled PV-array, but starting March, due to an abundant rain-fall, the
array was cleaned. Then, the cleaned array showed an about 26% increment in energy generation.
Keywords: — PV system performance, solar irradiation measurement, pyranometer, ambient temperature and wind
dependency.

1. Introduction
Solar photovoltaic systems (PVS) have achieved as one of the cheapest and environmental-friendly alternativeenergy sources in several countries. The PVS is silent, safe and reliable with a low-maintenance cost without any onsite pollutant emissions. The use of utility grid-tied PVS are increasing rapidly in the world and the estimated global
PV market grew to over 80 GW annually. The global renewable energy introduction in 2040 as a "new policy
scenario", the total volume forecast is 6,504 GW including 2,540 GW of solar PV power (RTS Japan, 2018). Up to
2010, the 85% of the installed PV capacities in Mexico were off-grid and since them, the number of grid-tied
systems have grown fastest after the grid-connection was allowed in 2007.
The Mexican energy reform-implementation is expected to have a strong impact for the development of the PV
market (CREARA, 2015). The International Energy Agency (IEA) cited the country’s energy-reform as a major
factor in the significant projected increase in renewables capacity. In doing so, it would open Mexico’s energy sector
to new players investment and new technology. Mexico is set to hit between 30-40 GW of solar PV installations by
2040 under various scenarios projected by the IEA (Kenning, Tom, 2016). At the third long-term power auction in
Mexico, which was held in November 2017, PV-solar achieved a world record average price of US$20.57 per MWh,
and around 6 GW of solar power was contracted. The general director of the National Center for Energy Control
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Fig. 1. The upper figure shows a section of PV module array and the annemometer installed in CINVESTAV, Mexico City. The lower
pictures shows; the thermopile-pyranometer MS-602 arrenged at POA (lefft) and right, the horizontal pyronometer.

(CENACE) said it is estimated an additional 13 GW of generation and 38 TWh of clean energy will be connected
to the Mexican grid by 2021 (Bellini Emiliano, 2018).
The present study evaluates the generated electricity from a 60kw PV system in terms of performance-ratio, taking
in account Mexico City´s weather conditions. The PR was evaluated based upon thermopile-pyranometer to monitor
solar irradiance, which was installed in a plane of array (POA) as Fig. 1. We analyze and discuss the average daily
generated energy, the PV module temperature during the period of two years for the PR-measurements. In the
present job, also the PV system performance ratio (PR) was compared from previous and after rain fall on a soiled
PV-module array.

2. System Description
The 60 kWp PVS which consists of 240 single-crystalline silicon PV modules of 250 Wp each. The detailed
description of PVS can be found elsewhere (Urbano, J. A., et al. 2014). The PV module-arrays were installed in the
Institution´s building on the fifth-floor roof and fixed on aluminum framed structures oriented 30° East-faced from
the geographical South. The system is located at 19° 30' 38'' N, 99° 07' 50'' W, and the module arrays were installed
at the latitude angle of 20°, the plane of array (POA). The PV module arrays are subdivided (the electricconnections) into five sections and is connected to the corresponding 5-inverters; Fronius model IG-Plus-V 11.4-3
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DELTA. The solar irradiance was measured using second-class thermopile-pyranometer EKO MS-602, and Kipp &
Zonen CMP-3 installed in the same PV-module POA. Also, in a site, a thermopile-pyranometer Yankee
Environmental Systems; Model TSP-1, was installed to monitor the global horizontal solar irradiance as Fig. 1 (right
lower-side). The horizontal irradiance were measured only to compare respecto to the pyranometers in POA.

3. Monitoring Performance and losses
Data monitoring is one of the important requirements for diverse PVS. Without an accurate data monitoring, the
PVS performances cannot reliably be compared to the generated energy. An effective data monitoring not only helps
to identify system performance, but it also helps to resolve possible troubles (Southern Energy, 2018). The Fronius
inverter system integrates all the monitored data every 5 minutes and logged it, and the solar irradiance by the
pyranometers were monitored using Campbell CR300 data logger every minute.
Three of the IEC standard 61724 performance parameters have used to define the overall system performance with
respect to the energy production, the solar resource and overall effect of system losses (Marion, B. et.al. 2005).
The performance ratio (PR) or so-called “quality factor”, is the ratio between actual yield (i.e. annual production of
electricity delivered at AC) and the ideal yield:
Re al  Yield ( AC )
PR =
Ideal  Yield ( DC )
In the present job, the measurements were done form January 1, 2017 to December 31, 2018, during 24
consecutive months. Under normal PV system operating conditions, the measured data contains deviations caused by
malfunctions such as string connection defects, shadings, soiling and module or inverter malfunctions that influence
the measured performance of a PV system. Sometimes it is intuitive to think in terms of energy losses that occur at
every step of the way, rather than component efficiencies. Both concepts are related as: Losses = 1 – Efficiency

4. System General Performance
Figure 2 shows the monitored PV system for both, 2017 and 2018, and the detected daily/month averaged solar
irradiance in the POA through thermopile-pyranometer MS-602 in 2017 and CMP-3 in 2018.
The average daily solar irradiance was 328.29kWh or 5.47 peak-hour for 2017, and 333.45kW or 5.56 peak-hour
for 2018. Despite greater averaged peak-hour detected in the year 2018, the generated electric energy was less than a
2017. This is basically due to the Performance Ratio PR, where in 2017 was 80.1%, but in 2018 it was only 76.6%.
Figure 3 shows the day-time monitored monthly-averaged PV module temperature, ambient temperature and the
wind velocity for 2017 and 2018. These average values were extracted from day-time, i.e. from Sun rise to Sun set
time.

Fig. 2. Measured solar irradiance at the POA by thermopile-pyranometer, the daily averaged PV generated energy and the
performance ratio for 2017 (upper) and 2018 (lower).
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Fig. 3. A day-time monitored, monthly-averaged PV module temperature, ambient temperature and wind velocity for 2017 (upper) and
2018 (lower).

The averaged PV module temperature in 2017 was 34.8 ºC, while in 2018 was 35.6 ºC. This small temperature
difference could have influenced, which caused the less PR during 2018.

5. Performance Diagnosis
The monitored PR differences for 2017 and 2018 was suspected to be due to the PV-module temperatures. The
detected maximum average temperature for the hottest months was May 2017 and March for 2018, with 38 ºC and
41ºC, respectively. The PV-array worked at the temperatures greater than 35ºC during 5 months in 2017, while in
2018, it operated for 7 months. The highest PV-panel temperature operation was in May 2017, achieving
temperatures from 50 to 64°C, and 45 to 63°C during June. But in 2018, the maximum temperature was in March
which varied from 58 to 68°C while in April 2018, 56 to 74°C. It means, the highest temperature was both in 2018.
In the other hand, after starting 2017 and during two-months, the PV array got dirty due to the natural soiling.
However, at the night time of March 3rd, it was rained intensively, and all the PV array was cleaned up substantially.
The sudden PR increment due to the elimination of the soil, was from 65.97% to 82.13%. Fig. 4 shows the soiled
PV-array from the different view-angles and specifically close-up to the PV-module, previous and after the rain.
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Fig. 4. Aspects of dust accumulation on the PV array; before (lower-left) and after (lower-right) rain fall. Both, the upper image shows
the part of soiled PV-module array wich is fixed at the angle of 20° from the horizontal-plane. In a lower-left also shows the soiled
module with one of the cleaned solar cells to distinguish the accumulated soil.
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These differences were calculated based upon the average data for three days previous and three days after the rain.
It means, almost within the same week-based environmental conditions as temperatures, wind velocities. From the
experimental values, the soiling effect reduced about 20 % of the energy which should have to be generated.
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Fig. 5. Daily-measured PV generated energy and solar irradiation at the POA from March 1st to 6th, 2017. At the night-time of March
3rd, the rain fallen, which washed up taking away the accumulated dust on the PV-array.
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6. Discussion
From the above calculated 60 kWp PVS performance ratio during 24 consecutive months, the PR differences of
80.1% (2017) and 76.6% (2018), might be influenced due to the average PV module temperature differences of 34.8
ºC and 35.6 ºC for 2017 and 2018, respectively. The temperature coefficient TC of the single-crystalline silicon solar
cells influences for the energy conversion. The indicated specification, the PV-module TC is about 0.47 % of power
reduction for every one degree-Celsius (1°C) of temperature increment.
For the PV system monitored during 2017, and for the initial months of this year, the PV-array was got dirty
(January to February) due to the natural atmospheric soiling. Fig. 5 shows a daily energy production in kW-h for six
consecutive days starting in March 1st. Also, it is shown the corresponding solar irradiance and the calculated PR.
As can see, the PR increases suddenly since March 4th, which was resulted from the naturally-cleaned PV-array by
the rain fall at night-time of March 3rd. The calculated average-PR during the three-days prior to rain fall, was 65.88
%, while the 3-days average-PR after the rain was 83.02%. It is confident that the six initial days on March, no
apparent change for the natural ambient conditions were observed. i.e. no connoted differences in PV-module
temperatures and or differences in an average wind velocity. Another observation is that the solar irradiance during
the three initial days are almost the same. Even though, the irradiance from 4th-day was reduced and up to 6th day,
but the generated energy was maintained at almost the same magnitude during these last three-days. So, it was
apparent the soiling effect previous and after to rain-fall. The dust or the soiling effect on PV-array, can provoke a
great energy-loss as occurred in the present experimental evaluation.

7. Conclusions
It was evaluated the performance ratio of a grid-connected 60 kWp photovoltaic system at the north Mexico City
during 2017 and 2018. The daily produced energy was analyzed and interpreted together with the incident solar
irradiation which was measured by standard thermopile-pyranometer. The obtained performance ratio was 80.1%
and 76.6% for 2017 and 2018, respectively. The corresponding daily average generated energy was 261.65
kWh/day and 254.79 kWh/day for the corresponding years, respectively. One of the most possible PR differences
amongst the years was the PV-module operating temperature. It means that the direct incidence of solar irradiance on
PV modules, it increases the temperature above 60 °C achieving up to 74°C as in April 2018, causing lower PR. In
addition, the soiling on PV module causes great PR reduction of about 20% from the expected energy generation.
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Abstract

The electroluminescence (EL) test permits to obtain an image with active and inactive areas of photovoltaic (PV)
solar cells. The occurrence of inactive areas is mainly caused by mechanical impact in PV module along its live
steps; those areas cause efficiency and energy losses. This work presents the EL lab implementation with low-cost
equipment such as a digital camera Sony cyber-shot DSC-WX9. The procedure to adapt the camera to get images
of wave length near of PV cells emission is described in details. A low-power voltage sources suitable configured
to inject short current (Isc) values of PV modules was used. It was observed that, with this apparatus, the EL lab
was properly implemented; it permitted to obtain pictures of EL PV cells emission with different PV module
defects. A test with the relation ISO configurations vs percentage of Isc injected was performed. The ISO 800
configuration of camera permits visually to detect inactive areas of cells in PV modules with values of injected
electrical current less than 50 % of Isc. This fact results in an even higher cost reduction with equipment.
Keywords: photovoltaic modules, electroluminescence test, microcrack solar cell.

1. Introduction
It´s observed that with the installation of thousands of PV modules there´s an initial necessity of skill work force
formation for the equipment installation step. On other stage, it´s noted that another type of skill is necessary to
maintain and operate those power plants using different techniques of problem analysis with a suitable cost.
According to Mchedlidze et al. (2016), the PV modules performance degradation process is one of the things that
concerns the most the community which uses these systems. The main degradation processes are fairly known:
light induced degradation (LID), Potential Induced Degradation (PID), degradation related to impurities and
structural defects in PV cells and in other parts of PV module, for instance, snail trails, anti-reflection coat
degradation, glass transmittance and Ethylene Vinyl Acetate (EVA) degradation. These processes are expected by
manufacturers that afford contractual warranties of performance for 25 years. Most manufacturers promise a mean
performance degradation rate of 0.5% per year. This degradation rate is also used in long term PV power plant
simulation for feasibility analysis and it´s the maintenance staff job to monitor if the degradation level is upper or
lower than those indicated by manufacturer.
This scenario can be changed when it´s considered the human handling during almost all PV module life steps.
Mechanical actions could happen with PV modules during transportation, storage, unpacking, installation and
maintenance. Falling, shocks and mechanical efforts beyond the limits can produce micro cracks on solar cells
(Figure 1b), because the PV cells have a very thin thickness, in order of 0.18 µm. Although the PV cells are
encapsulated in PV module, they are sensitive to shocks (Jahn et al., 2018). In those cases, only a EL test could
point out the cracks, as presented in figures 1a and 1b. During all PV module life steps, the arise of micro cracks
could result in the warranty activation of different services (conveyor, installer or maintenance).
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Fig. 1: a) PV solar cell visually without problems. b) EL emission image os the same PV cell with a cracked area.

Typical high-cost commercial solutions for EL images obtainment includes high performance cameras with voltage
sources that inject the Isc current in the PV module which are impracticable for tests on small or medium PV
power plants. It´s described, in this work, the EL low-cost lab implantation that uses a common digital camera
(adapted for this purpose) and stand power sources. It´s also reported the adaptation steps which made possible the
obtainment of EL images by the digital camera previously mentioned. It was performed an evaluation of the
electrical current value injected needed in the PV module versus the camera configuration, to get good quality
images with less electrical current, lower than Isc, that reduces the sources capacity needed for EL tests.

2. EL lab description
EL was the technique used to generate the images of figure 1. According to Abella (2016), it consists in the same
principle of Light Emissive Diode (LED). It´s injected an electrical current in the PV Cell or module, based on
carrier radiative recombination; light is emitted with a spectral distribution as shown in figure 2.

Fig. 2: Emission spectral from a range of crystalline silicon solar cell and the quantum. Adapted from Jahn et al. (2018).

The emission peak occurs with a wavelength distinct of visible light (400 – 700 nm). Special cameras are used with
detectors that cover the spectral range (900 – 1300 nm) (electromagnetic spectra infrared range) indicated in figure
2 (Frazão, 2016). An example is the Canon EOS M3 - PV vision EL that has a spectral range around 1100 nm.
Photos like the one shown in figure 1b are taken with this kind of equipment, but they're expensive; close to US$
6,100 (Bedin et al., 2018).
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Fig. 3: Camera Cyber-Shot DSC-WX9

The digital camera cyber-shot DSC-WX9 (Figure 3) was used in this work. Its resolution is 16.2 megapixels, with a
CMOS image sensor, f2.6 of maximum diafrag aperture and the maximum speed of obturator 1/1600s. The DSCWX9 has a Carl Zeiss Vario-Tessar lens with optical zoom of 5x. The sensibility of its image sensor (ISO) ranges
from 100 to 3200.
The camera adaptation process consists on remove the infrared block filter from its image sensor to allow the cell
emission reach the CMOS sensor thereby to permit the EL tests. The procedure for its adaptation should be
executed very carefully to avoid damages to the camera.

Fig. 4: Open camera showing the housing, the shield, the undocked display and the optical globe still mounted.

Initially, it was used a philips precision screwdriver (PH00-2mm) to remove the external screws permitting to
withdraw the housing, that its divided in three parts (back, front and top) to access its internal parts (figure 4). After
that, the user interface (little board with buttons) and the LCD screen (display) are shifted. Then, the shield and the
screws that fix the optical sensor behind the Cyber-Shot optical set can be removed. The last step is unstick the
block filter that is under the image sensor with a precision screwdriver of 1 mm (figure 5).
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Fig. 5: Optical globe dosked with the filter removed (blue part).

The figure 5 presents the optical filter (in blue) and the sensor without it (red arrow). After ending the procedure
described, all parts of DSC-WX9 must be assembled; after that, the camera will be able to take EL photos of PV
modules.
According to Petraglia and Nardone (2011), the EL test must be done injecting electrical current in the PV module
positive terminal. It was used the voltage sources Minipa model MPL-3303M (two independent sources of 32 V
and 3 A) (figure 6a); this equipment could be configured in maximum as one source of 64 V and 3 A. The PV
modules tested were a 50 Wp (Isc = 3.04 A and Voc = 21.56 V) and a 255 Wp (Isc = 9.01 A and Voc = 37.7 V).
Four voltage sources were connected to supply suitable values of voltage and current. For instance, the test of 50
Wp module used only one source (figure 6c) and for the 255 Wp test, four power sources were connected in
parallel (figure 6b).

Fig. 6: a) Four power sources configured in serial mode and connected in parallel, b) Electrical circuit relative to this configuration, c)
Electrical circuit with one power source configured in independent mode.

821

M.H. Oliveira Pedrosa Filho et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

3. Results
As initial assignment of EL lab implantation, EL images were taken of various PV modules installed inside and
outside the lab. Some defects were detected such as broken solar cell, impure materials, etc (figure 7) and will be
described in this chapter.

Fig. 7: a) PV cell with front contact interruption, b) impurities and c) module with broken PV cells.

All images in figure 7 were treated with a image processing software. The figure 7a shows monocristaline PV cells
submitted to a 2.8 A (approximately 50% of Isc) that presents defects known as front contact interruptions. It
occours generally during the manufacturing cell process or cell assembly in module. Depending on the position and
the interruption deepth, the result of this defect in the PV module output power can vary a lot (Zettl et al., 2012).
The EL images of some policristaline silicon PV modules presented imperfections with dark areas with granular
aspect as shown in figure 7b The degradation process may be related to several factors including: fluctuations
related to dopant concentration, thickness of cell material and the material quality itself. It is called silicon crystals
heterogeneities; this type of defect can lead the PV cell to a less efficiency performance (Zettl et al., 2012).
Cracks and disruptions of semiconductor materials are responsible for the majority of energy loss cases in
crystalline silicon PV cells. The fissures generally propagate parallel to the module contact fingers. In some cases,
they can disseminate perpendicular to the contact fingers, causing damage to them (Zettl et al., 2012). The figure
7c, that is a module tested with 9 A (Isc), shows the typical appearance of a module with broken cells, in this case,
caused by a fall from a rooftop during its installation.
It was observed, after some tests, that the camera configuration could be changed, because some of the images
were overshadowed. It was performed a test with a PV module with micro cracks comparing all configurations and
the values of injected current. The figure 8 presents the results of four configuration possibilities and the fraction of
Isc current injected. The pictures in the figure 8 were not treated at all.
The Cyber-Shot DSC-WX9 has three modes of configuration: night mode, ISO mode (automatic) and auto
programmed (ISO manually chosen, only ISO 800 and ISO 3200 were used). These four modes of test are
compared against the fraction of Isc and the results are shown in figure 8.
In night mode configuration, it´s observed that with any value of injected electrical current, the visual detection of
defects is difficult. In ISO mode (automatic), only with 100% of short circuit current is possible to visualize all
defects, with 75% of Isc is likely to identify some defect, although with impaired focus.
In the auto programmed mode (ISO 800), the pictures are more sharp, even with 50% of Isc, and the defects can be
identified easily. In the auto programmed mode (ISO 3200), it´s observed that with 100% of Isc, the image is
saturated, covering up the module defects. In this configuration and with 25% of Isc, it is possible to identify
defects in better quality than the ISO mode (automatic) with 100% of Isc.
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Fig. 8: Comparative of four camera configurations and four values of Isc fraction of injected current.
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4. Conclusions
It was demonstrated with this work that it is possible to use common stand power source and a low cost digital
camera (DSC-WX9) to realize EL tests. In order to achieve that, some adaptations and conexions must be made, as
described. Using these equipments and after some tests, it was concluded that, depending on the camera
configuration chosen, it is possible to define an adequate relation between exposition (ISO) and a fraction of Isc
injected in the PV module that allows to visualize and identify PV modules defects. Using, then, a low capacity
current source than the nominal module Isc, reduce significantly the tests costs of this technique implementation in
lab as well as in field.
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Summary
This work reports a methodology for quantifying soiling loss in photovoltaic (PV) modules. We use
measurements from c-Si and thin-film CdTe soiling stations installed in Belo Horizonte (19.92° S, 43.99° W),
Porto Alegre (30.05° S, 51.17° W), and Brotas de Macaúbas (12.0011° S, 42.6303° W) in Brazil to example
and validate this analytical approach. The measured PV module electrical parameters are compared with
precipitation data collected in the same location, with the objective of evaluating the behavior of the soiling
ratio during the dry periods. Mathematical models determined the soiling ratio (SRatio) and soiling rate (SRate)
for each site (in compliance with the IEC-61724-1 monitoring standard [1]). The SRatio for short-circuit current
and maximum power data from the modules were evaluated and compared, characterizing the potential effects
of uniform and non-uniform soiling. The SRate defines the fraction of the ratio of soiling per day during the dry
period (no rainfall). In addition, a method for analyzing energy-production data of PV systems in order to
extract the soiling rate was developed and used to compare with monitoring system data. The soiling
gravimetric densities (g/m²) were determined using the modeling by Coello and Boyle [2] and Hegazy [3] and
these are compared to data collected using the Figgis soiling microscope [4].
Keywords: PV Modules, Soiling Ratio, Soiling Rate, Climate Zone, Gravimetric Densities.

1. Introduction
The accumulation of atmospheric particulates and other contaminants on the surface of a photovoltaic (PV)
module has a potentially high negative impact on the energy output of PV systems. This, in turn, can result in
greater system costs (loss of produced power, O&M) and reduced reliability of the power plant. The challenge
is that the soiling accumulation can be more severe in regions where the installation of this PV technology has
advantages, in locations normally possessing high incident solar radiation (“sun-belt areas”). Adding to the
problem is that these areas are defined by high temperatures (enhanced soiling conditions) and long dry periods
(less rainfall or availability of water to clean module surfaces). The particulates deposited on the photovoltaic
modules reduce the cover glass or other front surface material transmittance, decreasing the solar radiation
reaching the solar-cell converters. Soiling deposition is usually on uniform, causing different transmittances
over the same surface of a module (influencing by tilt, wind direction, installation, and other factors) and
associated partial shading of incident solar irradiance in areas with higher concentrations of dust.
To evaluate the photovoltaic soiling losses, soiling monitoring stations are being used in many world locations
with the objective to quantify the soiling rates (Gostein, Duster, and Thuman [5]; International Standard IEC
61724-1 [1]; Bhattacharya, Chakraborty, Pal [6]). The impact of soiling on the performance of photovoltaic
systems was evaluated by Hickel et al. [7]; Gostein et al. [8]; Dunn et al. [9]; Qasem et al. [10] who observed
that short-circuit current data can generate erroneous results if the deposition is non-uniform. The accurate
determination of this parameter for a PV power plant provides valuable information, including the required or
optimum frequency of cleaning. R&D dealing with these important issues and related ones has been growing,
with 400% growth in journal and conference publications over the past three years [11].
Brazil’s principally southern-hemisphere geographic location represents interesting, complex, and comparative
opportunities for soiling studies, encompassing equatorial, temperate, and arid climate zones (defined in this
paper). In this way, we present our evaluation and methodology to quantify soiling losses in photovoltaic
modules of (frameless) thin-film cadmium telluride (CdTe) and (framed) polycrystalline silicon (p-Si) PV
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modules installed in 3-climate zone locations in Brazil. Results from monitoring stations are compared to PV
systems data. The soiling ratios (SRatio) and soiling rates (SRate) were determined and evaluated. PV systems
information associated with the accumulation of soiling during the dry season, during which SRate is obtained
through the estimation of the slope of the characteristic using the Theil-Sen estimator7. The gravimetric soiling
densities are estimated using the modeling of Coello and Boyle [2] and directly measured using the Figgis
soiling microscope [4].

2. Methodology
This paper presents a methodology to quantify the soiling ratio (SRatio) and the soiling rate (SRate) for p-Si
and CdTe PV technologies installed in Brazil’s diverse climate-zones. For this, the Brazil’s climatic zones were
determined according to the climate model propose by Köppen and Geiger [13] and study done by Peel,
Finlayson and McMahon [14]. The Brazil is divided into three major climatic groups: (A) megathermic
(Equatorial) climate (Belo Horizonte); (B) dry climate (Brotas de Macaúbas); and (C) mesothermic climate
(Porto Alegre), being most of its territory dominated by the Equatorial climate, representative of ~60% all
country [14].
Specifically, these analytic procedures have been validated for soiling monitoring stations (Fig. 1). Note that
each location has both polycrystalline-Si and thin-film CdTe module stations, a meteorological station, and
reference solar irradiance cells and pyranometers. The p-Si monitoring station is composed by one module of
265 Wp (left to soiling natural deposition) and reference cell, while, the CdTe station has two identical
photovoltaic modules of 110 Wp. All PV technology used on the soiling station was installed directed to the
solar north and with the tilt equal the latitude of the site (β=ϕ).

(a)
(b)
Figure 1 - Soiling monitoring stations installed in Belo Horizonte: (a) cadmium telluride technology and (b)
polycrystalline silicon technology

To calculate the soiling ratio (SRatio) and soiling rate (SRate), the collected data from soiling stations were
mathematically cross-examined and filtered, with objective to reduce the influence of noise or interferences or
inconsistencies during the process of measurement. After this initial treatment, the electrical parameters were
corrected (normalized) in relation ambient temperature and solar irradiance. Thus, the meteorological data,
electrical, and thermal parameters can be analyzed and correlated. The soiling ratios were quantified using
short-circuit data (𝑆𝑅)*+ ) and power data (𝑆𝑅,- ) measured in the clean and soiled cells/modules.
𝐼12
𝑆𝑅)*+ = / 3415 :
𝐼12 26789

(1)

𝑃=
𝑆𝑅,- = / 3415 :
𝑃= 26789

(2)

where 𝐼12 3415 and 𝑃= 3415 are short-circuit current and power measurements from dust PV device, and 𝐼12 26789
and 𝑃= 26789 are short-circuit current and power measurement clean PV device.
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These two electrical parameters can identify the whether the soiling is uniform or non-uniform. The soiling
ratio from power presents a higher correlation with the real operating data compared to the short-circuit current,
due to the bypass diode, used particularly for the silicon module. Mathematical models were used to
determinate the SRatio and SRate for each site (in compliance with the IEC-61324-1 monitoring standard [1]).
The SRate is determined through the estimation of the SRatio slope of the characteristic using the Theil-Sen
estimator [15]-[16]. The SRatio data were used to determine the gravimetric soiling densities (g/m2) based on
the methodology proposed by Coello and Boyle [2] and Hegazy [3]. In [2]-[3], the transmittance loss is
correlation with gravimetric density through by the relationship:

>1 −

t
tA6789

B % = 34.37 erf(0.17 wM.NOPQ )

(3)

where t/tA6789 is a transmittance loss, w is a gravimetric density given in (g/m²) and erf is Gauss error
function. The transmittance loss varies from 0 to 100%, being that for ideal operating conditions of a
photovoltaic module, the transmittance loss must be equal to 0%, while the soiling ratio will be equal to 1 or
100% (without soiling deposition). Thus, the soiling ratio can be obtained by subtracting an ideal condition
(SRatio = 100%) by transmittance loss [2]:

(𝑆T85UV )% = 100% − 34.37 𝑒𝑟𝑓(0.17 wM.NOPQ )

(4)

The gravimetric densities (estimated using SRatio data obtained from soiling monitoring station as input data),
were compared with an inverse methodology, in such a way that, the SRatio was estimated considering data
collected from gravimetric density (as input data). In addition, data were collected using the Figgis soiling
microscope—providing direct measurement of the accumulated soiling levels and the corresponding
morphological representations. For this, an experiment was conducted in Belo Horizonte, 19,92° S, 43,99° W to
determine the gravimetric densities accumulated on the module surfaces, similar to the methodology proposed
previously [2]-[3]. Some module-glass samples, with known surface area and initial weight, were exposed to
continuous environmental conditions (dry periods), and these are weighed and analyzed under an outdoor
microscope over several days/weeks. Those data are collected and used as inputs to compare with the SRatio
obtained from soiling stations.
The proposed experiment consists of two samples of glass, with a surface area of 0.0121m², maintained on a
larger flat surface, with a tilt fixed to the region, β=Φ, of 20°, as seen in Figure 2. Each sample was initially
weighed, marking the day 0 of the experiment. Then, it was positioned on the surface to start the deposition.

Figure 2 - Arrangement of the samples on a reference surface

At each interval of 7 days, the samples were weighed, using a precision scale Shimadzu, model AUY220.
Images of the surface were taken at different intervals of days to measure the evolution of dirt particles. The
Celestron microscope, model Pro 44308, was used to take surface images with a magnification of 200x. The
conditions for weighing it were constant, the same scale was used every time and the temperature and humidity
of the place were kept at the same levels. Three measurements were made to each sample, following a period of
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five minutes to stabilize the weight of it. The values used for the calculation were the average of these three
measurements. The gravimetric density (ω) is obtained by division of this average measured by the surface
area. From the data obtained and the equations, (3) and (4), reached the results of the SRatio and transmittance
loss for the conditions under study.
In addition, a method for analyzing energy-production data of PV systems in order to extract the soiling rate
was developed and is presented. This method considers the change in energy production from the PV systems
associated with the accumulation of soiling during the dry season, wherein SRate is obtained through the
estimation of the power out slope of system using the Theil-Sen estimator [12].
The “monitoring station” and the “systems” methodologies are compared and discussed.

3. Results
3.1. Soiling Monitoring Stations
Figure 3 presents the daily average soiling ratio (𝑆𝑅)*+ and 𝑆𝑅,- ) for the CdTe (Fig. 1a) and p-Si (Fig.1b)
soiling stations, over one-year period, together with the cumulative daily precipitation measured at the
meteorological station both installed in Belo Horizonte, Brazil (Tropical Climate). This analysis was realized
for period May 2017 to October 2018. A soiling ratio is equal to “1” represents the clean state of the
photovoltaic module, without losses due to deposition of particulate matter or any other contaminants. In other
words, the lower the soiling ratio (i.e., less than unity), the greater will be the losses. In Figure 3, the soiling
ratio decreased during the dry period, which indicates the accumulation of particulates on modules. After
cumulative daily precipitations greater than 20 mm registered over the period September 28 to October 4, 2017,
the soiling ratio increased to “1” representing in the natural cleaning of the module. The effects of “uniformity”
or “non-uniformity” are most critical in crystalline modules, due the presence of the bypass diode and its
physical structure (i.e., frame).

(a)
(b)
Figure 3 - Average daily soiling ratio in relation cumulative daily precipitation for Belo Horizonte: (a) CdTe and (b)
p-Si.

During all the data collection time, five-dry periods (no rain) longer than 14 days were recorded. Table 1 shows
the soiling ratio for dry periods for p-Si and CdTe installed in Belo Horizonte.
Table 1 - Relation dry periods and daily average 𝑺𝑹𝑷𝒎 to CdTe and p-Si

Period

Season

Dry period

Length period (days)

(1)
(2)
(3)
(4)
(5)

Autumn/winter
Autumn
Autumn/winter
Winter
Winter

07/05/2017 – 09/27/2017
04/13/2018 – 05/18/2018
05/21/2018 – 07/10/2018
07/12/2018 – 08/01/2018
08/18/2018 – 09/03/2018

85
36
51
21
17

Daily average SRatio
CdTe
p-Si
0,73
0,83
0,92
0,88
0,88
0,84
0,92
0,91
0,96
0,93

The average SRatio for all period analyzed was 0.94 for CdTe and 0.92 for p-Si. But it was observed that
during longer dry periods (as beginning of August and the end of September of 2017), the soiling ratio to CdTe
was less than p-Si. This can be explained due to the different spectral responses for the technologies PV. The
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difference of semiconductor band gap (higher for CdTe) to the two technologies, presented different
sensitivities for the incident radiation wavelength [17]-[18].
The average slopes SRatio observed on dry periods was estimated using Theil-Sen estimator in order to
determine the SRate for the site. The Theil-Sen estimator calculates the slope between all pairs of points (t, x),
providing the median value of all slopes calculated. The results show SRate around 0.20%/day to CdTe and
0.14%/day to p-Si considering the influence of climate variables from Belo Horizonte, Fig. 4.

(a)
(b)
Figure 4 - Soiling ratio versus dry periods for (a) CdTe and (b) p-Si. The different colors representa different rainfall
free periods. The Theil-Sen estimator identify the slope for each period, and median of all slopes indicate the soiling
rate to site.

Figure 5 presents the daily average soiling ratio (SR _`a and SR bc ) for the CdTe (Fig. 7a) and p-Si (Fig. 7b)
soiling stations over a 3-month period, together with the cumulative daily precipitation measured at the colocated meteorological station in Porto Alegre, Brazil (relatively high-moisture region – Temperate Climate).
The results for this period indicate values to soiling ratio around of 0.98 for CdTe and 0.99 for p-Si. In addition,
as well as observed in the data collected in Belo Horizonte, the soiling ratios comparing the measurement of
short-circuit current and maximum power show that the soiling deposition is uniform.

(a)

(b)

Figure 5 - Average daily soiling ratio in relation cumulative daily precipitation for Porto Alegre: (a) CdTe and (b) pSi.

Figure 6 shows the daily average soiling rate to CdTe (Fig. 8a) and p-Si (Fig. 8b) soiling station installed in
Brotas de Macaúbas, localized in the semi-arid region of Brazil (Bahia). An first interesting observation is the
difference in the SRatio between the two module technologies. The influence of the high ambient and module
temperatures in Brotas de Macaúbas were higher than at the other monitoring station locations. At Brotas de
Macaúbas, module temperatures rose above 60°C, while at the other locations the modules did not regularly
reach 50°C. Thus, the SRatio was lower (the SRate, higher) due to the higher temperature. This is consistent
with other reports that indicate that soiling is more severe on higher temperature surfaces [19]-[20]. Because
these initial results corresponded to the rainy season, the soiling rates for Porto Alegre/RS and Brotas de
Macaúbas/BH could not be accurately determined. These are currently being evaluated as the dry seasons
begin.
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(a)

(b)

Figure 6 - Average daily soiling ratio in relation cumulative daily precipitation for Brotas de Macaúba: (a) CdTe and
(b) p-Si.

SRate was not estimated for the sites of Porto Alegre and Brotas de Macaúbas, because during the data
collection period was not identified dry period greater than 14 consecutive days. The typical dry period in
Brazil, normally, it is registered during winter, as can be seen to Belo Horizonte site, with some exceptions as
the climate zone where Porto Alegre is inserted, presenting high frequency of rain throughout the year.
3.2. PV System
The SRate was estimated using another, system-specific-metodology that uses a specific PV-system
performance metric. For this example, the data are collected from a p-Si, 3.24-kWp PV system, installed at a
distance within 2-km of the soiling monitoring station for comparison. The performance metric used in this
methodology was performance ratio (PR), providing the relationship between the real yield-generated and the
expected yield of the photovoltaic system. This is a dimensionless index, allowing to system performance
comparisons regardless of geographic location, because the production is normalized with respect to the solar
resource. When the overall performance is close to 1, the performance of the system is “as-designed“, with no
relevant or apparent losses.
Figure 7 shows the daily average PV syste performance ratio in relation to the cumulative daily precipitation
measured by the meteorological station, for the interval between July 2017 and October 2018, the same
evaluation period of the p-Si soiling monitoring station.

Figure 7 - Relation between Performance (PR) and accumulated precipitation for photovoltaic system installed in
Belo Horizonte.

It is important point out that to estimated 𝑃𝑅 had a degradation ratio of 0.8%/year monitored over the period
since its installation in 2007. The average of the slopes 𝑃𝑅 to dry periods identified to Belo Horizonte (same
used on the soiling monitoring station methodology) indicated a SRate of about -0.18%/day, a value that is
close to that found for the soiling monitoring station (i.e.,-0.14%/day). That divergence obtained through two
methodology can be explained due to the locality of the system. The PV system is installed close to a high
vehicular traffic and railway line, presenting high index of particulate matter suspended in the air (emissions
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from the vehicles) in comparison with soiling monitoring stations that are installed in more protected area.
Additionally, the performance ratio for this system is low due the accumulation of organic matter, a high
percentage of carbon. This is due both, the presence of biofilm formed by microorganisms difficult to remove
by natural cleaning as rains and winds and vehicular emissions [21].
3.3. Gravimetric density
The gravimetric density was measured by determining the weight of the glass samples left by the natural
deposition of soiling particles. Tables 2 and 3 summarize the values obtained over the analysis period in Belo
Horizonte/MG for sample I and sample II, respectively
Table 2 – Data for Sample I, collected on 0, 7, 12 and 19 days

Period [Days]
0
7
12
19

Weight [g]
2,8836
2,8868
2,8887
2,8920

ΔW [10 g]
0,00
0,32
0,51
0,84

ω [g/m²]
0,000
0,2645
0,4187
0,6942

-3

Table 3 – Data for Sample II, collected on 0, 7, 12 and 19 days

Period [Days]
0
7
12
19

Weight [g]
2,9091
2,9122
2,9141
2,917

ΔW [10 g]
0,31
0,50
0,86
-3

ω [g/m²]
0,2521
0,4160
0,7080

From the input data in Eq. (3), it was possible to obtain the values for the SRatio and transmittance loss due to
the gravimetric density, as summarized in Table 4.
Table 4 - Effects of the soiling deposition on the SRatio and transmittance loss of samples

Sample
Period [Days]
0
7
12
19

ω [g/m²]
0,000
0,264
0,419
0,694

I
SRatio [%]
100,000
97,866
96,854
95,186

τ [%]
0,000
2,134
3,146
4,814

ωp [g/m²]
0,000
0,252
0,416
0,708

II
SRatio [%]
100,000
97,951
96,871
95,106

τ [%]
0,000
2,049
3,129
4,894

The increase of the surface soiling can be visualized from the images collected by microscope and summarized
in the Figure 8.

Figure 8 - Sequence of images of the exposure of the sample as a function of time, for Belo Horizonte / MG
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The sequence of images, at Figure 6, shows the increased of soiling on the surface of the sample, prevailing
small particles, up to 10µm, and uniform distribution. The accumulation results in less transmission of the
incident solar light. The effect of dirt added to humidity causes greater adhesion layers, being harder to remove
without a facilitating atmosphere, as the water itself, and favors the clustering of small particles, increasing the
impact on transmittance of the sample, predicted by Figgis et al. [4].
Figure 9 correlates the modeled and measured gravimetric densities. The estimated (obtained through the
mathematical model of Coello and Boyle [2] and Hegazy [3]) and measured SRatio (using the collected
samples from the Figgis microscope, Fig. 6) show very good agreement for this experiment in Belo
Horizonte/MG. It can be observed that, gravimetric density deposited on the photovoltaic module increases,
while soiling ratio decreases, indicating losses in the performance of the module. These results show levels of
soiling deposition around 3.0 g/m² at the end of dry period of 85 days. Again the experiment was conducted in
region that is far from traffic routes, that is, far from regions where there may be high level of soot or other fuel
emissions resulting from the vehicle combustion. The average measured 𝑃𝑀f.g and 𝑃𝑀hM for period analyzed
was around 11.45 µg/m³ and 12.42 µg/m³, respectively, using air-quality sensor installed in the same site. It is
possible to see that the use of measured SRatio or measured gravimetric density on Eq. (3) allows a
convergence of the results, validating the two methodologies.

Figure 9 - Relation between gravimetric density and SRatio to Belo Horizonte/MG. The red mark is representing the
estimated gravimetric density using SRatio from soiling monitoring as input to Eq. (3), and the blue mark is
indicating the estimated SRatio through of measured gravimetric density as input.

4. Conclusions
Soiling studies reporting the soiling ratios (SRatio) and soiling rates (SRate) for 3-climate zones in Brazil have
been presented with comparison of these parameters for the three areas. The methodology developed for these
investigations was described and utilized with p-Si and thin-film CdTe soiling monitoring stations. The priority
is the Tropical Zone data from Belo Horizonte, which has been monitored for more than 2.5 years. These data
provide dry-season parameters, with soiling rates for Si modules (0.14%/day) and CdTe (0.20%/day), with the
differences ascribed to spectral-response difference (band gaps) between the technologies. SRatio and SRate
have also been initially determined for Temperate (mesothermic) Zone (Porto Alegre) and Semi-Arid Zone
(Brotas de Macaúbas), but the monitoring time was primarily in the wet periods for each, which limited the
rigorous determination of SRate.
The modeled (following Coello and Boyle [2] and Hegazy [3]) and measured (Figgis microscope [4])
gravimetric densities were correlated for Belo Horizonte/MG with good correspondence. It can be observed
that, gravimetric density deposited on the photovoltaic module increases, while SRatio decreases, indicating
losses in the performance of the module. These results reach levels of soiling deposition approximately 3.0 g/m²
at the end of dry period monitoring of 85 days.
A crystalline-Si module system (2.24 kWp) in Belo Horizonte was also studied using the Theil-Sen estimator
methodology. The SRate was found to be slightly higher than for the monitoring stations. This was found to be
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associated with the location of the system (near a highly trafficked highway)—with the soiling exhibiting
compositions associated with carbon fuels and biofilms.
Finally, the relationships of the measured SRatio to the module temperature reflected information on the status
of the modules themselves. Higher soiling rates were found to occur with higher module temperatures. The
effects of non-uniform soiling were also observed—with some non-uniformities found to coincide with the
differences in the individual Si cell temperatures.
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Abstract

Solar Collectors with Compound Parabolic Concentrator (CPC) reflectors redirect solar irradiance into the
receiver (placed in optimal position). The concept of such devices is to reduce the installation area and energy
costs. This research focuses on the behaviour and efficiency of a stationary CPC-PV solar collector. Each trough
of this collector has different concentration factors (1.25 and 1.66) with vertically placed bi-facial cell receivers.
An analysis of the electrical efficiency is performed in order to evaluate the viability of a CPC geometry with a
vertical bifacial PV receiver. Furthermore, an investigation on bifacial cells performance due to concentration
(and consequently increased cell temperature) is carried out. A numerical simulation of the yearly available
radiation and the Incident Angle Modifiers (IAM) for each geometry is also conducted. Finally, a comparison
between the simulations and the outdoor testing on the prototype collector is detailed. The tests took place in
Gävle, Sweden (61º Latitude). The results showed that higher concentration factors led to larger operating
temperatures (114ºC for a concentration factor of 1.66 and 96ºC for a concentration factor of 1.25). Although
this may compromise the cell performance and shorten the device’s life cycle, it is shown that appropriate
ventilation will allow manageable operating temperatures.
Keywords: CPV, Photovoltaic, CPC, Bifacial Receiver, Monocrystalline Cells, Operating Temperatures, IAM,
Cell Layout.
Technical Term
Concentrated Photovoltaics
Concentrating Photovoltaic and Thermal
Compound Parabolic Concentrator
12 Full-Cell
24 Half-Cell
Computer-Aided Design
Concentration Factor
Fill Factor
Incidence Angle Modifier
Incidence Angle Modifier - Longitudinal
Incidence Angle Modifier – Transversal
Short Circuit current
Current at maximum power point
Rated Pmax calculated with manufacturer’s datasheet
Standard Test Conditions
Maximum Power Voltage
Open Circuit Voltage
Yearly Collectable Energy
Angle between incident rays and collector’s normal
Acceptance Angle
Angle at which collector has maximum efficiency
Angle between collector’s normal and longitudinal plane
Angle between collector’s normal and transversal plane
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Symbol/Abbreviation

Unit

CPV
CPVT
CPC
12fc
24hc
CAD
Cf
FF
IAM
IAML
IAMT
ISC
Imp
Rpmax
STC
Vmp
Voc
YCE
θ
θaccept
θdef
θL
θT

Adimensional
Adimensional
Adimensional
Adimensional
Adimensional
Adimensional
Adimensional
[A]
[A]
[W]
[V]
[V]
[kWh]
[°]
[°]
[°]
[°]
[°]
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1. Introduction
A PV cell is designed to convert sun irradiation into electricity. Single crystal silicon cells present the best
efficiency and represent 90% of the total PV applications (Salloom et al. 2018). Solar energy technologies, just
like any energy technology, aim at providing energy at the lowest possible cost. With the usage of concentrators,
PV modules can be developed in order to reduce energy costs and area consumption (Arnaout et al. 2016).
Concentration has proven to be an effective alternative to more complex and expensive devices with tracking
systems [6]. Renewable energy systems especially solar energy systems over the past 20 years became one of
the main focal points in developing new technologies where energy can be produced with efficient results. The
work presented in this study is based on the designing, building and testing of a CPC collector with bifacial solar
cells. The following techniques and methods were employed: (1) the use of Computer-Assisted Design (CAD)
software, (2) numerical ray-tracing simulations to predict power output (3) solar cell tabbing (manually soldering
the bus wires or ribbons of each cell string) to build the PV receivers, (4) silicone lamination of the cells on top
of high-transparency glass, (5) assembly of the prototype’s wooden supportive frame and manual attachment of
the reflective material, and (6) outdoor-testing. The main objective of this study is to understand the impact of
different concentration factors in the device’s performance, to determine the effect of temperature in the system
output and to access the efficiency of different cell string versions (12 full-cells or 24 half-cells).
1.1. Concentrated Photovoltaics (CPV)
With 370 MWp globally installed in 2017, CPV is currently used as an option for utility-scale electricity
generation, with sites already surpassing 30 MWp (Wiesenfarth et al. 2017). The principal aim of CPV is to
potentially reduce the Levelised Cost of Electricity (LCOE), making it competitive to standard flat-plate PV in
regions with high Direct Normal Irradiance (DNI), by using cost-effective concentrating optics that allow for a
significative reduction in the cell area (Ju et al. 2017; Kost et al. 2013). DNI is defined as the amount of solar
radiation per unit area of a surface normal to the incident rays. The cost-effectiveness of CPV technologies in
areas with high DNI results from the effective concentration of direct sunlight by their optical components while
achieving a poor performance with diffuse sunlight. CPV systems can be grouped according to their
concentration ratios, from Very High Concentration PV to Low Concentration PV (LCPV) (Table 1)
(Wiesenfarth et al. 2017; Kurtz, 2012).
Tab. 1: Types of Concentration Factors

Type

Concentration Ratio

Cell type

Low Concentration (LCPV)

2X-10X

c-Silicon or other cells

Medium Concentration (LCPV)

10X-100X

c-Silicon or other cells

High Concentration (HCPV)

100X-1000X

III-V multi-junction solar cells

Very High Concentration

>1000X

III-V multi-junction solar cells

Based on their optical configurations, CPV collectors can be differentiated whether the incident rays are
concentrated into a focal line onto the absorber or receiver (e.g. parabolic troughs, Fresnel lenses) or into a focus
point (e.g. parabolic dish, central receiver systems) (El-ladan et al. 2013).
CPV collectors can also be differentiated as non-imaging and imaging based on whether the image of the Sun is
focused at the receiver or not. Belonging to the first category are compound parabolic concentrators (CPC)
whereas all the other types belong to the imaging type. Non-imaging concentrators distribute the incident
radiation from all parts of the solar disk onto all parts of the receiver without projecting on it clearly-defined
images of the Sun (i.e. rays are not concentrated to a single point (Stine and Geyer, 2001). These collectors have
low concentration ratios, generally below 10. In contrast, imaging concentrators form images (typically of low
quality by common optical standards) on the receiver (Kurtz, 2012).
1.2. Compound Parabolic Concentrators (CPC)
The basic concept of the CPCis characterized by having a receiver placed between the focus of the symmetrical
parabolas, a region known as the receiver opening, as to receive the concentrated radiation that is reflected from
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them. The parabolas’ optical axes define the lower and upper acceptance angles. Thereby, when light reaches
the collector at an angle that is less than one-half of the acceptance angle, it will always reflect on the receiver.
At incident angles greater than one-half of the acceptance angle, the light will be reflected out through the CPC’s
aperture without reaching the receiver. By using multiple internal reflections, CPCs are able of reflecting the
entire incident radiation to the receiver as defined by the CPC’s acceptance angle (Kalogirou, 2014; Sarbu and
Sebarchievici, 2017). The diffuse radiation incident within the acceptance angles also contributes to the
collector’s output. Thus, by using a trough with two opposed parabolic sections (symmetric or asymmetric)
facing each other, CPCs can accept great amounts of light, even without tracking systems. Provided the sun’s
apparent motion does not result in the incident solar irradiance falling outside the CPC’s acceptance angle, the
CPC’s aperture need not be tracked since the sun’s declination does not change more than the acceptance angle
throughout a day (Stine and Geyer, 2001). When tracking is used, it can be very rough due to the concentration
ratio being usually very low (Kalogirou, 2014). Tracking systems can lead to very high concentration ratios and
will receive more solar radiation throughout the year than stationary collectors, although with the disadvantage
of a more complex and costly installation (Giovinazzo et al. 2014).
The receiver can be configured in different ways: flat, bifacial, wedge, or cylindrical (Kalogirou, 2014). For a
CPVT of the compound-parabolic type, the collectors are designed with a gap between the receiver and reflector
to prevent the reflector from acting as a thermal bridge conducting heat away from the absorber. This is
particularly important for flat absorbers. CPVT collectors are capable of providing greater thermal and electrical
yields compared to stand-alone PV or hybrid PVT systems as incoming solar energy is maximized with the use
of concentrators (Daneshazarian et al. 2018). In addition, as CPVT devices remove waste heat from the PV
module, they can be more generally more energy-efficient than solar photovoltaics or solar thermal alone (Mojiri
et al. 2013).

2. Methods
A computer simulation was performed to assess the behaviour and efficiency of the designed CPV. After the
theoretical approach, results were compared with the output of the physical collector, as tested in outdoor
conditions. The outdoor test allows a more detailed analysis after the general operating conditions of the CPV
were assessed. Physical outdoor testing allows the understanding of variables such as clouds, wind, uneven
irradiation distribution, temperature increase, ventilation, that are not considered in the computer simulation.
2.1. Collector Prototype
The prototype structural element is a pinewood skeleton with five ribs, 18-mm thick, which were laser-cut
according to the concentrating geometry (Figure 1). The wooden skeleton hosts the reflective sheets, which are
made from anodized aluminium with 93% optical reflectance (from manufacturer’s datasheet. Almeco, 2019).
Concentrating trough 1.25X (Fig. 1: point 3) with an aperture of 396 mm and 1.66X (Fig. 1: point 2) with 528
mm aperture. Side gables (Fig. 1: point 6) produced out of 4 mm Plexiglass sheets with optical transmittance of
86%, allow the support of the receivers (Fig. 1: point 4 and 5). Each PV bifacial cell receiver with a different
cell layout is composed of low-iron supportive glass and silicone protection (96% optical transmittance for the
silicone, according to manufacturer’s specifications. CHT, 2019), 24 full cell version (Fig. 1: point 4) and 12
full cell version (Fig. 1: point 5). Both receivers are placed vertically in the middle of each trough. With the
simple and modular design, the receivers can easily be switched between troughs during the outdoor testing.
Finally, for water and dust protection, a Solar Glass cover with optical transmittance of 95% is assembled to the
collector (Fig. 1: point 7).

Fig. 1: Collector’s exploded view.
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2.1.1. Collector’s bi-facial PV receiver
The full-sized mono c-Si bifacial cell has the same dimensions of a standard solar cell (i.e. 156 mm x 156 mm
with chamfered edges of 15.4 mm). According to the manufacturer, the cell’s nominal efficiency is 19.6% and
its back factor (i.e. rear side nominal efficiency divided by front side nominal efficiency) is taken as 90%. Figure 2
shows the full-sized bifacial cell used as well as the half-cell and one-quarter cell types, all of them with three
busbars, along with their nominal characteristics at STC.

Fig. 2: Left side: Nominal characteristics of a full bifacial cell. Right side: Types of cut cells: full cell, half-cell and quarter-cell.

The bifacial strings are supported by a 4-mm thick low-iron glass with 95% solar transmittance. Initially, the cells
were manually soldered and tabbed in series-connected strings, as shown in Figure 3. Then, to provide physical
protection and electrical insulation, the backside of each string is laid down onto the supportive glass while the
front side gets laminated within a 4-mm thick silicone layer with 96% light transmittance (CHT, 2019).

Fig. 3: Soldering of the bifacial-cell strings for the receivers.

2.2. Ray-tracing simulation methodology
2.2.1. Ray-tracing software
The theoretical output of the CPC-PV was simulated using open-source ray-tracing software (Tonatiuh) based
on Monte Carlo analysis. This software was developed to assist in the design and analysis of solar concentrating
systems with relevant features such as a robust theoretical foundation and computational scheme and clean and
flexible software architecture (Blanco et al. 2005). The CAD model of the CPC is imported into Tonatiuh and
the respective optical properties are allocated to each of its components, following manufacturer’s specifications
for the actual materials:: anodized aluminium reflectors (93% reflectance. From Almeco, 2019), glass top cover
(95% solar transmittance with a refractive index of 1.54), plexiglass side gables (86% solar transmittance with
a refractive index of 1.492).
During the simulations, the sun shape follows a pillbox distribution as the solar intensity is constant for all points
of the solar disk (Giovinazzo et al. 2014; Bader and Steinfeld, 2010). The irradiance is always set at 1000 W/m²,
and weather effects are disregarded. Automated script-based iterations calculate the incident radiation on the
receiver for a full year with 1-hour intervals and accuracy of 10000 rays. It is important to highlight that the
electrical output of the device is not calculated by the software, but rather the total incident power from the
photons reaching the receiver. Thus, meteorological conditions, cell efficiency or degradation, wire resistance,
optical transmittances and other factors affecting the actual electrical output are not considered during this
simulation.
2.2.2. Incidence Angle Modifier
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Incidence Angle Modifier (IAM) is known as the variance in output performance of a solar collector as the angle
of the sun changes in relation to the surface of the collector, with respect to irradiance under normal incidence
(Hertel et al. 2015). Both transversal (IAMT) and longitudinal (IAML) planes were used for IAM’s calculation,
with increments of 10º. For IAMT, the sun is initially positioned due north (long: 0°, trans: -90°) (see Figure 4
for reference). It is then moved due south along the transversal plane to an angle of (long: 0°, trans: 90°) with
increments of 10°. The IAM for the longitudinal plane (IAM L) is obtained by placing the sun due East (long: 90°, trans: 0°) with increments of 10°. At each increment, Tonatiuh runs one iteration of the ray-tracing
simulation and calculates the incident irradiation on both sides of the receiver.

Fig. 4: Transversal (red) and Longitudinal (blue) IAMs measured with Tonatiuh.

2.3. Data acquisition
The receivers’ peak power, i.e. output power at normal incidence, is measured under 1X and under the
concentrations provided by the reflectors. When measuring under 1X, the receivers’ IV curves are also obtained
to determine their electrical performance and built quality. Similarly, the collector’s power output dependence
with varying sunlight incidence angles (incidence angle modifiers) is tested. The data is acquired outdoors from
a rooftop installation located on the facilities of the University of Gävle, Sweden (60.6° N, 17.1° E).
2.3.1. Equipment
i. An IV tracer typically generates a current that is ramped-up from zero to the maximum while voltage (Vmp and
Voc) and current (Imp and Isc) samples are taken during the process. The device used for measurements has a
resolution of 0.008 V and 0.002 A.
ii. The data logger CR 1000 from Campbell Scientific controls the acquisition and records the measured electrical
data, including the values provided from the IV tracer. The data logger acquires the following IV characteristics:
open-circuit voltage (Voc), short-circuit current (Isc), power at maximum power point (Pmp), the voltage at
maximum power point (Vmp), current at maximum power point (Imp), fill factor (FF). Each IV curve is comprised
of a hundred points recorded every 30 seconds. Also, both global and diffuse irradiance is measured by two
pyranometers CMP6 and CMP3 model from Kipp & Zonen (Figure 5), respectively with 30-second sampling
intervals.
2.3.2. Peak power testing
To determine the maximum power output under 1X concentration, the receivers are placed outside the collector’s
box while pointing their front face to the sun as to test for normal incidence. When testing for the output of a
single face of the PV string, the opposite face is covered. In this way, the recorded power will be exclusively a
product of the uncovered face (Figure 5, left side). The sun’s position is tracked by considering its elevation and
azimuth during the measuring process. To determine the maximum output at 1.25X and 1.66X, the receivers are
then vertically-placed into each trough of the collector’s box (each receiver switched to the other through after
a set of measurements was performed) as the entire device is pointed normal to the sun position (Figure 5, right
side).
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Fig. 5: Left side: testing receiver output outside the collector at 1X concentration. In this case, the receiver back face is covered
as to test for the peak power contribution, mostly from DNI, of the front face. Right side: The receivers are placed inside the box
and switched between the two concentration troughs to test for their output at 1.25X and 1.66X.

2.3.3. Incidence Angle Modifiers
This section presents the results obtained for the transversal and longitudinal radiation IAM. Incidence Angle
Modifier (IAM) is known as the variance in output performance of a solar collector as the angle of the sun
changes in relation to the surface of the collector, with respect to irradiance under normal incidence (Cabral et
al. 2017).
IAMs were measured outdoors in order to characterize the angular dependence in the collector’s electrical
performance. The transversal IAM (IAMT) was measured by changing the tilt of the collector over the transversal
plane while maintaining a fixed orientation towards the solar azimuth, while the IAML was obtained by changing
the collector’ solar azimuthal angle over the longitudinal plane while maintaining a constant tilt.
2.3.4. Solar cell temperature
To determine the effect of increasing temperature on the solar cells, a Type-K thermocouple is attached to a
silicone-laminated bifacial reference cell on two separate receivers to replicate the working conditions of the
tested PV receivers (Figure 6, left side). Temperature values were recorded by a thermocouple data logger Pico
Technology© TC-08 Model© (Figure 6, right side). The thermocouples are often the preferred technique for
solar cell temperature measurement over other techniques such as IR thermometers and thermal imaging cameras
(Rolley et al. 2017). By using an isolated reference cell, the electrical output from the tested bifacial string is not
affected by shading due to the thermocouple’s mechanical attachment.

Fig. 6: Left side: K-type thermocouples attached to reference bifacial cells. Right side: thermocouple readings are recorded by a
data logger from Pico Technology© connected to a portable computer.
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The measurement of temperature on the bifacial cells was performed outdoors for both concentrations by
inserting the two laminated reference cells into each of the collector’s troughs while facing it normal to the sun
position (i.e. normal incidence). As depicted in Figure 7, the temperature was measured on two different
conditions: with an “open” collector (the collector’s glass cover is detached), with a “closed” collector (the
collector’s glass cover is attached).

Fig. 7: Cell temperature was measured over two different conditions: with an “open” collector (Right) and with a “closed”
collector (left).

3. Results
3.1. Ray-tracing simulations
3.1.1. Yearly simulation
Figure 8 shows the yearly simulations performed for the concentration factors of 1.25 and 1.66 with different
tilt angles.

Fig. 8: Monthly Collectible Energy (MCE) for 1.25X and 1.66X for a tilt of 15º, 45º and 60º for Gävle, Sweden.

It is possible to conclude that the lowest tilt angle (15º) provides the maximum collectable energy during Summer
months (May to August), peaking in June. This follows the asymmetrical irradiation profile at high latitudes.
However, using the 15º angle, during the non-summer period, an abrupt drop in MCE is visible (values as low
as 22kWh (1.25X) and 28 kWh (1.66X) in January). MCE is improved during the non-summer months when
the tilt angle is increased. It is visible a less abrupt drop in winter and a more even profile along the year for
MCE at higher tilts. 1.25X concentration geometry is a good example with a difference of only 60 kWh (at 45°
tilt) and 42 kWh (at 60° tilt) between the worst winter month of January and the peak summer month of June.
For both concentration factors the highest tilt yields the highest amount of yearly collectable energy, with 2456
kWh available for collection at 60° and 1.66X and 1905 kWh at 1.25X.
3.1.2. Simulation of Incidence Angle Modifiers
Figure 9 shows the results for the simulated IAMT and IAML for both concentration factors of 1.25 and 1.66.
Both curves are symmetrical, as expected. The version 1.66X has a more steep decrease in the IAMT due to the
bigger aperture of the collector, leading to a loss of power sooner than the version 1.25X.
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Fig. 9: IAML and IAMT for a concentration factor of 1.25 (left side) and 1.66 (right side).

3.2. Outdoor testing results and analysis
3.2.1. Peak Power Testing
To determine Peak Power Output, 4 cases were studied. Each receiver IV curve was determined outside the box
(1X) to investigate electrical performance and build quality (Figure 10). This study allows the assessment of the
contribution to the total output of direct irradiance (front face) and diffuse irradiance (back face).

Fig. 10: IV traces at normal incidence for both receivers (no concentration applied).

The resultant shape of the IV curve “knee” relates to the receiver’s high series resistance probably due to microcracks induced from the process of manual soldering (Nguyen, 2010). 12fc version shows a fill factor of 52%,
probably a consequence of construction imperfections causing a low efficiency and lower output than the 24hc
version. On the other hand, the IV trace presents a fill factor of 78% for the 24hc receiver, resulting from better
construction quality. Furthermore, the receivers were also tested in the collector’s troughs to measure the
performance at 1.25X and 1.66X. The normalized Pmax (Npmax) data acquired by the IV tracer was calculated
by normalizing Pmax to an irradiance of 1000 W/m2. The rated Pmax or Rpmax at 1X is calculated through the
rated Pmp of the full-size bifacial cell from the manufacturer’s STC testing at 1X concentration.
i) Receivers outside the box and only direct radiation on the front face (i.e. backside covered): 56W.
ii) Receivers outside the box, front face towards the sun subject to DNI and backface subject to diffuse
irradiance. A backside factor of 90% is used and a factor for diffuse light of 10% is assumed (Kelly and
Gibson, 2011): 61W.
iii) Receivers with both faces subject to 1X. Backside factor of 90%: 107W.
iv) Rpmax at Cf is calculated over the rated power at STC and adjusted to both concentration factors of 1.25
and 1.66: 134W.
v) Receivers inside the box and both faces subject to both 1.25X and 1.66X. Backside factor of 90%: 178W.
The ratios

Npmax
1Rpmax@1X

and

Npmax
1Rpmax@1Cf

were determined to assess the efficiency of the collector by comparing the

measured normalised output with the expected output at STC from the manufacturer’s rated specifications (Table
2).
Tab. 2: Results obtained after measuring outdoors the peak power (i.e. power output at normal incidence) from the receivers at
different concentrations.
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The Npmax at normal incidence for the 24hc receiver is calculated at 69W and 95W for the 1.25X and 1.66X
concentration factors, respectively. These values have been 47% lower than the maximum power that could be
delivered by the receivers according to the cell’s nominal specifications, showing that the cells cannot handle
the heat. a possible explanation raises from the inability of the tabbed metal ribbons to properly handle the
amount of current generated from the bifacial cells subject to concentration, thus lowering the output power. As
opposed to other CPC devices with bifacial receivers made from standard monofacial strings, the tested CPC
prototype carries the current produced from both sides through a single ribbon connection. Furthermore, CPC
design concepts typically use horizontal receivers where concentration occurs on just the bottom side.
Regarding overall efficiencies of around 14.6% for the 12fc receiver and 21.8% for the 24hc receiver, which are
in line with the values presented for the worst fill factor (52%) measured for 12fc.
For the 24hc receiver, the 1.66X and 1.25X troughs show a ratio 𝑵𝒑𝒎𝒂𝒙𝑹𝒑𝒎𝒂𝒙@𝟏𝑿 of 0.89 for the former and
0.64 for the latter. For the 12fc receiver, the ratio 𝑵𝒑𝒎𝒂𝒙𝑹𝒑𝒎𝒂𝒙@𝟏𝑿 is 0.80 (1.66X trough) and 0.48 (1.25X
trough). Clearly, on efficient collectors this ratio should have been closer to the concentration factors of 1.66
and 1.25, respectively. The fact the obtained values are about one half the ideal values on both receivers is
evidence that nearly half the maximum theoretical power that could be delivered by the collector is lost. Even
after considering optical effects, these results indicate a considerable inefficiency. A possible explanation arises
from the inability of the tabbed metal ribbons to properly handle the amount of current generated from the
bifacial cells subject to concentration.
3.2.2. Incidence Angle Modifier
IAML and IAMT are obtained from the ratio between the outputs at each angle, divided by the maximum output
(output at an optimal angle). Figures 11 and 12 show both transversal and longitudinal IAM (normalized for
normal incidence at 1000 W/m2) for each reflector geometry and the respective type of bifacial receiver
employed. Figure 11 shows the normalized longitudinal and transversal IAMs for full and half size PV cells,
laminated into the solar glass receiver, for the CPC design with concentration factor of 1.66 and arc angle of 20⁰.
Figure 12 corresponds to the CPC design of 1.25X with arc angle of 30⁰.
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In terms of the overall trend of the curves, the measured IAMs (both transversal and longitudinal) show a
reasonable correspondence with those simulated by ray-tracing methods. The geometries can redirect efficiently
the sunrays towards the receiver when the angles of incidence through both concentration apertures are smaller
than the half-acceptance angle. In all cases, the IAM curve of the 24hc receiver is below the 12fc receiver. This
suggests that the half-cell layout is slightly more susceptible (5-10%) to lose power as the incident angle changes
from optimal. This difference might be attributed to the change in the cell layout between the two receivers. For
instance, the half-cell string layout had to be designed with double the amount of inter-cell gaps as there are
double the amount of half cells than full cells.
The low fill factor of the full-cell receiver (12fc receiver) does not exclude it from providing sensible IAM
results, as these are relative measurements which are normalised to the maximum output at optimal incidence,
rather than absolute measurements. It is worth mentioning that the IAMT curve for the 12fc receiver at 1.25X
shows a large gap between 0° and 45° as the data points for 15°C and 30°C are missing. This issue, product of
a measuring equipment problem, could not be addressed on time to be corrected in this report. Nevertheless, it
presents a more steady decrease while the incidence angle increases (lower solar altitudes), which leads to lower
cell stress, thus increasing the lifetime of the cells.
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Fig. 11: Longitudinal (left figure) and transversal (right figure) IAM for a glass receiver composed by full and half-size bifacial
solar cells, for a concentration factor of 1.66 and an arc angle of 20⁰.
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Fig. 12: Longitudinal (left figure) and transversal (right figure) IAM for a glass receiver composed by full and half-size bifacial
solar cells, for a concentration factor of 1.25 and an arc angle of 30⁰.

3.2.3. Impact of Solar cell temperature
A parallel study has been performed to address the temperature in this type of concentrating solar collectors.
Two cases were studied, (1) an open collector (without top glass cover) and (2) a closed collector with top glass
cover. The graphs in Figure 13 show the correspondent temperature measurements for both cases (1) and (2).
For case (1), the temperature tends to stabilize after a ~30 minutes of testing, staying within a fluctuating range
of 33°C to 37°C (for the 1.66X, 47% of the maximum temperature reported by Lança et al. 2018) and from 24°C
to 27°C (1.25X) during a period of around 30 minutes. However, a low-rate incremental trend of temperature
persists for both concentrations. The temperature fluctuations are attributed to the cooling effect from the high
speed of wind gusts experienced on the testing days. The temperature difference between the two concentrations
is of around 8°C on average. On the other hand, for case (2) maximum temperatures of 114°C (76% of the
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maximum temperature reported by Lança et al. 2018) and 96°C are reached by the reference cell at 1.66X and
1.25X, respectively. The difference in the climatological and irradiance conditions might be a factor in lowering
the temperature as measured on the CPC prototype relative to the CFD simulations presented by Lança et al.
(2018).
The last 24 minutes of measuring, the 1.66X curve shows 10°C of linear temperature increase (from 104°C to
114°C) which represents a rate of 0.42°C/min. For the 1.25X curve, there is only 2.89°C of linear temperature
increase during the same 24-minute period (from 93°C to 96°C), corresponding to a much smaller rate of
0.12°C/min. Since the rate of temperature increase is greater for the highest concentration factor, the temperature
difference between the two troughs changes from 11°C to 17°C on the same 24-minute period. In contrast to the
case when the collector is open, the “smoothness” of both temperature curves here is due to the box being totally
sealed (i.e. not affected by cooling fluctuations from wind gusts).

Fig. 13: Measurements of cell temperature over a period of 30-45 minutes with the collector at normal incidence. Left side: case
(1). Right side: case (2).

4. Conclusions
At 60º, the 1.66X version shows an increment in YCE of around 29%, when compared with the 1.25X version.
Simulations reveal the geometrical feasibility of the CPC design for its use on high-latitudes. Both versions
present high electrical losses, as nearly half of the theoretically measured power is lost. Larger temperatures
have been reached by the 1.66X version compared to the 1.25X, as expected. As the performance and lifetime
of solar cells degrade with high operating temperatures, it is crucial to reduce the temperature in order to achieve
and maintain collector’s efficiency. Temperature curve trendline of the 1.66X version shows that this
concentration can lead to operating temperatures higher than the 114ºC obtained for the 1.66X version. IAMs
suggest that the 24hc receiver of around 5-10% more susceptible to present reduced power as the incident angle
changes from optimal. This difference might be attributed to the change in the cell layout between the two
receivers. For instance, the half-cell string layout has double the amount of inter-cell gaps since it has double
the cells. Using cut cells provides lower currents and reduces the resistance losses and prevent cells from
overheating, thus it increases the efficiency from PV systems. Although this technique has been proved to be
successful in previous works, both receivers tested, 12fc and 24hc, presented high resistance losses that account
for nearly half the theoretical (rated) power to be lost as dissipated heat. This result is most likely caused by the
hand soldering of busbars onto the cell and consequent microcracks. An answer to the unwanted heat generation
and consequent efficiency reduction is the inclusion of appropriate ventilation designs to maximize passive
cooling, which is in agreement with previous CFD simulations (Lança et al. 2018) showing a significant
reduction of operating temperature in a CPC with added ventilation, even if only consisting in small side
openings. Therefore, re-designing of the lateral gables and the inclusion of open sections will improve the
thermal behaviour by increasing heat transfer with the outside environment. The final rate of temperature gain
of around 0.4°C/min presented in Figure 14 strongly suggests that cell temperatures close to 150°C can be easily
achievable for this concentrations, if exposed to higher irradiances, to extended periods of time and to higher
ambient temperatures.
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Abstract
Solar Thermal Technology for the generation of electricity in large scale has been a reality in the world since
the 1980s, when the SEGS plants were introduced. Nine SEGS power plants were built in three different
sites in the Mojave Desert, in California (USA), between 1984 and 1991, and still in commercial operation
today, with 354 MW of installed capacity, demonstrating their technical and commercial reliability. In
Brazil, this form of energy generation has not yet been explored for large scale projects. In order to
contribute for the introduction of solar thermal technology in Brazil, in large scale projects, this paper
presents a study of the optimal location for thermoelectric power plants, based on the cost of electricity
generation. The applied methodology for Bahia, located in the Northeast Region of Brazil, considered the
implantation of parabolic trough solar power plant of 80MWe, operating only in solar mode, without heat
storage. Based on performed analysis, it was confirmed that Bahia presents great potential for the installation
of solar power plants, especially in the west region of State.
Keywords: Solar Thermal Technology, Large-Sized Solar Plants, GIS, Bahia, Brazil.

1. Introduction
Brazil has a mainly renewable energy matrix, with greater participation of water (66.6%), biomass (8.5%),
wind (7.6%) and solar photovoltaic (0.5) resources (BEN, 2019). However, although it shows a remarkably
renewable character, it is notable that the generation of electricity by solar thermal technology, in large scale
projects (above 80 MW), remains unexplored.
To contribute for the introduction of solar thermal technology in Brazil, this paper presents a study of the
optimal location for thermoelectric power plants, based on the cost of electricity generation. For a solar
thermal power plant hypothetically located at a pixel set, the cost of electric energy generated was calculated
considering the capital cost, the electric energy generated and the infrastructural costs (high tension grid and
additional pipelines). The methodology applied for Bahia, Northeast region of Brazil, considered the implantation
of parabolic through solar power plants of 80 MW, SEGS type, operating only in solar mode, without heat storage.
The solar power plant with nominal power of 80 MW.

2. Solar Thermal Power Plant
2.1. Solar Technology
According to Dahle et al. (2008) the concentrating solar power plants produce electric power by converting
the sun's energy into high-temperature heat using various mirror configurations. The heat is then channeled
through a conventional generator. The plants consist of two parts: one part collects solar energy and converts
it to heat, and the other converts heat energy to electricity.
In parabolic trough systems, the sun's energy is concentrated by parabolically curved, trough-shaped
reflectors onto a receiver pipe running along the inside of the curved surface. This energy heats oil flowing
through the pipe, and the heat energy is then used to generate electricity in a conventional steam generator.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.18.01 Available at http://proceedings.ises.org
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2.2. Solar Field Modeling for Parabolic Collectors
According to Broesamle et al. (2001) the electric energy generated by a parabolic trough solar power plant,
may be determined by a mathematical function which considers thermal energy generated by the power
plant, the nominal efficiency of the steam cycle and the parasitic losses.
To simulate the thermal energy generated by a solar plant of 80MW, SEGS type, which uses the parabolic
collectors energy, it was used a simplified and stationary model of the physical properties of the parabolic
LS-3 collector of SEGS. In this model, the geometrical, optical and thermal losses were modeled.
Concerning geometrical losses, the following effects are considered:
a) The cosine effect (ξcos): for a horizontally aligned collector and parallel to the north-south axis is given by
the following equation:
(eq. 1)

Where: θ = incidence angle; θz = Zenith angle; δ = declination angle; ω = time angle.
b) Losses related to the incidence angle modifier (ξ IAM): that considers the reflected image distortion due to
the non-perpendicular incidence of the radiation. According to Patnode (2016) the modifier of the incidence
angle can be given by the following expression:
(eq. 2)

For Patnode (2006) it is important to distinguish the existing losses in the solar radiation available due to the
incidence angles corrections (empirical) of absorption and reflection correlated to the incidence angle.
Therefore, it is necessary to divide the incidence angle modifier by the cosine of the incidence angle, as
shown in the following equations (eq. 3 and eq. 4):
(eq. 3)
(eq. 4)

c) Collector end loss factor (ξE): that comprehends the solar light fraction that is reflected by the collector
and does not illuminate a certain length of the absorbing tube. The losses in the ends of the collectors are
given in function of the focal length of the collector, the length of the solar collector and the incidence angle,
and are given by:
(eq. 5)
Where: f = focal length of the collectors; LSCA = length of the solar collector.
d) Losses related to shading (ξS): The shading in the solar field decreases the performance of the collectors
once it attenuates the collection of solar radiation. According to [18], the shading factor in the columns is
defined by:
(eq. 6)

Where: Weff = opening effective width of the collector; Lspacing = length of the space between the columns
(15m for the SEGS VI); W = opening width of the collector (5m for the LS-2 collectors); θz = Zenith angle.
With all the effects defined, the geometrical losses of the system may be determined by the following
equation:
(eq. 7)

850

V. Azevedo et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

The second group of losses considers the optical losses of the collector, which come from the reflection,
transmission and non-ideal absorption of solar radiation. For model simplification purposes, all the
coefficients that define optical losses were considered constant. As a matter of fact, its values may vary, for
example, the reflectivity of the mirrors that may present different values due to the cleaning actions
performed on them. All the coefficients considered in the simulation, and its respective medium values, are
presented in Table 1.
Tab. 1: Coefficients Considered for the Determination of Optical Losses

Coefficient

Symbol-Value

Explanation

Reflection of the Mirrors

εT – 0.93

Losses due to the reflection once not
all the incident radiation is reflected.

Dirt on the mirrors

ϑ – 0.98

Dirt on the surface of the mirrors,
which reduce the reflection.

Transmittance of the
Mirrors

μ – 0.99

Losses related to coverage of the
mirrors that absorb a portion of the
incident radiation.

Interception Factor

ρm – 0.90

Related to the mirrors manufacture.

Transmittance factor of
the tube, which involves
the absorber tube

σT – 0.95

Due to the coverage of the glass that
protects the absorber and prevents the
transmittance of all the radiation.

Absorption coefficient of
the absorber tube

τ – 0.95

Due to the portion of radiation that is
reflected by the absorber tube.

Once all the coefficients are constants, the optical efficiency of the collector in the solar field is given by
(Richts, 2012):
(eq. 8)

The third group of losses considers the instantaneous thermal losses of the solar field, to which are related
with the difference of temperature of the absorber tube’s surface (T A = 653K) and the ambient temperature
perceived by the absorber tube when exposed to sun light. Such loss is given by the following expression:
(eq. 9)

Where:
= instantaneous thermal losses in the solar field; ASF = solar field area; b1 and b2 = coefficients
empirically determined for the collector of Euro Trough II equipped with the PTR70 absorber tube and
worth, respectively, 0 W/m²K and 0.00047 W/m²K² (Riffelmann, 2005); ∆T = temperature difference
between the absorber tube and the ambient temperature;
= instantaneous additional losses existing
on the pipes of the solar field.
From the modeling of the losses related to the solar collectors and with the knowledge of the direct normal
irradiation incident and the area of the solar field, it is possible to define the instantaneous thermal energy
generated in the power plant through the following equations:

(eq. 10)
(eq. 11)
(eq. 12)
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Where:
= instantaneous thermal energy in the solar field;
= instantaneous potency absorbed;
=
daily thermal losses of the solar field; ASF = solar field area; DNI = direct normal irradiation; ξgeo =
geometric efficiency; ηopt = optical efficiency;
= the instantaneous thermal losses in the solar field.
In one year of operation, the thermal energy generated by the solar plant (

) is given by:

(eq. 13)

Finally, the electrical energy generated by the plant (

) can be described as:
(eq. 14)

Where: ηnom = nominal efficiency of the power cycle; P Par,SF = parasitic electric consumption of the solar
field; PPar,PB = parasitic electric consumption of the power cycle.
2.3. Economic Analysis
According to Broesamle et al. (2001), the LCOE generated by a plant that operates exclusively in solar mode
is given by:
(eq. 15)
(eq. 16)
(eq. 17)

Where: i = rate of return of capital; n = life span; I plant = investment cost; Iinf = total cost of infrastructure;
CO&M = annual costs with operation and maintenance; Eyear = annual liquid energy generation; Croad/km = cost,
per kilometer, for the roadway interconnection; droad = distance from the roadway; Chtg/km = cost, per
kilometer, for the electrical interconnection; dhtg = distance from the high tension grid; Cp/km = cost, per
kilometer, for the hydraulic interconnection; dp = distance from hydraulic resources and Cper = cost with the
workers.

3. Geographic Information Systems
According to Ribeiro (2005) GIS are computer systems developed with the purpose of digital processing of
geographic information, considering its geometric, topological and temporal aspects. They are composed by
software resources developed to enhance the acquisition of geographic data, research and spatial analysis of
geographic phenomenon and facts, and also generate maps, letters, digital plants and various reports,
reaching geographic information integration in several themed levels.
GIS can be represented as a net that links people to the spatial data, through the use of hardware, software
and proceedings. The hardware correspond to the computing platform used; the software correspond to the
programs and modules; the data represent the cartographic basis; the people represent the professionals
responsible for the project as well as the users of the system; and finally, the proceedings comprehend the
methodologies and the existing practical actions for the system to operate properly for the organization
(Longley et al. 2005).

4. Methodology
4.1. Material Used
The material used included: Softwares ArcGIS 10.1 (ESRI) and Spring 5.2.6 (INPE), Shapefiles of the study
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area, Mission data SRTM3, Satellite images LANDSAT 8, Sun Positions Algorithm (SOLPOS) and
Meteorological Database for Teaching and Research (BDMEP).
4.2. Study Area
According to IBGE (Brazilian Institute of Geography and Statistics), Bahia is located in the Northeast
Region of Brazil, between the coordinates 18.348560º and 8.532821º South Latitude and -37.341147º and 46.617097º West Longitude.
4.3. Methodological Procedures
The steps taken for the definition of potential sites are presented in the flowchart in Figure 1.

Fig. 1: Flowchart of the methodology.

a) Definition of Spatial Database: The Spatial Database, or simply BDE, gathers properly updated spatial
information of the territory with a view to actions for planning, management and development of projects
effectively and sustainably (Alcântara and Sá, 2011).
For the study of optimal location of solar thermal power plants in Bahia, the BDE structuring of the BDE
followed the construction process since the Cartographic Basis already exist and are available for
application. The steps followed for the construction of this BDE involved actions of surveying, analyzing
and systematizing existing information, quality analysis of spatial data, base edition and preparation of the
database. The spatial data that contributed to the BDE were direct normal irradiation, land slope, water
resources, roadways, high tension grid, urban areas, use and occupation of soil and ambient temperature.
The spatial data of direct normal irradiation (annual average daily value) in Bahia are distributed in 10km x
10km cells and expressed in kWh/m² - SWERA (2018). The solar radiation rates vary from 3.8 to
6.3kWh/m². The highest values (between 5.9 and 6.3kWh/m²) are located in the Barreiras, Juazeiro, Irecê e
Guanambi. The lowest values observed (between 3.8 and 4.3kWh/m²) are prevalent in Feira de Santana,
Salvador, Santo Antônio de Jesus, Ilhéus-Itabuna e Vitória da Conquista.
b) Determination of the Set of Geometric Losses: to define the values of the losses related to shading
(ηshadow), to collector ends (ηendloss) and to the incidence angle modifier (K), first, for the State of Bahia,
seventeen municipalities well distributed throughout the State, were chosen for representation in the model.
After the selection of the municipalities, the survey of meteorological information necessary for the
implementation of the model was performed.
The meteorological variables of atmospheric pressure and dry-bulb temperature acting in the region of each
municipality researched in the Meteorological Database for Teaching and Research (BDMEP), of National
Institute of Meteorology INMET. The BDMEP is a database to support teaching and research activities and
other applications in meteorology, hydrology, water resources, public health, environment, etc. The database
gathers daily meteorological data, in digital form, of historical series from Conventional Meteorological
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Stations of INMET network, according with the International Technical Standards of the Word
Meteorological Organization.
The atmospheric pressure data corresponded to the monthly average values obtained throughout the year of
2017 in each municipality. Therefore, the annual average value in each locality was calculated from these
monthly values. On the other hand, the dry-bulb temperature data obtained refer to daily and hourly
determinations of 2017. Thus, for the implementation in the model, we sought to use the information
regarding the Average Day of the Month, according Rabl (1965).
With all the data available, the next step was the determination of the position of the Sun in each locality.
Each step was performed with the aid of SOLPOS. SOLPOS is an algorithm developed by NREL (National
Renewable Energy Laboratory) which determines, among others, the position of the Sun for a given locality
in function of localization and time. It is available in the Internet and its information is considered valid for
the determinations performed between the years of 1950 and 2050, with an uncertainty of ± 0.01 degrees.
In SOLPOS were inserted the information of geographic localization, atmospheric pressure, dry-bulb
temperature and Coordinated Universal Time (UTC) for each municipality. As algorithm output data, the
monthly average values obtained were the hourly, zenithal and solar declination angles. From these, the
calculation of the parameters regarding the losses related to shading (ηshadow), to collector ends (ηendloss) and to
the incidence angle modifier (K) were performed, using the equations 1, 2, 4 and 5.
With the monthly average values of the losses related to shading (ηshadow), to collector ends (ηendloss) and to
the incidence angle modifier (K) of each municipality used in the model, were calculated, then, the annual
average values of these effects, which are presented in Table 2. Due to the similarity between the values
found in the municipalities of Bahia, the value used to represent the effects of shading (ηshadow), of the final
losses in the collector ends (ηendloss) and the incidence angle modifier (K) for the State of Bahia (annual
average) was the average of the annual values of each one of these effects (which is also shown in Table 2).
Tab. 2: Annual Average Values of Losses to Shading (ηshadow), to Collector Ends (ηendloss) and to Incidence Angle Modifier (K)
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Municipality

ηshadow

ηendloss

K

Barreiras

0.8709

0.9707

0.9943

Bom Jesus da Lapa

0.8817

0.9698

0.9935

Caetité

0.8884

0.9696

0.9927

Canavieiras

0.9139

0.9683

0.9911

Caravelas

0.9101

0.9669

0.9890

Cipó

0.9219

0.9711

0.9948

Correntina

0.8733

0.9702

0.9934

Feira de Santana

0.9170

0.9705

0.9940

Guaratinga

0.9089

0.9676

0.9901

Irecê

0.8940

0.9711

0.9947

Jaborandi

0.8643

0.9694

0.9925

Jacobina

0.9055

0.9712

0.9948

Lençóis

0.8973

0.9705

0.9938

Remanso

0.8926

0.9718

0.9957

Salvador

0.9197

0.9701

0.9934

Santa Rita de Cássia

0.8742

0.9712

0.9950

Vitória da Conquista

0.9005

0.9689

0.9919
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Bahia
(Annual Average)

0.8961

0.9699

0.9932

c) Determination of Total Cost of Infrastructure: To determine the total cost of infrastructure (I inf), which
relates the expenses to the electric, hydric and road interconnections of the power plant, were used the
thematic layers relative to the distances to water resources, distance to main roadways and distances to high
tension grids, as well as the parameters values Chtg/km (cost, per kilometer, for the electrical interconnection
through high tension grid) Cp/km (cost, per kilometer, for the hydraulic interconnection) and Croad/km (cost, per
kilometer, for the road interconnection), shown in Table 3. All of these parameters were inserted in the GIS
environment, according to the equation 16, to obtain the total cost of infrastructure (Azevedo, 2016). A
schematic illustration of the total cost of infrastructure determination is presented in Figure 2.

Tab: 3 Fixed Parameters used for the location of the Solar Power Plant by LCOE.

Parameters

Value

Unit

Iplant

240,553,296.00

US$

I

8

%

n

25

Years

Chtg/km

334,101.80

US$/km

Cp/km

40,378.88

US$/km

Croad/km

50,115.27

US$/km

Cper – Cost with

2,405,532.96

US$

the workers

Fig. 2: Procedures for Calculation of the Infrastructure Costs.
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d) Determination of Annual Generation of Electric Energy: The calculation of the amount of thermal energy
generated in the solar field of the plant, hypothetically situated in the State of Bahia, succeeded the
determination of the thermal energy absorbed and the definition of thermal losses.
For the determination of thermal energy absorbed, the equation 11 was used considering the use of the value
obtained by Shenk and Eck (2012) to represent the maximum optical efficiency of the solar collector (ηopt,0 =
0.7330), the use of the constant 0.96 to represent the availability coefficients of the solar field (xfield) and
cleaning of the mirrors (Cl), that is, (Cl·xfield = 0.96), the determination of the set of losses related to shading
(ηshadow = 0.8961), to collector ends (ηendloss = 0.9699) and to the incidence angle modifier (K= 0.9932) for
Bahia, and the adoption of the value of 510,000m² for the representation of the total collector opening area in
the solar field, that is, ASF = 510,000m².
For the determination of thermal losses the equation 12 was used, considering the value used by Morin et al.,
(2012) for the representation of additional thermal losses existing in the solar field pipe (qpipeloss = 10W/m²),
the value also used by Morin et al., (2012) for the fluid temperature at the inlet of the solar field (Tf,in =
280ºC or 553K) and the fluid temperature at the outlet of the solar field (Tf,out = 411ºC or 684K), the duration
of 12 hours of operation of the plant for the calculation of thermal losses and the value of 510,000m² for the
representation of the total opening area of the collectors in the solar field, that is, ASF = 510,000m².
From the knowledge of all the parameters involved, it was possible to create a Map of Annual Production of
Thermal Energy of a Solar Power Plant of 80MW for the State of Bahia, which is presented in the following
section.

5. Results and Discussion

5.1 Costs of Electricity Production for Bahia
The costs of electric energy generation for Bahia are presented in Figure 3. In the map, it can be noticed that
the highest costs (US$227.98/MWh) are located, mostly, in east part of Bahia. The lowest costs, which
amount to US$ 145.16/MWh, are predominant in west portion of Bahia.

Fig. 3: Solar Electricity Costs Map per MWh of the Solar Thermal Power Plant of 80MW.

Observing the relation between the electric energy generation cost (C el) and the annual energy generation
(Eyear) it is perceived that the sites with highest electric energy generation must present lower costs and vice-
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versa, if all other factors are invariable. In fact, the highest values of Eyear, which reach to 189400.5 MWh,
are located in the west portion, where the costs by MWh reach US$ 145.16 (Figure 3 and Figure 4).

Fig. 4: Annual Solar Electricity Generation for 80MW Solar Plant.

Observing the relation between the LCOE and infrastructure cost (Iinf), it is verified that the higher the values
of Iinf for a given value of energy production, the higher will be the LCOE. According to Figure 5, the
regions that present higher Iinf (US$ 54,385,661.07) are located in the areas where there is low density of
power grid.
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Fig. 5: Infrastructure Costs Map of the distances to roadways, high tension grids and water resources.

5.2 Identification of Promising Sites
To identify promising sites for solar plants installation in Bahia was made the identification of the restriction
areas (Figure 6). The restriction areas considered in this study were (Tiba and Azevêdo, 2019): a) Federal
Conservation Units; b) Indian territories; c) Quilombola territories; d) Atlantic Forest Remnants; e) High
agricultural potential; f) Urban Areas; g) Water Bodies; and h) Sites with declivity higher than 5%.

Fig. 6: Solar Electricity Costs Map per MWh and Restrictions Areas.

The total area availability for the installation is of 207,916.80km². Once determined the total area availability
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for the installation, the best site determination was made, considering the lower electricity generation costs
and the higher energy generation, as showed in Figure 7.

Fig. 7: The Best Sites for the Insertion of CSP Projects.

According to Figure 7, the regions of Barreiras, Guanambi, Irecê and Juazeiro, present great potential for the
installation of CSP projects. In these regions it is possible to find areas with electric energy generation costs
of US$ 145.16/MWh and values of energy production of 189,400.5MWh/year. If the scenario presented by
Murphy et. al. (2019) becomes concrete, there will be a reduction on the cost of electric energy in the USA
and current cost in the year of 2030, that is to say, the order of US$ 0.05/kWh for Brazil.
The Jaborandi Solar Power Plant, located at the RGI of Barreira, is inserted in a region with large potential
for the installation of CSP projects due to its proximity to infrastructural elements, high annual electric
power production, smaller costs of energy production and area availability for projects insertion. (Tiba and
Azevedo, 2019).
It is also worth mentioning that a more detailed analysis in the site of implementation of the solar power
plant is indispensable. Such analysis should include the local measurement of the incident direct normal
irradiation for at least five years, the precise and updated information availability of the infrastructure objects
(electric, roadway and water) as well as a visit (in loco) to the sites indicated as promising for the solar
technology insertion.
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Abstract

This paper proposes a new method for avoiding overheating of the heat transfer fluid on solar thermal energy
collectors. The proposed strategy is based on a combination of partial and total defocusing of the collectors in a
single Practical Nonlinear Model Predictive Control structure. Simulation results are used to show the advantages
of the proposed formulation The controller is evaluated with an high accurate simulation setup and it is shown
that the hybrid controller incorporates the reference tracking performance and decreased computation times of the
combined controller formulations and capable of maintaining high energy absorption on scenarios of pump
failures and undetected changes on mirror efficiency.
Keywords: Overheating control, solar energy, Practical nonlinear model predictive control, Solar collector
defocusing

1. Introduction
The importance of solar energy to solve the energetic sustainability issues of the current era is very significant
due to the abundance of this energy source, therefore the development of solar energy collection and
transformation is encouraged (Andrade et. al. 2013). There are some important operational constraints to be
considered with solar thermal applications, especially the maximal allowable temperature on the Heat Transfer
Fluid (HTF). These temperature limits are defined by the fluid properties and by constructive characteristics of
the plant. If these temperatures are reached, the HTF can decompose, generating inflammable gases and causing
premature component failures, reducing the system performance (Frank, 2015) and compromising its safety. As
such, avoiding the operational upper bounds for temperatures constitutes an interesting control problem, as the
solar collector should provide the biggest energy output possible while maintaining the integrity of the processes’
components.
This work focuses on the control of a solar collector field, which is composed of several parallel collector loops.
A solar collector loop is composed of several solar energy collectors connected in serial configuration. Each
collector is composed of a reflector that focuses the sun irradiation on an absorber tube. Inside the absorber tube,
a Heat Transfer Fluid flows through the collector loop and recieves the thermal energy from the absorber tube.
The amount of energy that the HTF has at the output of the loop is directly related to the amount of solar irradiation
at the reflectors, which is both the main source of energy for the process and its main disturbance, and the degree
of focus of the reflector. Typical control structures only manipulate the HTF flow as it changes the amount of
energy absorbed per unit of time, but the defocusing of the reflector mirrors introduces a degree of freedom to the
control structure and allows for faster lowering of the HTF temperature.
The control strategy applied to this process must be capable of maintaining the process under operational
constraints, such as the maximum temperature allowed for the HTF, while maintaining the power generation
(Sánchez et. al. 2018). This type of process has very few degrees of freedom for the control actions as the HTF
flow is typically the only manipulated variable and the collectors are only defocused for safety concerns. In a
previous work, Elias et. al. (2019) proposed two defocusing strategies in order to keep the HTF temperature under
the operational constraints while maintaining the desired energy output: on/off and partial defocusing of the
collectors. This work aims integrating both defocusing strategies in a centralized Nonlinear Model Predictive
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Control (NMPC) framework in order to obtain the best aspects from both previous controllers.

2. Process Model
The model utilized in this work is a lumped parameter model for each collector of the solar field, shown by Elias
et. al. (2019), and is based on the distributed parameter model proposed by Carmona (1985). The expression for
the output temperature of HTF at each collector is given by eq. 1:

𝑓 𝑐𝑓 𝐴𝑓 Ṫouti,j (t) =

𝜑𝑜𝑢𝑡

𝑖,𝑗

10

(𝑡)

𝜂𝑜 𝐺(𝑡) − 𝑓 𝑐𝑓

𝑣𝑖 (𝑡−𝑑𝑐 ) Touti,j (t)−Tini,j (t)
𝑛𝐶

L

−

𝐻𝑙 (Tout ,T𝑖𝑛 ,𝑇𝑎 )
i,j

i,j

𝐿𝑡

(eq. 1)

where Touti,j and Tini,i are respectively the output and input temperatures of the HTF at collector 𝑗 of loop 𝑖, 𝑣𝑖 is
the volumetric flow of the HTF considering equal flow in every collector of the loop i, 𝐻𝑙 is a function for the
thermal losses of the collector and 𝐺 is the optical aperture of the mirror and 𝜑𝑜𝑢𝑡𝑖,𝑗 the current focus state of the
collector 𝑗 at loop i, with values ranging from 0 to 10. The value 0 represents a completely defocused collector,
the value 3 represents a collector with 30% focus while the value 10 represents a completely focused collector. A
description of the parameters of the model are presented on Tab. 1.
Tab. 1: Parameters of the model.

Symbol
𝐴𝑓
𝑐𝑓
𝐻𝑙
𝐿
𝐿𝑡
𝜂𝑜
𝐺

𝑓

Description
Absorber section
Specific heat of fluid
Function of thermal losses
Solar collector length
Loop length
Mirror optical efficiency
Mirror optical aperture
Density

Unit
m2
J kg−1 K−1
J s−1 K−1
m
m
m
kg m−3

Specific heat and specific mass of the HTF are dependent on the temperature and for the considered thermal fluid
are given by eq. 2 and eq. 3:

𝑓 (t) = 903 − 0.672
𝑐𝑓 (t) = 1820 − 3.76

Touti,j (t)+T𝑖𝑛 (𝑡)
i,j

(eq. 2)

2
Touti,j (t)+T𝑖𝑛 (𝑡)
i,j

(eq. 3)

2

As the defocusing of the collectors involves the movement of mechanical parts such as mirrors, there is a dynamic
to be considered for changes on the focus. This actuation dynamic is modeled as a first order differential equation
with unitary static gain and a time constant τA as shown on eq. 4:
(eq. 4)

τ𝐴 𝜑̇ 𝑜𝑢𝑡𝑖,𝑗 (𝑡) = −𝜑𝑜𝑢𝑡𝑖,𝑗 (𝑡) + 𝜑𝑖,𝑗 (𝑡)
where 𝜑𝑖,𝑗 is the focus value calculated by the controller and applied by the actuator 𝑗 of loop 𝑖.

As the collectors are connected in serial configuration on each loop, the output temperature of the previous
collector is the input collector of the next and the output temperature at the last collector of a loop is the output
temperature of the loop. The loops are connected in parallel configuration and as such the output temperature of
the whole field (𝑇𝑜𝑢𝑡𝑓𝑖𝑒𝑙𝑑 ) is calculated as a weighted average of the output temperatures for each loop and the
volumetric flow. It is also considered a first order dynamic for the mixing of the flows from each loop, similarly
to the focus actuators. Considering a collector field composed of 𝑛𝐿 parallel collector loops with 𝑛𝑐 collectors
each, eq. 5 expresses a model for the output temperature for the whole field.:
𝑛

τT 𝑇̇outfield (𝑡) = −𝑇𝑜𝑢𝑡𝑓𝑖𝑒𝑙𝑑 (𝑡) +

𝐿 𝑇
∑𝑖=1
𝑜𝑢𝑡
𝑛

𝑖,𝑛𝑠

(𝑡)𝑣𝑖 (𝑡)

𝐿 𝑣 (𝑡)
∑𝑖=1
𝑖

where τT is the time constant considered for the mixing of the flows.
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As pointed out by Elias et. al. (2019), this model has good performance for control purposes and therefore is used
in this work as the prediction model of the controller and the process to be controlled.

3. Model Predictive Control Principles
The term Model Predictive Control (MPC) refers not only to a specific control strategy, but to a family of
algorithms based on prediction and optimization. With MPC, at each sampling time the foreseeable future
behavior of the controlled variables is predicted in a prediction horizon, provided a process model, measurements
and future control actions (Camacho and Bordons, 2007). These future control actions are proposed by an
optimizer, which tries to obtain the control movements that best reaches the provided objective while respecting
the imposed constraints. One of the main reasons for the success of MPC applications is its native capacity to
handle multivariable coupled dynamics with constrains, allowing the control of complex processes such as a solar
collector field. A diagram showing the main elements of MPC are presented on fig. 1.

Fig. 1: Basic structure and elements of MPC.

One of the main limitations on the implementation of MPC controllers is the computation time of the optimization
problem to be solved, which must be completed in a single sampling time. at each iteration. As such, it is usual to
formulate convex problems, that can be solved fast and reliably due to the existence of robust numerical methods
for solving these problems. The inclusion of integer and binary variables can increase the computation complexity
and therefore must be studied in order to evaluate the feasibility of implementation.
Another aspect that can affect the computation times of the controller is the prediction of the controlled variables.
The complexity of the model used for predictions can greatly increase the computation times of the controller as
nonlinear models can take much time to be evaluated and make the optimization problem not convex. To solve
this issue, linear models are frequently used as they require little computation to be evaluated and facilitate the
formulation of a convex problem. The predictions (𝒀) from these linear models can be rewritten as a sum of two
terms: free response and forced response, as seen on eq. 6.
𝒀 = 𝐺. ∆𝑼 + 𝒇

(eq. 6)

The free response, represented by 𝒇, is the predicted output of the model given that no change is applied to the
manipulated variables on the prediction horizon. The forced response, given by the term 𝐺. ∆𝑼, represents the
predicted output of the model given a stationary state at the beginning of the prediction horizon and the future
control actions proposed by the controller (∆𝑼). The matrix 𝐺, called dynamic matrix, is obtained from the linear
model parameters.
The use of linear models can limit the operational region of the controller due to the increasing modeling errors
when the process goes to regions distant from the linearization point of the model. In order to increase the region
in which the prediction model is valid, Nonlinear MPC techniques use nonlinear models to predict the process. In
order to avoid the issues associated with the use of nonlinear models, there are algorithms such as the Practical
Nonlinear Model Predictive Control (PNMPC) proposed by Plucênio et. al. (2007) that obtain a new linear model
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from the nonlinear model at each iteration of the controller, allowing for fast calculations and formulation of
convex optimization problem. The PNMPC also uses the nonlinear model to compute the free response, allowing
for a better representation of the process dynamics on the predictions.

4. Control Structure
The proposed hybrid control structure aims to manipulate the HTF flow within its operational range to achieve
the reference tracking objective. The controller should also defocus the solar collectors when the maximum HTF
temperature is to be reached in a predictable future horizon while considering the future reference trajectory for
the HTF temperature and the disturbances of ambient temperature, irradiation, and inlet temperature. These control
objectives are accomplished using PNMPC.
2.1. Proposed control formulation
The specification of the MPC controller involves the definition of an optimization problem, which consists of an
objective function and constraints. The objective-function to be minimized by the proposed controller is divided
in three terms, as expressed in eq. 7:
(eq. 7)

𝐽 = 𝐽1 + 𝐽2 + 𝐽3

The terms 𝐽1 , 𝐽2 and 𝐽3 represent three conflicting objectives of the controller: Tracking of a reference for the solar
field output temperature, given by eq. 8; Minimization of the movement of the manipulated variables, given by
eq. 9; and Maximization of the volumetric flow of HTF and focus value in order to indirectly maximize the energy
output of the process, given by eq. 10.
2

𝐽1 = ∑𝑘=1
𝑁 (𝑇𝑜𝑢𝑡𝑓𝑖𝑒𝑙𝑑 (𝑡 + 𝑘) − 𝑇𝑟𝑒𝑓 (𝑡 + 𝑘)) 𝑸𝑻

(eq. 8)
2

𝑘=1 𝑗=1 𝑖=1
𝑖=1
2
𝐽2 = ∑𝑘=1
𝑁𝑐 ∑𝑛𝐿 (Δ𝑣𝑖 (𝑡 + 𝑘)) 𝑹𝒗 + ∑𝑁𝑐 ∑𝑛𝑐 ∑𝑛𝐿 (Δφ𝑖,𝑗 (𝑡 + 𝑘)) 𝑹𝛗
2

2

𝑘=1 𝑗=1 𝑖=1
𝑖=1
𝐽3 = − ∑𝑘=1
𝑁𝑐 ∑𝑛𝐿 (𝑣𝑖 (𝑡 + 𝑘)) 𝑸𝒗 − ∑𝑁𝑐 ∑𝑛𝑐 ∑𝑛𝐿 (φ𝑖,𝑗 (𝑡 + 𝑘)) 𝑸𝛗

(eq. 9)
(eq. 10)

Where Toutfield and 𝑇𝑟𝑒𝑓 are the predicted and reference outlet temperatures of the solar field for the prediction
horizon, Δ𝑣𝑖 the changes on the flow of each loop of the solar field for the control horizon of this variable, φ𝑖,𝑗
the focus variable for all collectors of each loop of the field for the control horizon of this variable and Δφ𝑖,𝑗 the
changes on φ𝑖,𝑗 for the same control horizon. The square matrices 𝑸𝑻 , 𝑸𝒗 , 𝑸𝛗 , 𝑹𝛗 and 𝑹𝐯 are weights of
appropriate size. The prediction horizon is given by 𝑁 while the control horizon is given by 𝑁𝑐
The two control strategies that are combined on this work will be referred to as On/Off, where the controller
should completely defocus a collector if the outlet temperature of any collector gets above the upper limit over
the prediction horizon of the controller; and Partial, where the controller combines the manipulation of flow and
partial defocusing of the collector in order to achieve the control objectives with smaller control effort when
compared to the On/Off case.
In order to implement the proposed integrated strategy, it is necessary to introduce the binary variable δ𝑖 which
indicates if a collector i should be focused (δ𝑖 = 1) or completely defocused (δ𝑖 = 0). The constraints presented
in eq. 11 and 12 determine the possible values of the focus φ𝑖,𝑗 and its change rate Δφ𝑖,𝑗 .
0 ≤ 𝜑𝑖,𝑗 (t + k) ≤ 10δ𝑖,𝑗

𝑖 = 1. . 𝑛𝐿 , 𝑗 = 1. . 𝑛𝑐 , 𝑘 = 1. . 𝑁𝑐

(eq. 11)

−δ𝑖,𝑗 (𝑡 + 𝑘) − 10(1 − δ𝑖,𝑗 (𝑡 + 𝑘)) < Δ𝜑𝑖,𝑗 (𝑡 + 𝑘) < δ𝑖,𝑗 (𝑡 + 𝑘) + 10(1 − δ𝑖,𝑗 (𝑡 + 𝑘))
𝑖 = 1. . 𝑛𝐿 , 𝑗 = 1. . 𝑛𝑐 , 𝑘 = 1. . 𝑁𝑐

(eq. 12)

If the collector is to be focused (δ𝑖,𝑗 = 1), the focus value has full range between 0% focus ( φ𝑖,𝑗 = 0) to 100%
focus ( φ𝑖,𝑗 = 10) and the change in focus is limited to ±10% (−1 < Δφ𝑖,𝑗 < 1) but if the collector should be
completely defocused (δ𝑖,𝑗 = 0), the focus value is forced to be zero and the change in focus can range from 100% to 100% as it should be capable going form completely focused to defocused and vice versa.
As stated by Elias et. al. (2019), there are operational limits for the HTF flow (𝑣𝑀𝐴𝑋 and 𝑣𝑀𝐼𝑁 ) and in order to
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prevent the controller from manipulating the flow rate when the collector is defocused, the constraints presented
in eq. 13 are applied, which forces the applied flow to be at the upper limit when the collector is defocused (δ𝑖,𝑗 =
0).
𝑣𝑖 (𝑡 + 𝑘) ≤ 𝑣𝑀𝐴𝑋
𝑣𝑖 (𝑡 + 𝑘) ≥ 𝑣𝑀𝐼𝑁 δ𝑖,𝑗 (𝑡 + 𝑘) + 𝑣𝑀𝐴𝑋 (1 − δ𝑖,𝑗 )
13)
{

𝑖 = 1. . 𝑛𝐿 , 𝑗 = 1. . 𝑛𝑐 , 𝑘 = 1. . 𝑁𝑐

(eq.

In order to determine if a collector should be defocused, the binary variable 𝛼𝑖,𝑗 is introduced to indicate if, in a
given time of the prediction horizon, the HTF temperature at collector 𝑗 exceeds the maximum allowed
temperature (𝛼𝑖,𝑗 = 0) or not (𝛼𝑖,𝑗 = 1). This condition is expressed in eq. 14:
α𝑖,𝑗 (𝑡 + 𝑘 − 1|𝑡) = 1 ↔ 𝑇̂𝑜𝑢𝑡𝑖,𝑗 (𝑡 + 𝑘|𝑡) ≤ 𝑇𝑚𝑎𝑥

𝑖 = 1. . 𝑛𝐿 , 𝑗 = 1. . 𝑛𝑐 , 𝑘 = 1. . 𝑁

(eq. 14)

Where 𝑇̂𝑜𝑢𝑡𝑖,𝑗 is the prediction for the outlet temperature of collector 𝑗 from loop i. This condition can be rewritten
as the inequalities presented in eq. 15 when considering that the flow is at the upper limit when the collector is
defocused.
{

α𝑖 (𝑡 + 𝑘 − 1|𝑡)𝑇̂𝑜𝑢𝑡𝑖,𝑗 |𝑣=𝑣𝑀𝐴𝑋 (𝑡 + 𝑘|𝑡) − 𝑇𝑚𝑎𝑥 ≤ 0
𝑇̂𝑜𝑢𝑡𝑖,𝑗 |𝑣=𝑣𝑀𝐴𝑋 (𝑡 + 𝑘|𝑡) − (1 − α𝑖,𝑗 (𝑡 + 𝑘 − 1|𝑡)) 𝑇𝑚𝑎𝑥 ≥ 0

𝑖 = 1. . 𝑛𝐿 , 𝑗 = 1. . 𝑛𝑐 , 𝑘 = 1. . 𝑁

(eq. 15)

The decision to completely defocus a collector (δ𝑖,𝑗 = 0) is to be taken if in any instant of the prediction horizon,
the predicted outlet temperature of the collector is above the upper limit for the HTF, as expressed in the
inequalities of eq. 16:
−α𝑖,𝑗 (𝑡|𝑡) + δ𝑖,𝑗 (𝑡|𝑡) ≤ 0
−α𝑖,𝑗 (𝑡 + 1|𝑡) + δ𝑖,𝑗 (𝑡|𝑡) ≤ 0
⋮
−α𝑖,𝑗 (𝑡 + 𝑁α − 1|𝑡) + δ𝑖,𝑗 (𝑡|𝑡) ≤ 0
{α𝑖,𝑗 (𝑡|𝑡) + α𝑖,𝑗 (𝑡 + 1|𝑡) + ⋯ + α𝑖,𝑗 (𝑡 + 𝑁α − 1|𝑡) − δi,j (t|t) − Nα + 1 ≤ 0
𝑖 = 1. . 𝑛𝐿 , 𝑗 = 1. . 𝑛𝑐 , 𝑘 = 1. . 𝑁

(eq.

16)

5. Results and Discussion
In order to evaluate the performance of the hybrid controller and compare with the On/Off and Partial defocusing
controllers, three simulation scenarios were created:
•

High irradiation scenario: An irradiation profile for the morning of a day with high peak irradiation and
some clouds;

•

Pump failure scenario: An irradiation profile for the start of the afternoon with no clouds. At two
moments on the simulation, a malfunction is simulated on the pump for loop 1 of the solar field and the
flow is fixated. Between 𝑡 = 36 𝑚𝑖𝑛 and 𝑡 = 54 𝑚𝑖𝑛 the flow at loop 2 was locked at 8 10−3 𝑚3 𝑠 −1
and between 𝑡 = 132 𝑚𝑖𝑛 and 𝑡 = 156 𝑚𝑖𝑛 the flow at loop 2 was locked at 12 10−3 𝑚3 𝑠 −1 .

•

Mismatch pump failure scenario: The same as the previous case with the introduction, but an 10% error
is introduced on the optical efficiency parameter.

The applied profiles for ambient temperature and irradiation are presented on fig. 2 and 3. In order to evaluate the
simulated results, three performance indexes were considered: Amount of heat absorbed by the HTF, the integral
of the squared reference tracking error (ISE) for the output temperature of the solar field, and the average
computation time for the controllers. The results are presented on Tab. 2.
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Fig. 2: Ambient temperature profile used on all cases.

Fig. 3: Irradiation profiles: (a) High irradiation profile; (b) Pump failure profile.

Tab. 2: Performance indices for the simulated cases

1 - High irradiation
scenario

2 - Nominal case
with pump failure

3 - Mismatch case
with pump failure

On/Off

Partial

Hybrid

Heat [J]

3.8723e+09

4.6064e+09

3.5178e+09

ISE

5.8366e+04

4.4523e+04

9.2163e+04

Mean time [s]

0.6728

0.0617

0.1367

Heat [J]

4.8853e+09

3.7994e+09

4.8700e+09

ISE

3.5497e+04

4.3240e+04

3.7473e+04

Mean time [s]

0.7406

0.1178

0.0967

Heat [J]

5.3123e+09

3.9164e+09

5.3761e+09

ISE

4.6513e+04

3.9734e+04

4.3900e+04

Mean time [s]

0.6461

0.1128

0.1227

Results for the simulations of the high irradiation scenario are shown in figures 4, 5 and 6. These figures present
the output temperature of the whole field and it’s reference, the focus value for each collector and the HTF flow
for both loops. As the partial defocusing controller kept the flows high when compared to the other controllers,
the amount of thermal energy absorbed by the HTF is greater for this controller (see Tab. 2). The Hybrid controller
presented small changes on the flow, which resulted on greater variability of the output HTF temperature and
elevated values of ISE. In this case, the Hybrid controller presented itself as less aggressive when compared to
the other MPC, which is desirable for reducing the wearing of actuators, but may result on losses on energy
absorption efficiency. The partial and hybrid controllers presented smaller computation times when compared to
the On/Off controller, as the optimization problem solved by this controller is more complex.
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Fig. 4: Simulation results for the On/Off controller at the nominal case with high irradiation.

Fig. 5: Simulation results for the partial focus controller at the nominal case with high irradiation.
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Fig. 6: Simulation results for the Hybrid controller at the nominal case with high irradiation.

The results for the pump failure scenario are presented on figures 7, 8 and 9. As shown in figure 9, it is possible
to see that the hybrid controller generates smaller deviations from the reference temperature when compared to
the other MPC, during the pump malfunctions. It is also notable that during both pump malfunctions, the hybrid
controller managed to converge the proposed control action to the fixed flow values. This did not happen on the
other controllers, with the On/Off (Fig. 7) proposing different flow values during the first pump failure and the
partial controller (Fig. 8) proposing different flow values at the second pump failure. It is important to note that
the switching observed on the On/Off controller (Fig. 7) is undesired and is result of failure to obtain a online
feasible solution for the optimization problem. The partial controller defocused two collectors on both loops for
almost all the simulation, as seen on figure 8. This is not desirable because if there is no overheating risk,
defocusing the collector decreases the amount of energy that can be absorbed by the HTF, as can be seen when
comparing the amounts of absorbed heat on Tab 2. For this simulation case, the computation times had similar
behavior to the previous case, with the On/Off controller taking more time to compute the control actions.

Fig. 7: Simulation results for the On/Off controller at the nominal case with pump failure.

868

A. Brandão et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 8: Simulation results for the partial focus controller at the nominal case with pump failure.

Fig. 9: Simulation results for the Hybrid controller at the nominal case with pump failure.

The results for the pump failure scenario with model mismatch are presented on figures 10, 11 and 12. In this
simulation case, it is possible to see that the partial focus controller (Fig. 11) used lower flow values during the
simulation, resulting on less energy being absorbed by the HTF (Tab. 2). The On/Off and Hybrid controllers
presented similar amounts of energy absorbed, but with much smaller computation times and better reference
tracking. The defocusing presented on the Hybrid controller (Fig. 12) is considerably grater than the one calculated
by the On/Off controller (Fig. 10), as the latter has constraints to avoid excessive switching.
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Fig. 10: Simulation results for the On/Off controller at the nominal case with pump failure.

Fig. 11: Simulation results for the partial focus controller at the nominal case with pump failure.
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Fig. 12: Simulation results for the Hybrid controller at the nominal case with pump failure.

It is important to point out that the behavior of MPC controllers is highly dependent on the tuning parameters.
The tuning of the controllers analyzed on this paper was complex, especially for the hybrid controller, as its
objective function contained several conflicting objectives with various variables that have very different ranges
of possible values.

6. Conclusions
This paper presented a hybrid MPC algorithm for overheating prevention on a solar collector field that manipulates
flow and focus values. The controller combined two previous MPC formulations that apply partial and On/Off
defocusing of the collectors and is based on the PNMPC controller. The resulting Mixed-Integer optimization
problem is then solved at each iteration of the controller in order to obtain optimal control actions.
These controllers were compared through simulating a two-loop solar collector field with a high accuracy process
model. Irradiation and ambient temperature profiles used in the simulation were obtained from experimental data.
Three simulation scenarios were evaluated in order to assess the performance of the controllers in situations that
facilitate the overheating of the heat transfer fluid.
All evaluated controllers were able to avoid overheating but presented varying performances for each simulation
case. The hybrid controller presented itself as an interesting alternative as it obtained overall good performance
while having relatively low computation times.
As proposal for future works, the inclusion of an explicit term of energy on the objective function in could be
interesting to facilitate tuning. The usage of tuning techniques such as satisficing MPC can be interesting for
obtaining a flexible tuning strategy for the controllers.
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Abstract

Heliostat optical performance can be affected by gravity-induced deformations in the structure that supports the
mirror. These deformations can result in optical and pointing errors that increase the spillage and, therefore,
decrease the energy collection efficiency. In this work, a method for determining the deformation degree of a
heliostat structure under gravity loads is presented. This method is based on the comparison between experimental
and numerical flux maps at different times of the day. Numerical flux maps are simulated using matrices of slope
errors determined through deflectometry. For each heliostat, its matrix of slope errors is determined for a specific
orientation of its structure depending of the heliostat position in the field. If there is no gravity-induced
deformation, the experimental flux map acquired at any time of the day should be identical to its corresponding
numerical one. On the contrary, if deformation exists, there should be differences between both maps depending
on the orientation of the heliostat, i.e., on the time of the day. Quantitative comparison between both maps is
carried out statistically with the root mean square deviation and the Pearson correlation coefficient. For this study,
the heliostat solar field located at IMDEA Energy in Mostoles, Spain, is used.
Keywords: Ray-tracing, Deflectometry, Solar Field, Heliostat, Concentrated Solar Power, Flux Map

1. Introduction
Heliostats are employed in solar thermal power plants to concentrate solar radiation and produce heat for
electricity generation. In order to maximize the energy collection efficiency, the stiffness of the heliostat structure
plays an important role. A low stiffness can result in mirror deformations due to gravity and wind loads (Strachan
and Houser, 1993), what produces optical and pointing errors, thus reducing the optical efficiency and
performance of the heliostat. In order to avoid these deformations, the stiffness of the heliostat structure should
be as high as possible, but increasing the stiffness of the structure also increases the cost of the heliostat, so a
trade-off between both must be reached.
Several studies have been carried out investigating the effect of static loads, such as gravity, on solar concentrators
(Meiser et al., 2016). All these studies are based on FEA (Finite Element Analysis) models that predict the
displacement of the concentrator structure under different static loads. For heliostats, inexpensive methods to
validate these FEA models have been proposed (Moya and Ho, 2011), and the influence of the deformations
provided by these FEA models on the flux maps has been investigated (Yuan et al., 2015).
In this work, a novel methodology that allows determining the existence or not of gravity-induced deformations
in the structure of a heliostat is proposed. This methodology is based on the analysis of experimental and numerical
flux maps and allows quantifying the influence of gravity-induced deformations on flux maps without using FEA
models, so information about optical and pointing errors is directly obtained. However, even though FEA models
are not needed, this method requires to previously characterize the surface of the heliostat. In the next sections,
the methodology developed here is described in detail and applied to the heliostats of the solar field located at
IMDEA Energy in Mostoles, Spain (Romero et al., 2017).

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
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2. Methodology and experimental set-up
2.1 Methodology
The method developed here consists of measuring experimental flux maps for different orientations of a heliostat,
i.e., for different times of the day, and then comparing them with their respective numerical maps. In order to
generate these numerical maps, matrices of the slope error of the mirror surface in x and y directions must be
known. For this, deflectometry (Ulmer et al., 2010) or another surface characterization technique that provides
this information must be used first. In this case, deflectometry has been performed to some heliostats of the solar
field. Deflectometry is performed projecting a stripe pattern over a target located in the tower and analyzing the
reflected image of this pattern over the surfaces of the heliostats by a camera also located in the tower. Thus,
deflectometry is performed for a single orientation of the heliostat that depends on its position in the solar field,
while experimental flux maps are acquired for different orientations of the heliostat depending on the time of the
day. Therefore, if no gravity-induced deformation exists, both numerical and experimental flux maps should be
equal at any time of the day. On the contrary, if deformation exists, only the experimental flux map acquired at
the same heliostat position as for the deflectometry measurement should be equal to the numerical flux map.
Comparison of numerical and experimental flux maps is performed through the calculation of the root mean
squared deviation, RMSD, and the Pearson correlation coefficient, 𝜌𝜌.
2

1
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𝑖𝑖=1�𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 − 𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛,𝑖𝑖 �
𝜌𝜌 =

𝑁𝑁

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛𝑛𝑛𝑛𝑛

𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛

=

������
��������
∑𝑁𝑁
𝑖𝑖=1�𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 −𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒 ��𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛,𝑖𝑖 −𝐼𝐼𝑛𝑛𝑢𝑢𝑢𝑢 �
2

������ �∑𝑁𝑁 �𝐼𝐼𝑛𝑛𝑛𝑛𝑛𝑛,𝑖𝑖 −𝐼𝐼��������
�∑𝑁𝑁
𝑛𝑛𝑛𝑛𝑛𝑛 �
𝑖𝑖=1�𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒,𝑖𝑖 −𝐼𝐼𝑒𝑒𝑒𝑒𝑒𝑒 �
𝑖𝑖=1

(eq. 1)

2

(eq. 2)

In equations (1) and (2) 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒,𝑛𝑛𝑛𝑛𝑛𝑛 is the covariance between both experimental and numerical flux maps, 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒 and
𝜎𝜎𝑛𝑛𝑛𝑛𝑛𝑛 are their standard deviations, 𝑁𝑁 is the number of elements of the matrices associated with the flux maps, 𝐼𝐼
is the irradiance of each element of the matrices and 𝐼𝐼 ̅ is the average irradiance of the map. As we are only
interested in the shape of the flux maps and as it does not depend on the value of the DNI (Direct Normal
Irradiance), both numerical and experimental flux maps are normalized before comparing them. In this way, we
can use any value of the DNI to simulate the flux map, so the pyrheliometer uncertainty is eliminated. Moreover,
normalization of the experimental flux map also eliminates the radiometer uncertainty.
The main difficulty for calculating the Pearson correlation coefficient is that both experimental and numerical
maps must be perfectly superposed. For doing this, an algorithm that determines the best superposition between
the two maps has been developed. Assuming that r and c are the number of rows and columns, respectively, of
the matrices associated with the flux maps, there are (2r-1)(2c-1) overlapping possibilities between both maps
(see Fig. 1). This algorithm calculates the RMSD for each of those possibilities, with the superposition with the
minimal value of the RMSD being the best overlapping possibility. Once the best overlapping possibility has been
found, the Pearson correlation coefficient is calculated.

Fig. 1: Overlapping possibilities between the flux maps. The green matrix is associated with the numerical flux map, and the red
matrix is associated with the experimental flux map. For the first overlapping possibility, the first element of the green matrix is
compared with the last element of the red matrix, and the rest of the elements of the green matrix are compared with zero, since
there is no radiation outside of the target. This is only true if the target is large enough to intercept all the beam.

874

I. Bravo Gonzalo et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

To correctly compare different pairs of numerical and experimental flux maps with the Pearson correlation
coefficient, the relative size of the target compared to that of the beam must be taken into account. For instance,
if the size of the target is much bigger than the size of the beam, the Pearson correlation coefficient will tend to
the unity even if the experimental and numerical maps are quite different. This is because the irradiance of the
vast majority of the elements of both matrices will have the same value, zero. For this reason, the Pearson
correlation coefficient must be calculated only for those values of irradiance higher than a certain limit. In this
way, zero irradiance values are excluded. This cut-off of the irradiance level has been established at 1/15 of the
maximum irradiance.

2.2 Numerical flux maps
Numerical flux maps have been obtained through ray-tracing simulations performed with a custom ray-tracing
software developed with Matlab. This software has been validated comparing its simulations with simulations
performed with a commercially available ray-tracing software, TracePro®. The reason for using this ray-tracing
program instead of TracePro® or other commercial software is its capability to perform simulations with several
millions of rays in a very small amount of computation time. This custom program works dividing the heliostat
reflective surface into small elements and tracing rays from each one of these elements. For this study, simulations
have been performed tracing a bundle of 2500 sunrays per reflecting element of the heliostat surface, with a total
of 486400 square reflecting elements per heliostat (1.216 billion of rays) of 0.25 cm side each one. The normal
vector of every reflecting element is known due to the deflectometry measurements. Each sunray of the bundle is
deflected from the main direction of the reflected sun vector according to the given sunshape distribution. In this
case, simulations have been performed employing the limb-darkened distribution (Romero et al., 2016). The 1.216
billion of rays are traced over a square target of 110 cm side divided in square elements of 1 cm side.
The accuracy of the superposing algorithm depends on the relation between the size of the beam and the size of
the elements in which the target is divided. Therefore, in order to increase the accuracy of the superposing
algorithm, the length of these elements should be as small as possible. But the smaller the length, the higher the
number of rays needed in order to get a numerical flux map with an equitable distribution of them, which yields
a higher computation time. For this reason, a compromise between the computation time and the accuracy of the
overlapping algorithm must be found. In this case, in order to increase the accuracy without increasing the
computation time when tracing more rays, the numerical flux maps were up-sampled by a factor of 2 using a
spline interpolation, and thus numerical and experimental maps were centered with an uncertainty of 0.5 cm.

2.3 Experimental flux maps
Experimental flux maps were acquired using a flux mapping acquisition system (Thelen et al., 2017), which is
based on a CCD camera (Prosilica GT1930L, Allied Vision Technologies) and a square Lambertian target of 110
cm side located at a height of 13 meters in vertical position. The resolution of the flux maps is about 1 mm per
pixel, so the dimensions of the matrices associated with the experimental flux maps are higher than the dimensions
of the matrices associated with the numerical flux maps. However, in order to apply the overlapping algorithm
both matrices must have the same dimensions, so a down-sampling of the experimental flux maps was performed
to match the numerical flux maps dimensions.

2.4 The heliostats
The heliostats of the solar field located at IMDEA Energy in Mostoles, Spain, have been used as a test case. This
solar field is composed of 169 heliostats of 3 m2 reflective surface distributed in 14 rows. Each heliostat consists
of one small facet of 1.6 m x 1.9 m, 3 mm thickness and 94.3% of reflectivity. The facet is bonded with a black
adhesive silicone paste to a curved support structure which gives the mirror the desired focal length. Two focal
lengths have been employed in the field: 20 m for the first 8 rows of the field (84 heliostats), and 30 m for the last
6 rows (85 heliostats). For this work, 5 heliostats with short focal length and 4 heliostats with large focal length
have been tested. Figure 2a shows the distribution of the heliostats in the field as well as the heliostats that has
been tested (red ones). Figure 2b shows the heliostat structure and the tracking system. This is based on tilt and
roll motions instead of the common tracking systems based on azimuth-elevation (Chong and Wong, 2009).

875

I. Bravo Gonzalo et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 2: a) Distribution of the heliostats on the field. The tested heliostats are marked in red. b) Heliostat structure and tracking
system

Table 1 shows the optical characteristics of the 9 heliostats tested: nominal focal length, real focal length and slope
error (last two determined through deflectometry measurements). Furthermore, heliostat-target distance is shown.
The notation employed for denoting heliostats is m-n, where m refers to the row number, starting to count from
the south, and n is the position of the heliostat in the row, starting to count from the east.
Tab. 1: Optical characteristics of the heliostats and heliostat-target distances

Heliostat

Nominal focal
length
(m)

Real focal
length
(m)

Heliostat-target
distance
(m)

Slope error
x
(mrad)

Slope error
y
(mrad)

5-5

20

22.3

17.3

2.04

2.24

5-6

20

22.0

17.1

1.39

1.62

6-5

20

22.7

19.2

1.35

1.51

6-6

20

21.5

18.8

2.16

2.58

6-7

20

22.4

18.8

1.35

1.36

10-7

30

32.3

26.8

0.83

1.1

10-11

30

31.2

27.3

0.72

0.86

12-6

30

34.6

30.9

1.10

1.01

12-9

30

30.6

30.9

0.96

1.09

3. Results
Several flux maps have been acquired for each heliostat from three hours before solar noon to three hours after.
Flux maps were acquired on 15th January, 2019. For this day, solar noon was at 13:24 local time. Table 2 shows
the local time when flux maps have been acquired. The red color indicates the time at which the heliostat position
is closest to the deflectometry measurement position. Around solar noon, the shadow of the tower over some
heliostats prevented from measuring their flux maps. Later, in the afternoon, the presence of some clouds did not
allow to acquire as many flux maps as in the morning.
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Tab. 2: Local time when flux maps have been acquired for the nine heliostats tested. The red color indicates the time when the
heliostat position is closest to the deflectometry measurement position.

Heliostat

5-5

5-6

6-5

6-6

6-7

10-7

10-11

12-6

12-9

10:20

10:22

9:57

9:59

10:01

10:06

10:07

10:08

10:10

10:43

10:45

10:23

10:25

10:28

10:33

10:34

10:36

10:38

11:07

11:10

10:47

10:49

10:52

10:55

10:57

10:59

11:00

11:27

11:30

11:11

11:14

11:15

11:18

11:19

11:21

11:22

11:49

11:52

11:31

11:33

11:35

11:39

11:40

11:42

11:43

12:10

12:11

11:53

11:55

11:57

12:02

12:00

12:03

12:04

12:31

12:33

12:13

12:15

12:16

12:20

13:09

12:23

12:25

12:56

14:24

12:35

12:37

13:58

12:43

13:33

12:46

13:37

14:56

14:58

12:59

13:01

14:36

13:07

14:11

13:10

14:14

16:15

16:16

13:25

14:35

15:03

13:32

14:43

14:44

14:45

16:32

16:34

16:18

15:01

16:22

14:41

15:08

15:10

15:12

15:07

16:27

16:28

16:29

Flux
map
acquisition
time

16:20

16:25

Figure 3 shows the experimental and numerical flux maps of the heliostat 5-5 at 10:20 local time. Only normalized
irradiance values above the cut-off level are shown. The area of each map with such irradiance levels has been
calculated and is shown in the upper part of the figure. Additionally, Fig. 4 shows the overlay of both flux maps
before and after applying the overlapping algorithm.

Fig. 3: Flux maps of the heliostat 5-5 at 10:20 local time. a) Experimental flux map. b) Numerical flux map
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Fig. 4: Overlay of the experimental and numerical flux maps of the heliostat 5-5 at 10:20 local time. a) Before applying the
overlapping algorithm. b) After applying the overlapping algorithm

It can be noted that the experimental map is slightly bigger than the numerical map. The same occurs for the rest
of the flux maps acquired at other times of the day and for all the flux maps of the rest of the heliostats. The
relative size differences have been calculated and are plotted in Fig. 6a. These differences could be due to several
reasons, but we believe that this effect is mostly the result of the sunshape used in the simulations, which does not
include circumsolar radiation. The inclusion of a sunshape with a certain degree of circumsolar radiation would
produce reflected rays with higher angles than the angle subtended by the solar disk, and thus possibly extending
the beam. Another possible cause could be the scattering of the reflected light as a result of the dust accumulated
on the mirror and also maybe the specular error of the mirror.
Figure 5 shows the nine pairs of experimental and numerical flux maps perfectly overlapped corresponding to the
measurements at the time indicated in red in Tab. 2. Figure 6b shows the evolution of the Pearson correlation
coefficient along the day for the nine heliostats.
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Fig. 5: Experimental and numerical flux maps perfectly overlapped corresponding to the measurements at the time indicated in red
in Tab. 2

As explained before, it can be seen that the experimental flux maps are always slightly bigger than the numerical
flux maps. Another interesting feature can be seen by comparing Fig. 4b and Fig. 5a, in which the flux maps of
heliostat 5-5 at different times of the day (10:20 and 12:56, respectively) are shown. It can be noticed that the
shape of the flux map changes dramatically. This behavior was expected and is due to the different orientation of
the heliostat in relation to the target at each measurement. This occurs for all the heliostats and is more remarkable
in the heliostats with large slope errors and with high differences between their focal length and their distance to
the target.

Fig. 6: a) Relative size differences between experimental and numerical flux maps along the day for the nine heliostats. b) Pearson
correlation coefficient along the day for the nine heliostats.

Looking at Fig. 6b, it can be noticed that the Pearson correlation coefficient is higher for large focal length
heliostats. This is due to their lower slope errors, what facilitates their characterization and simulation. For these
heliostats, the Pearson correlation coefficient is constant along the day. For short focal length heliostats, the
Pearson correlation coefficient suffers small variations, but there is no a common behavior among them. If
deformations induced by gravity loads existed, the Pearson correlation coefficient would be maximum for the
measurements at the time indicated in red in Tab. 2, and it would decrease before and after those. The absence of
this behavior indicates that the structure of these heliostats is quite rigid and therefore it is not deforming while
tracking the sun. Finally, it can be stated that the high correlation between numerical and experimental flux maps
is remarkable, obtaining Pearson correlation coefficients higher than 0.98 in all cases, and thus proving the high
accuracy of deflectometry measurements. These values of the Pearson correlation coefficient would be higher if
the area differences between both flux maps were lower. To achieve this, as stated before, simulations should be
performed employing a sunshape with a certain degree of circumsolar radiation.
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4. Conclusions
A novel method for determining the deformation degree of the structure of a heliostat under gravity loads has been
developed. This methodology has been applied to the heliostats of the solar field located at IMDEA Energy in
Mostoles, Spain, which have shown high structural stability, not deforming at any position. This result is very
important because it allows to dismiss mirror deformations as a source of optical and pointing errors, improving
the optical efficiency and performance of the heliostat at the same time. It is well known that big heliostats
composed of several facets suffer from deformation under gravitational loads, so the concept of small heliostat
built from one single facet indeed represents an advantage due to its higher stiffness. As a future work, it would
be very interesting to apply this method to bigger heliostats with known deformations.
The variety of shapes of the flux maps observed here shows the importance of optical characterization techniques,
such as deflectometry, when simulating precise flux maps. In a similar way, fast ray-tracing tools are needed in
order to perform studies like this in a reasonable time. While tracing only a few millions of rays is enough for
common applications, such as prediction of the power over a receiver, several billions of rays are needed to obtain
highly accurate flux maps. Otherwise, a high up-sampling factor of the numerical flux maps would be needed,
which inherently introduces errors. Therefore, an effort should be done for developing new ray-tracing tools like
the one developed and employed here.
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Abstract
This paper presents a dedicated ray-tracing program developed in Matlab and specifically designed for assessing
the heliostat optical performance of concentrated solar power facilities, in particular concentrated solar tower.
To evaluate the performance of our program, we carry out a detailed comparison with a commercially available
ray-tracing software (TracePro®) under various simulation conditions. As a test-case, we use the layout of the
concentrated solar tower facility located at IMDEA Energy in Móstoles (Spain), although the program allows
for simulations with different heliostat field layouts. We show that the simulations of flux distributions on the
target given by our program agree very well with that of the commercial software, but the computation time is
significantly reduced. In fact, much faster simulations are obtained not only for individual heliostats but also for
the entire solar field, resulting in our program outperforming the commercial software in at least a factor of 10.
It is also shown that in the case of using matrices of slope errors, with the aim to obtain more precise flux maps,
our program is much more efficient than the commercial software. For instance, when the facet is divided into
squares of 2.5 cm (matrix of slope errors with 4864 elements), our program is a factor of more than 5 orders of
magnitude faster than the commercial software. To further validate our program, we show that the simulated
flux maps of individual heliostats with both software show an excellent agreement with the corresponding
experimental flux maps.
Keywords: Solar Power, Concentrated Solar Power, Ray-Tracing, Heliostats, Flux Maps

1. Introduction
Precise knowledge of the optical performance of the heliostat field is required in concentrated solar tower (CST)
facilities in order to optimize its design, for instance, in order to obtain the maximum irradiance on the receiver
(Iriarte-Cornejo et al., 2018) at minimum cost. For this purpose, commercially available ray-tracing software are
typically used (Jafrancesco et al., 2018). However, commercial software are not usually dedicated only to CST
simulations but are generic tools with a great variety of options that can be used for design of optical elements in
many applications. This can result in limitations, e.g. extremely long computational times, when a very precise
characterization of the heliostat field performance is needed (Jafrancesco et al., 2018). Therefore, the
development of a dedicated software to simulate solar power facilities is important and of research interest in the
concentrated solar power community. In fact, a great effort has been carried out during the years to develop
specific software to simulate the optical performance of CST plants (Garcia, P., 2008, Cruz et al., 2017). This
continuous effort has resulted in a wide variety of software with different characteristics, some of them even
including an optimization tool for designing heliostat field’s layouts. An example of it is the software developed
by National Renewable Energy Laboratory (NREL), which offers not only analyses about the optical
performance of a heliostat field with SolTrace (Wendelin, 2003), but also layout optimization with SolarPILOT
(Wagner and Wendelin, 2018). However, there is still work to do in terms of speed in order to achieve precise
and real-time simulations of the heliostat field. In this regard, for instance STRAL, a software developed by
DLR (Belhomme et al., 2009), is able to perform precise and fast simulations. However, it is commercialized by
DLR (Cruz et al., 2017) and thus there is no an open-source code to download, so that the availability is reduced
compared to other tools. In this work, we propose a ray-tracing Matlab program specifically designed and
optimized to precisely evaluate the optical performance of heliostats in CST facilities. Our program not only
reproduces perfectly the results given by a commercial software (TracePro®) but also speeds up the simulations,
which leads to a significant improvement in computation time. We believe that this is a step forward to achieve
real-time and high precision optical simulations of heliostat fields in CST facilities.

© 2019. The Authors. Published by International Solar Energy Society
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2. Ray-Tracing Program Description
This ray-tracing program works dividing the heliostat reflective surface into small elements and tracing rays
from each one of these elements. The layout of the heliostat field under investigation is uploaded into the
program as a file with the position (x, y and z coordinates) of each heliostat in the field. For each heliostat, the
program solves a system of equations taking into account the position of the target, the geometry and tracking
system of the heliostat, its position in the field, and the solar vector, which is given by the local time of the day,
latitude and longitude. Once the system of equations has been solved, each element of the facet is oriented and
its normal vector is statistically deviated a certain degree of milliradians to account for the optical error of the
facet. If the deviations in x and y directions of the normal vectors to the reflective surface are known, also
known as matrices of slope errors (MSE), the software allows importing them to obtain much more accurate
simulations. After setting up the normal vectors, blocks and shadows are calculated in a similar way as done in
(Belhomme et al., 2009). For those elements that are not blocked or shadowed, a bundle of sunrays is traced.
Each sunray of the bundle is deflected from the main direction of the reflected sun vector according to the given
sunshape distribution, and it has an associated weight in power depending on its deflection angle. In this version
of the program, the sunshape is given by the limb-darkened distribution (Romero et al., 2016), in which the
circumsolar ratio is discarded. Future versions will introduce different sunshapes with certain degree of
circumsolar radiation for more precise simulations. Furthermore, as the rays have their origin on the heliostat
facet (Belhomme, B., 2009), all of them reach the target if it is large enough. In contrast to this, many rays from
the defined sun in TracePro® do not reach the heliostat and are therefore lost in the ground. This feature of our
program results in an advantage in computational efficiency because TracePro® will need more initial rays than
our program to obtain flux distributions on the target made of a desired number of rays. This will be investigated
in the next sections. Finally, the number of elements in which the heliostat surface is divided, i.e., the grid, can
be selected, modifying in this way the precision of the simulation. Another feature of the program it that its
performance could be still greatly improved by parallelizing the process of ray-tracing by using GPUs (He et al.,
2017). This feature is in progress and next versions of the program will include this parallelization.

3. Test-Case: IMDEA Energy Solar Tower Facility
To perform a more meaningful investigation, we choose a real test-case layout, the very high concentrating solar
tower facility located in Mostoles (40.3399012, -3.8832431), Spain (Romero et al., 2017). The heliostat field
layout consists of 169 single-facet heliostats distributed in 14 rows as shown in Fig. 1a. All the heliostats use a
tilt-roll tracking mechanism to track the sun and spherical silvered-glass mirrors as reflective surface
manufactured by RioGlass Solar. Each mirror has dimensions of 1.9 m x 1.6 m, which gives a total reflective
surface of the solar field of around 514 m2. To improve the peak flux, the heliostats in rows 1-8 have 20 m focal
length (40 m curvature radius) while heliostats in rows 9-14 have 30 m focal length (60 m curvature radius).
This configuration of the heliostat field results in high peak flux of about 3000 kW/m2.
To further characterize the heliostat field, the reflective surface profile of some mirrors was measured by means
of deflectometry (Ulmer et al., 2011). With this technique, the MSE were obtained every 2.5 mm. This is
important because having the information about the specular surface profile of the mirrors, precise flux maps of
individual heliostats can be obtained (Iriarte-Cornejo et al., 2018). In our investigation, some of the heliostats
characterized with deflectometry have been simulated and then compared to the measured flux maps to assess
the precision of our program.
Finally, a 15 m high central tower is shown in Fig. 1b, in which a Lambertian target is located at 13 m from the
ground with dimensions of 1 m x 1 m. Flux maps of individual heliostats on the Lambertian target were
measured with a CCD camera (Prosilica GT1930L) and a zoom lens using the flux map acquisition system
(FMAS) developed by DLR (Thelen et al., 2017). However, in this case no detector was used, so measured
maps have been normalized to the maximum intensity registered by the CCD camera. These experimental flux
maps have been compared to the simulations by defining the same Lambertian target in our program. It is worth
to note that our ray-tracing program is not only restricted to the IMDEA Energy solar tower facility, but other
CST configurations could also be imported and studied with our program.
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Fig. 1: a) Heliostat field layout consisting on 169 heliostats distributed in 14 rows. b) Picture of the heliostat field and tower located
at IMDEA Energy.

4. Ray-Tracing Program Validation
All the simulations have been performed assuming a reflectivity of 90%, DNI (Direct Normal Irradiance) of 900
W/m2 and same time of the day (15th of January 2019 at 12:56:08 local time). We also performed all the
simulations using the same workstation for fair comparison between our Matlab program and TracePro® (Dell
Precision T5500, Intel (R) Xeon(R) CPU E5620 at 2.4 GHz, Windows 7 Professional SP1 – 64 bits, 24 GB
DDR3-RAM). The version of both software employed are Matlab R2019a and TracePro® 2018 Expert - 18.1.
4.1 Individual Heliostats
In order to validate our ray-tracing program, we carried out a detailed comparison with TracePro®, a
commercially available software commonly used in the community. For the comparison between both
simulation tools, different cases are investigated. First, we perform simulations of an individual heliostat
(heliostat 5 on row 5 - see Fig. 1a) for which the MSE are known thanks to deflectometry. As the MSE were
obtained with precision of 2.5 mm, the precision of the matrices can be resampled in order to investigate the
effect on the computation time of the number of elements per facet, while having a fixed number of rays. For
this first investigation, we perform simulations having the heliostat facet (dimensions: 1.6 m x 1.9 m) divided
into squares of 10 cm, 5 cm and 2.5 cm, corresponding to have 304, 1216 and 4864 elements per facet. The
number of initial rays traced is fixed to 121.6x105. For our program, this means that the bundle of rays
associated to the sunshape for each grid element consists of 40000, 10000 and 2500 rays, respectively. On the
other hand, even though the facet is divided into the same number of elements in TracePro®, the number of rays
per element is not known. Table 1 summarizes the results and shows that for our program, the computation time
is practically the same when increasing the number of elements per facet. In contrast, TracePro® needs much
more computational time, drastically increasing with the number of elements. This is a great advantage of our
program with respect to the commercial software because more precise simulations, i.e., using more elements
per facet (more precision in the MSE), can be obtained with almost no penalty in computation time. For
instance, when the facet is divided into squares of 5 cm, corresponding of dividing the facet into 1216 square
elements, the computation time of our program is 6189 times faster than TracePro®. This factor increases with
the number of elements per facet. We can therefore conclude that our Matlab program is much faster than
TracePro® performing simulations with a large number of surface elements.
Tab. 1: Computational time vs number of elements per facet for simulations of an individual heliostat using the matrices of slope
errors with precision of 10 cm (304 elements), 5 cm (1216 elements) and 2.5 cm (4864 elements). The simulation performed with
TracePro® corresponding to 4864 elements was aborted after 1818000 s (21 days) because the simulation was already very long.

Matlab program

Speed Factor with respect
to TracePro

TracePro®

Number of Elements
per Facet

304

1216

4864

304

1216

4864

304

1216

4864

Computation Time [s]

10.8

12.5

18.2

5826

77361

>1818000

539.4

6189

> 99890
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We can also take a look to the flux maps obtained with both software, which are shown in Fig. 2. The initial
conditions are the same for both, that is, the same heliostat (5th of row 5), same time of the day, 304 square
elements per facet and 121.6x105 of initial rays. As we can see in Fig. 2, not only the shape of the flux map
obtained with our program is identical to the one obtained with the commercial software, but also the error of
total power and peak flux values between both simulations are lower than 2%. These errors are maintained for
the simulation performed with 1216 elements. For the simulation performed with 4864 elements, as it was
aborted for TracePro®, we could not compare the total power and peak flux. Additionally, Fig. 2c shows both
simulated flux maps overlapped in a single graph to clearly see the small differences between both simulations.
Therefore, the results given by the commercial software for a single heliostat are completely reproduced with
our program and it is thus validated. Finally, the normalized experimental flux map at the same time of the day
is presented in Fig. 2d for comparison, showing a good agreement with the simulated ones, further validating
our program.

Fig. 2: Simulated flux maps with 121.6x105 rays of an individual heliostat using (a) Matlab and (b) TracePro®. The total power
and peak flux obtained are: a) 2.1127 kW and 13.3589 kW/m2, b) 2.1544 kW and 13.442 kW/m2. c) Simulated flux maps
overlapped in the same graph for better comparison. d) Normalized experimental flux map corresponding to the simulation.

Still with an individual heliostat, we can also assess the performance in computation time of both simulation
tools as a function of the number of rays. Simulations were carried out with and without MSE to compare the
computational performance with both settings. For TracePro®, when MSE were used, the facet was divided into
304 elements (10 cm square elements). In contrast to the previous case, when no MSE were used, the facet is
composed of one single spherical surface element with the curvature radius given above and a statistically slope
error of 1.25 mrad. For Matlab, 304 elements per facet were used in both cases, and the normal vector to each
element was oriented as explained above, employing the same slope error when no MSE were used. Finally, the
number of initial rays in each simulation was between 7.6x105 and 760x105. Figures 3a and 3b show the
computation time when using (dark blue and orange bars) and not using MSE (light blue and yellow bars) as a
function of the number of initial rays for Matlab and TracePro®, respectively. As we can see, our Matlab
program outperforms again TracePro® in both configurations, especially when MSE are used. For instance, our
Matlab program is 65 (977) times faster than TracePro® for the minimum (maximum) number of rays traced
when MSE are used. Therefore, the relative difference in computation time of both software increases with the
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number of initial rays. Interestingly, Matlab is still faster when MSE are not used by a factor going from 9, for
the minimum number of rays, to 154, for the maximum number of rays. Therefore, not only when completely
precise simulations are needed but also for less demanding simulations, our Matlab program is faster than
TracePro® in a factor of at least 9 for the same conditions. With these results, we see that our program can trace
around 2x106 rays/s when 760x105 rays are traced, and this rate is the same using or not using MSE. In fact, for
a lower number of initial rays, the ray-tracing rate is the same, but the computation time of the entire simulation
is higher because of the time employed by Matlab in performing other actions, especially plotting the results of
the simulations, i.e., the flux map. This explains why the computation time in Fig. 3a is approximately the same
for the simulations performed with 30.4x105 or lower number of rays, because the time employed for
performing such actions represents most of the computation time.

Fig. 3: Number of initial rays vs computation time for simulations with (a) Matlab and (b) TracePro®. Computation time when
using and not using MSE is represented in (a) with dark blue and light blue and in (b) with orange and yellow, respectively.

4.2 Heliostat Field
For this second investigation, we simulate the entire heliostat field of IMDEA Energy. For the simulations with
TracePro®, the facet of each heliostat is composed of one single spherical surface element with the curvature
radius given above and a statistically slope error of 1.25 mrad. For the simulations with Matlab, the facet was
divided into 304 square elements applying the same slope error. These simulations were carried out with the
entire field, 169 heliostats, and 128.44x106 rays (7.6x105 rays per facet in Matlab). Similarly to the simulations
of individual heliostats, we can see in Figs. 4a and 4b that both simulated flux maps of the entire heliostat field
are identical. Furthermore, the error of total power and peak flux values between both simulations are lower than
2.5%. The computation time was longer for TracePro® (3301 s) than for Matlab (81 s) in a factor of 40. While
not shown here, the trend is the same as with individual heliostats, the more initial rays traced, the more the
relative difference in computation time between TracePro® and our Matlab program.

Fig. 4: Simulated flux maps with 128.44x106 rays of the entire field using (a) Matlab and (b) TracePro®. The total power and peak
flux obtained are: a) 280.24 kW and 2897.8 kW/m2, b) 280.75 kW and 2826.3 kW/m2.
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As already explained in Sec. 2, an interesting feature of our program is that the rays are generated and emerge
from the heliostat’s facet (Belhomme, B., 2009). This approach leads to an efficient way of tracing rays because
all the rays will reach the target, when the target is sufficiently large. In contrast, software like TracePro® lose
many rays in the ground. In order to investigate this effect, we performed simulations with both software having
a number of initial rays resulting in the same number of rays reaching the target. As shown in Fig. 5, our Matlab
program is very efficient tracing rays because all the initial rays except those corresponding to blocked or
shadowed surface elements reach the target. In fact, for simulations of the entire field at the day and time given
above, approximately 29% of the reflective surface area is being blocked or shadowed. However, it should be
noted that rays corresponding to blocked and shadowed surface elements are not actually traced, so the program
only takes time for calculating blocks and shadows. On the other hand, many of the rays traced by TracePro®
misses the target not only because blocks and shadows, but also because those rays do not reach the heliostats.
To give some numbers, the percentage of rays traced reaching the target is 71% (100% with no blocks and
shadows) for our program and around 17% for TracePro®. Finally, we observe in Fig. 5 that to obtain flux maps
with the same number of rays on the target, simulations with TracePro® take between 78 and 207 times longer
than with Matlab. These numbers correspond to flux maps obtained with 20.17x106 and 114.31x106 rays on the
target, respectively.
To summarize, our Matlab program is not only more efficient tracing rays but also much faster under the same
conditions than the commercial software, either simulating individual heliostats or the entire field. Our Matlab
program can simulate an entire field of 169 heliostats in 81 s, tracing 128.44x106 rays (0.76x106 rays per facet),
which results in 1.59x106 rays per second. In addition, considering the conclusions drawn from Fig. 3a, we can
estimate that approximately the same time, 81 s, will be needed by our program to simulate with high precision
(using MSE) the entire field of IMDEA Energy (169 heliostats) tracing 128.44x106 rays.

Fig. 5: Simulations with the same number of rays reaching the target vs computation time for (a) our Matlab program (blue bars)
and (b) TracePro® (orange bars). For comparison, the number of initial rays for both software is also represented.

5. Conclusions
In conclusion, we reported the development and validation of a dedicated ray-tracing program in Matlab to
simulate and assess the optical performance of heliostats in concentrated solar power facilities. In particular, we
carried out simulations of the concentrated solar tower of IMDEA Energy in Móstoles (Spain). We performed a
comparison with a commercially available software, TracePro®, in order to compare computation efforts and
validate our program. Simulations showed that our ray-tracing program significantly outperforms the
commercial software in computation time for all the conditions investigated here. We also showed that
simulated flux maps with matrices of slope errors of an individual heliostat were almost identical with both
software and very similar to the measured flux map, further validating our ray-tracing program. In terms of
speed, our program can trace more than one million of rays per second and thus a simulation of the entire field
of 169 heliostats using 7.6x105 rays per heliostat takes only 81 s. Most importantly, we can conclude that our
Matlab program could be used to characterize a concentrated solar tower facility with high precision, using
matrices of slope errors, with no penalty in computation time.
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Abstract

This paper presents the full mathematical model based on first principle equations of a solar thermal power plant,
including a solar collector field, an accumulation tank, and a power conversion system based on the Rankine cycle.
The model allows representing the several operational conditions, using or not the energy buffers or auxiliary backup
energy source. The inclusion or exclusion of these auxiliary elements during the plant operation produces changes
in the system dynamics, which complicates the analysis and modelling of the process. In this work, adequate tools
to analyse and predict system behaviour are used. Simulation results are presented to show how the proposed model
is able to simulate the configuration modes of the solar system, being useful for both analysis and control design
purposes.
Keywords: Renewable energy, Modelling, Solar thermal power plant.

1. Introduction
Currently there is a worldwide effort for sustainable development, due to the combined effects of fossil fuel
consumption, limitations in available sources, and the environmental awareness of anthropogenic carbon dioxide
emissions impact (Pasamontes et al., 2013). These factors constitute an important driving force behind the
introduction of clean and viable alternatives in all energy consuming sectors (Camacho et al., 2012). Among all
renewable energy sources, solar energy is being considered as the most promising source of energy.
Thermosolar plants can generate solar power by using mirrors or lenses to concentrate a large area of sunlight onto
a small area (Powell and Edgan, 2012). Electricity is generated when the concentrated light is converted to heat,
which drives a heat engine connected to an electrical power generator. In this case, these systems are generally
composed of a solar collector field, storage tanks, a steam generator, a turbine and a condenser. In order to operate
these systems efficiently obtaining the maximum allowable energy, several variables must be controlled in their
optimal values. However, thermosolar plants have complex dynamics, containing strong nonlinearities, transport
delays and uncertainties, which makes the control design a challenging task (Camacho et al., 2012).
From a control point of view, some efforts have been devoted to controlling the outlet temperature of the solar
collector field, such as in Elias (2018), where a hybrid model of the solar collector was used to control the focus of
solar field mirrors and optimize the outlet temperature of the solar field in order to obtain safe and cost-effective
plant operation conditions. The outlet temperature of a thermal storage system is controlled by using a feedforward
internal model controller as shown in Mawire and McPherson (2008). In Kalita (2014) PID, fuzzy logic and neural
network predictive controllers were applied to control the drum boiler´s water height on a steam generator for
comparison.
Depending on the control complexity, different types of system models are required. These models can range from
the simplest ones, based on steady-state relationships or on linear low-order approaches to those based on nonlinear
first principles (Camacho et al., 2007). The last ones are addressed to advanced control strategies, where an
appropriate optimization of the whole system is performed in an upper layer. In addition, a dynamic nonlinear first
principles-based model of the system allows determination of experimental vales for characteristic thermodynamic
properties. However, these models are difficult to obtain due to the necessity of previous knowledge about the system.
In this work, the nonlinear mathematical model and local control structure of a solar thermal power plant is proposed.
The solar plant studied in this work is composed of: a solar collector field, one storage tank, a steam generator, a
steam turbine and a condenser, which are the most common components for industrial solar thermal power plants.
The plant model presented in this work allows to predict the dynamic behaviour of the most important variables
(temperature, pressure and volumetric flow) in the different operation modes. In addition, the model can be applied
with other purposes, for example, at the plant design stage, the model makes possible to apply a parameter
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optimization in order to identify the minimal plant dimension to fulfil the required operation performance and
restrictions. Also, during the plant scheduling, the model can calculate the optimal configuration of the plant
operation modes and references to be tracked in order to minimize the energy consumption whereas the accumulated
energy is maximized.
The paper is organized as follows. In Section 2, a brief overview of the solar plant used in this work is presented.
Then, the proposed model is explained, looking over balances reported previously in literature. Simulation results
are shown in Section 3. Finally, the conclusions and future works are presented in Section 4.

2. Modelling
The solar plant considered in this work (see Figure 1) is composed of: a solar collector field, two storage tanks, a
steam generator, a steam turbine, an electrical power generator and a condenser. As can be seen in Figure 1, the
energy conversion process can be divided in two parts: the heat exchange process (represented by red and blue
colours in Figure 1), which is composed by the solar collector’s field, the hot and cold tanks and the steam generator
where the molten salt, composed by 𝐶𝑎(𝑁𝑂3 )2 , 𝐾𝑁𝑂3 and 𝑁𝑎𝑁𝑂3 flows. The second part, the electric energy
generation part (represented by the blue and green colours in Figure 1), contains the steam generator, the steam
turbine, the electrical power generator and the condenser where the water and steam flow.
In the solar collector field, the molten salt is heated by the solar radiation concentrated by the collectors. After being
heated, the molten salt will flow to the hot tank and then to the steam generator, where it will exchange heat with the
water, which is also flowing in the heat exchanger. Lastly, the molten salt will go into the cold tank and return to the
solar collectors, to be heated again.
In the energy generation section, the water, which comes from the condenser, exchanges heat with the hot oil, to turn
to steam. The steam generated flows into the turbine, which rotates the generator to generate energy. After passing
through the turbine, the steam flows through the condenser so that it will turn into liquid water again, then re-entering
in the steam generator.
In this work, the mathematical modelling of each equipment was evaluated by using mass, energy and momentum
balances and the inlet of the next subsystem is the outlet of the previous subsystem. The systems used to model the
process in this work were chosen based on the complexity of each subsystem, as they must be complex enough to
describe well each equipment’s dynamics but simple enough to simulate using MATLAB and to use on the
controller's calculations. A description of the model chosen for each subsystem will be presented.

Fig. 1: Diagram of the solar thermal power plant considered in this work.
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2.1. Solar Collectors Field
The solar collector’s field is the main source of energy to the clean energy generator process. It is used to raise the
fluid's temperature, in this case oil, to supply the system's heat demand. Each collector panel absorbs heat in the form
of solar radiation when it reaches the external surface of the collector, transferring the heat to the molten salt which
is flowing inside the pipes in the collector (Powell and Edgar, 2012). The metal that constitutes the pipe goes through
a treatment at its surface so it has high absorbing and low emission properties, to absorb high quantities of radiation
while minimizing radiating heat loss (Kalogirou, 2013).
The modelling of this subsystem is obtained by calculating the energy balances of the fluid and the metal, assuming
that the dominant course of heat transfer is the metal to fluid conduction. Thus, the collector was modelled by two
coupled equations, based on the model presented in Camacho et al. (2012) and Álvarez et al. (2007).
The following assumptions were considered for the modelling of the solar collector field (Pasamontes et al., 2013):
the fluid is incompressible, its heat capacity is constant; the effects of the pressure gradient fluctuations in the
temperature of the thermal molten salt are neglected, and; the pipe's wall heat resistance is dropped out from
consideration.
Equation (1) models the metal's temperature dynamic and Equation (2) models the fluid's temperature.

𝜌𝑚 𝐶𝑚 𝐴𝑠𝑐,𝑜

𝜕𝑇𝑠𝑐,𝑚 (𝑡)
𝜕𝑡

= 𝑑𝑜 𝜋𝜂𝐼(𝑡) − 𝑑𝑜 𝜋ℎ𝑜 (𝑇𝑠𝑐,𝑚 (𝑡) − 𝑇𝑎 (𝑡)) − 𝑑𝑖 𝜋ℎ𝑖 (𝑇𝑠𝑐,𝑚 (𝑡) − 𝑇𝑠𝑐,𝑓 (𝑡)),
(eq. 1)

𝜌𝑓 𝐶𝑓 𝐴𝑠𝑐,𝑖

𝜕𝑇𝑠𝑐,𝑓 (𝑡,𝑥)
𝜕𝑡

= −𝑞̇ 𝑠𝑐 (𝑡)𝜌𝑓 𝐶𝑓

𝜕𝑇𝑠𝑐,𝑓 (𝑡,𝑥)
𝜕𝑥

+ 𝑑𝑖 𝜋ℎ𝑖 (𝑇𝑠𝑐,𝑚 (𝑡) − 𝑇𝑠𝑐,𝑓 (𝑡)),

(eq. 2)

where 𝑇𝑠𝑐,𝑚 is the collector's temperature, 𝑞̇ 𝑠𝑐 is the fluid volumetric flow, which will be used as the manipulated
variable for the control algorithm, 𝐼 is the solar irradiance, a disturbance, 𝑇𝑎 is the ambient temperature, also a
disturbance, and 𝑇𝑠𝑐,𝑓 is the fluid temperature, which comes from the cold storage tank.
2.2. Storage Tank
There are two storage tanks (see Figure 1) in a serial configuration, a hot tank and a cold tank. They work as buffers
and are used as energy stock as hot fluid when there is not enough irradiation or demand to sustain the energy
generation process (Pasamontes et al., 2013). They can be used also to alleviate the outlet solar collectors' effects of
temperature and flow variations on the inlet of the energy generation process. Both tanks will have the same
modelling, presented next.
The storage tanks' model is based on the stratified model proposed in (Cruickshank, C. A., Harrison, S. J., 2006),
where each tank was subdivided into 3 sections and the heat exchange is calculated between each section. The heat
transfer fluid will enter the cold tank through its bottom section, and, because it is hotter than the molten salt inside
the tank, it will rise and exit the tank through the upper section, entering the hot tank through the bottom and repeating
the process.
Each tank can be considered a buffer, so it is possible to model the heat exchange phenomena as first order dynamic
between the input and output temperatures, with different settling times. In Equation (4), it is shown the model used
for each section of the tank.

𝜌𝑓 𝐶𝑓 𝑉𝑡,𝑖,𝑗

𝜕𝑇𝑡,𝑖,𝑗 (𝑡)
𝜕𝑡

= 𝜌𝑓 𝐶𝑓 𝐴𝑡,𝑖,𝑗 𝑣𝑡 (𝑡)𝑇𝑓 𝑡,𝑖,𝑗 + 𝑈𝑎 𝑡,𝑖,𝑗 𝑆𝐴𝑡,𝑖,𝑗 (𝑇𝑎 − 𝑇𝑡,𝑖,𝑗 (𝑡)) +

𝑈𝑡,𝑖,𝑗−1,𝑗 𝐴𝑡,𝑖,𝑗−1,𝑗 (𝑇𝑡,𝑖,𝑗−1 (𝑡) − 𝑇𝑡,𝑖,𝑗 (𝑡)) + 𝑈𝑡,𝑖,𝑗,𝑗+1 𝐴𝑡,𝑖,𝑗,𝑗+1 (𝑇𝑡,𝑖,𝑗+1 (𝑡) − 𝑇𝑡,𝑖,𝑗 (𝑡)),

(eq. 4)

where the subscripts 𝑡, 𝑖, 𝑗 refer to time, tank and section, respectively, 𝑇𝑡,𝑖,𝑗 is the fluid's temperature, 𝑣𝑡 is the fluid's
velocity through the tanks, which comes from the fluid’s flow rate on the solar collectors field, and 𝑇𝑓 𝑡,𝑖,𝑗 is the fluid's
input temperature, which comes from the collector field, for the hot tank, and from the hot tank minus a loss of
temperature due to heat exchange with the steam generator, when evaluating the cold tank.
2.3. Steam Generator
The steam generator process is complex, especially because it deals with a two-phase process. The heat, 𝑄, comes
from the heated molten salt from the tanks and causes the water flow rate 𝑞𝑓 , which comes from the condenser, to
boil and turn to steam flow rate 𝑞𝑠 . Gravity causes the saturated steam to rise, which causes circulation inside the
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drum of the steam generator. The input heat is calculated as 𝑄 = 𝑚̇𝜌𝑓 ∆𝑇, where 𝑚̇ is the volumetric flow rate on the
output of the hot storage tank and ∆𝑇 is the difference in temperature between the output of the hot tank and the input
of the cold tank.
The system is quite complex, since there is presence of steam below liquid level, which causes the shrink-and-swell
phenomenon. Even though the complexity of the system is considerable, its behaviour can be captured by global
mass and energy balances for control purposes (Åström and Bell., 1989).
The models used to describe the system's dynamics are of low order thanks to a key property of steam generators:
they have a very efficient heat transfer due to boiling and condensation, which means that the energy is released or
absorbed rapidly. This implies that different parts of the boiler change temperature in the same way, so all parts of
the system, which are in contact with the saturated liquid-steam will be in thermal equilibrium (Åström and Eklund,
1975).
The model obtained has a state space representation, shown in Equations (5) - (8). The deduction of this model can
be found in Åström and Bell (1998). The state variables are the drum pressure, 𝑝, total water volume, 𝑉𝑤𝑡 , quality at
the riser outlet, 𝛼𝑟 , and volume of steam under the liquid level, 𝑉𝑠𝑑 .

𝑒11

𝑑𝑉𝑤𝑡
𝑑𝑡

𝑒21

𝑑𝑉𝑤𝑡
𝑑𝑡

𝑑𝑝

(eq. 5)

𝑑𝑝

(eq. 6)

+ 𝑒12 𝑑𝑡 = 𝑞𝑓 − 𝑞𝑠 ,
+ 𝑒22 𝑑𝑡 = 𝑄 + 𝑞𝑓 ℎ𝑓 − 𝑞𝑠 ℎ𝑠 ,

𝑑𝑝

𝑑𝛼𝑟
𝑑𝑡

𝑑𝑝

𝑑𝛼𝑟
𝑑𝑡

𝑒32 𝑑𝑡 + 𝑒33
𝑒42 𝑑𝑡 + 𝑒34

= 𝑄 − 𝛼𝑟 ℎ𝑐 𝑞𝑠𝑐 ,
+ 𝑒44

𝑑𝑉𝑠𝑑
𝑑𝑡

=

𝜌𝑠
0
(𝑉𝑠𝑑
𝑇𝑑

(eq. 7)

− 𝑉𝑠𝑑 ) +

ℎ𝑓 − ℎ𝑤
ℎ𝑐

𝑞𝑓 .

(eq. 8)

2.4. Steam Turbine
The steam turbine model depends vastly on its size and how much power it should generate. For the model presented
in this work, the input variables of the turbine model are pressure, temperature and steam mass flow rate, which come
from the steam generator, and the output variables calculated through dynamic models are pressure, temperature,
steam mass flow rate and the turbine generated power.
The dynamic model of the turbine was divided in several subsystems: dead space, stage groups on the high, HP, and
low, LP, pressure sections, moisture separator and reheater and its general scheme can be seen on Figure 2. To
diminish the computational effort, the HP and LP stages were fused in groups and its parameters were averaged
(Kulkowski et al., 2017), the process variables after the reheater were linearized and the time constants were
considered to be independent of the load (Sokolski et al., 2015).
A dynamic model is necessary to study the transient states for a more accurate calculation of the controllers. However,
it must also be as simple as possible to avoid extra computational efforts (Kulkowski et al., 2015) while still having
a good representation of the process. To control the generated power, which is the main aim of the control system, it
is not necessary to have knowledge of all the intermediary variables of the process.
Control Valve: The control valve is used as the actuator of the turbine and it regulates the pressure entering the
turbine. To calculate the opening of the control valve, 𝛼𝐶𝑉 , a first order ordinary differential equation is used, which
can be seen on Equation (9).

𝜏𝐶𝑉

0
𝑑𝛼𝐶𝑉
𝑑𝑡

𝑖
+ 𝛼 = 𝑘𝐶𝑉 𝛼𝐶𝑉
.

(eq. 9)

𝑜𝑢𝑡
𝑜𝑢𝑡
The output pressure of the control valve, 𝑃𝐶𝑉
, and its mass flow rate, 𝑀𝐶𝑉
, output are calculated based on static
models shown on Equations (10) and (11), respectively.
𝑛𝑜𝑚,𝑜𝑢𝑡
𝑜𝑢𝑡
𝑃𝐶𝑉
= 𝑃𝐶𝑉

0
𝛼𝐶𝑉
𝑛𝑜𝑚,0
𝛼𝐶𝑉

,

(eq. 10)
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Fig. 2: Schematic of the steam turbine subsystems (Kulkowski et al., 2015)
𝑛𝑜𝑚,𝑜𝑢𝑡
𝑜𝑢𝑡
𝑀𝐶𝑉
= 𝑀𝐶𝑉

0
𝛼𝐶𝑉

𝑃

𝑃𝑛𝑜𝑚 𝛼𝑛𝑜𝑚,0
𝐶𝑉

(eq. 11)

,

where 𝛼𝑖𝐶𝑉 is the reference valve opening degree.
Dead Space High Pressure Stages: For the inlet of the HP section, Equations (12) and (13) were used to calculate
𝑜𝑢𝑡
the outlet pressure dynamic of the dead space, 𝑃𝐷𝑆,𝐻𝑃
. To calculate the outlet mass flow rate and the temperature of
𝑜𝑢𝑡
𝑜𝑢𝑡
the dead space, 𝑀𝐷𝑆,𝐻𝑃 and 𝑇𝐷𝑆,𝐻𝑃 , static relationships were used, seen in Equations (14) and (15), respectively.

𝜏𝐷𝑆,𝐻𝑃 =
𝜏𝐷𝑆,𝐻𝑃

𝑉𝐷𝑆,𝐻𝑃
𝑛𝑜𝑚,𝑖𝑛
𝐻𝐷𝑆,𝐻𝑃 𝑀𝐷𝑆,𝐻𝑃
𝜗𝐷𝑆,𝐻𝑃

𝑜𝑢𝑡
𝑑𝑃𝐷𝑆,𝐻𝑃

𝑑𝑡

,

(eq. 12)

𝑜𝑢𝑡
𝑖𝑛
= 𝑘𝐷𝑆,𝐻𝑃 (𝑀𝐷𝑆,𝐻𝑃
− 𝑀𝐷𝑆,𝐻𝑃
),

𝑜𝑢𝑡
𝑜𝑢𝑡
𝑀𝐷𝑆,𝐻𝑃
= 𝑀𝐶𝑉
,

(eq. 13)
(eq. 14)

𝑜𝑢𝑡
𝑜𝑢𝑡
𝑇𝐷𝑆,𝐻𝑃
= 𝐴𝐷𝑆 𝑃𝐷𝑆,𝐻𝑃

𝑜𝑢𝑡 𝐶𝐷𝑆
𝐵𝐷𝑆 𝑃𝐷𝑆,𝐻𝑃

.

(eq. 15)

High Pressure Stages: A more complete modelling of the system would involve a dynamic modelling of the high
pressure, HP, section. But to diminish the computational effort, a static model of the HP stages was applied, as its
dynamic time was considerably low comparing to the other components of the steam turbine. This turbine was
considered to have ten stages, represented by j in the following equations, and two vents after stages three and six.
𝑜𝑢𝑡
For the calculation of the outlet pressure for each stage, 𝑃𝐻𝑃,𝑗
, Equations (16)- (18) were used. For the calculation of
𝑜𝑢𝑡
the outlet temperature for each stage, 𝑇𝐻𝑃,𝑗
, Equation (19) was used. For the calculation of the outlet mass flow rate
𝑜𝑢𝑡
for each stage, 𝑀𝐻𝑃,𝑗
, Equation (20) was used. For each stage with a vent, the calculation of the outlet mass flow rate
𝑜𝑢𝑡
for each vent, 𝑀𝐻𝑃𝑣,𝑗
, Equation (21) was used.

𝑖𝑛
𝑜𝑢𝑡
𝑃𝐻𝑃,𝑗
= 𝑃𝐷𝑆,𝐻𝑃
, 𝑗 = 1,

(eq. 16)

𝑖𝑛
𝑜𝑢𝑡
𝑃𝐻𝑃,𝑗
= 𝑃𝐻𝑃,𝑗−1
,
𝑛𝑜𝑚,𝑜𝑢𝑡
𝑜𝑢𝑡
𝑃𝐻𝑃,𝑗
= 𝑃𝐻𝑃,𝑗

𝑜𝑢𝑡
𝑜𝑢𝑡
𝑇𝐻𝑃,𝑗
= 𝐴 𝑇 𝑃𝐻𝑃,𝑗

(eq. 17)
𝑖𝑛
𝑃𝐻𝑃,𝑗
𝑛𝑜𝑚,𝑖𝑛
𝑃𝐻𝑃,𝑗

,

𝑜𝑢𝑡 𝐶𝑇
𝐵𝑇 𝑃𝐻𝑃,𝑗

(eq. 18)

,

𝑛𝑜𝑚,𝑖𝑛
𝑇𝐻𝑃,𝑗

𝑛𝑜𝑚,𝑜𝑢𝑡
𝑜𝑢𝑡
√
𝑀𝐻𝑃,𝑗
= 𝑀𝐻𝑃,𝑗
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𝑖𝑛
𝑇𝐻𝑃,𝑗

(eq. 19)
𝑖𝑛
𝑜𝑢𝑡 2
(𝑃𝐻𝑃,𝑗
)2 −(𝑃𝐻𝑃,𝑗
)
𝑛𝑜𝑚,𝑖𝑛 2
𝑛𝑜𝑚,𝑜𝑢𝑡 2 ,
(𝑃𝐻𝑃,𝑗 ) −(𝑃𝐻𝑃,𝑗
)

(eq. 20)
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𝑛𝑜𝑚,𝑜𝑢𝑡
𝑜𝑢𝑡
𝑀𝐻𝑃𝑣,𝑗
= 𝑀𝐻𝑃𝑣,𝑗

𝑜𝑢𝑡
𝑀𝐻𝑃,𝑗=𝑣𝑒𝑛𝑡
𝑛𝑜𝑚,𝑜𝑢𝑡
𝑀𝐻𝑃,𝑗=𝑣𝑒𝑛𝑡

,

(eq. 21)

𝑖𝑛
𝑜𝑢𝑡
where 𝑃𝐻𝑃,𝑗
, 𝑃𝐻𝑃,𝑗−1
are the pressure on the input of each stage and on the output of the stage before, respectively,
𝑖𝑛
𝑜𝑢𝑡
𝑇𝐻𝑃,𝑗
is the input temperature on each stage and 𝑀𝐻𝑃,𝑗=𝑣𝑒𝑛𝑡
is the output mass flow rate of the stage equivalent to the
vents' stage.

Moisture Separator: The moisture separator separates liquid water from the steam generated, so the pressure,
temperature and mass flow rate variables are calculated for the steam, represented by the superscript S on the
following equations, and for the liquid water, represented by the superscript W on the following equations. The outlet
𝑆,𝑜𝑢𝑡
mass flow rate of the moisture separator, 𝑀𝑀𝑆
is calculated by Equations (22) and (23). The water outlet
𝑊,𝑜𝑢𝑡
temperature of the moisture separator, 𝑇𝑀𝑆
is calculated by Equations (24) and (25). The outlet pressure of the
𝑆,𝑜𝑢𝑡
𝑊,𝑜𝑢𝑡
moisture separator, 𝑃𝑀𝑆
and 𝑃𝑀𝑆
are equal to the outlet pressure of each the output pressure at final stage of the
high-pressure section.

𝑆,𝑖𝑛
𝑜𝑢𝑡
𝑀𝑀𝑆
= 𝑀𝐻𝑃,𝑗
,
𝑆,𝑜𝑢𝑡
𝑆,𝑖𝑛
𝑀𝑀𝑆
= 𝑀𝑀𝑆

(eq. 22)
𝑥 𝑖𝑛
,
𝑥 𝑜𝑢𝑡

(eq. 23)

𝑊,𝑖𝑛
𝑜𝑢𝑡
𝑇𝑀𝑆
= 𝑇𝐻𝑃,𝑗
,

(eq. 24)

𝑊,𝑜𝑢𝑡
𝑛𝑜𝑚,𝑊,𝑜𝑢𝑡
𝑇𝑀𝑆
= 𝑇𝑀𝑆
(𝑃𝑇3

𝑊,𝑖𝑛
𝑇𝑀𝑆
𝑛𝑜𝑚,𝑊,𝑖𝑛
𝑇𝑀𝑆

+ 𝑃𝑇4 ),

(eq. 25)

𝑆,𝑖𝑛
𝑊,𝑖𝑛
where 𝑀𝑀𝑆
and 𝑀𝑀𝑆
are the mass flow rate of the steam on the inlet of the moisture separator and of the water on
𝑊,𝑖𝑛
the inlet of the moisture separator and 𝑇𝑀𝑆
is the water temperature on the inlet of the moisture separator.

Reheater: To increase the power generated by the turbine, it is necessary to raise the steam temperature, which is
done by the reheater. The calculation of the outlet mass flow rate of the reheater, 𝑀𝑅𝑜𝑢𝑡 , is done accordingly to the
Equations (26) and (27). The calculation of the outlet pressure of the reheater, 𝑃𝑅𝑜𝑢𝑡 , is done accordingly to Equations
(28) – (30). The calculation of the outlet temperature of the reheater, 𝑇𝑅𝑜𝑢𝑡 , is done accordingly to Equation (31).
𝑆,𝑜𝑢𝑡
𝑀𝑅𝑖𝑛 = 𝑀𝑀𝑆
,

(eq. 26)

𝑀𝑅𝑜𝑢𝑡 = 𝑀𝑅𝑛𝑜𝑚,𝑜𝑢𝑡

𝑀𝑅𝑖𝑛
𝑛𝑜𝑚,𝑖𝑛
𝑀𝑅

,

(eq. 27)

𝑆,𝑜𝑢𝑡
𝑃𝑅𝑖𝑛 = 𝑃𝑀𝑆
,

𝜏𝑅 =
𝜏𝑅

𝑎𝑣𝑔

𝐻𝑅

𝑑𝑃𝑅𝑜𝑢𝑡
𝑑𝑡

(eq. 28)

𝑉𝑅
𝑀𝑅𝑛𝑜𝑚,𝑜𝑢𝑡 𝜐𝑅

,

(eq. 29)

𝑜𝑢𝑡
= 𝑘𝑅 (𝑀𝑅𝑖𝑛 − 𝑀𝐿𝑃,1
),

𝑇𝑅𝑜𝑢𝑡 = 𝑇𝑅𝑛𝑜𝑚,𝑜𝑢𝑡 (𝐻𝑇 + 𝐼𝑇

𝑃𝑅𝑖𝑛
𝑛𝑜𝑚,𝑖𝑛
𝑃𝑅

(eq. 30)

),

(eq. 31)

𝑜𝑢𝑡
where 𝑀𝑅𝑖𝑛 and 𝑀𝐿𝑃,1
are the mass flow rate at the input of the reheater and on the outlet of the first group of stages

on the LP section, respectively. 𝑃𝑅𝑖𝑛 is the pressures on the input of the reheater.
Dead Space of the Low-Pressure Stages: For the inlet of the LP section, Equations (32) and (33) were used to
𝑜𝑢𝑡
calculate the outlet pressure dynamic of the dead space, 𝑃𝐷𝑆,𝐿𝑃
. To calculate the outlet mass flow rate and the
𝑜𝑢𝑡
𝑜𝑢𝑡
temperature of the dead space, 𝑀𝐷𝑆,𝐿𝑃 and 𝑇𝐷𝑆,𝐿𝑃 , static relationships were used, seen on Equations (34) and (35),
respectively.

𝜏𝐷𝑆,𝐿𝑃 =
𝜏𝐷𝑆,𝐿𝑃

𝑉𝐷𝑆,𝐿𝑃
𝑛𝑜𝑚,𝑖𝑛
𝐻𝐷𝑆,𝐿𝑃 𝑀𝐷𝑆,𝐿𝑃
𝜗𝐷𝑆,𝐿𝑃

𝑜𝑢𝑡
𝑑𝑃𝐷𝑆,𝐿𝑃

𝑑𝑡

,

𝑜𝑢𝑡
𝑖𝑛
= 𝑘𝐷𝑆,𝐿𝑃 (𝑀𝐷𝑆,𝐿𝑃
− 𝑀𝐷𝑆,𝐿𝑃
),

(eq. 32)
(eq. 33)
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𝑜𝑢𝑡
𝑀𝐷𝑆,𝐿𝑃
= 𝑀𝑅𝑜𝑢𝑡 ,

(eq. 34)
𝑜𝑢𝑡 𝐶𝐷𝑆
𝐵𝐷𝑆 𝑃𝐷𝑆,𝐿𝑃

𝑜𝑢𝑡
𝑜𝑢𝑡
𝑇𝐷𝑆,𝐿𝑃
= 𝐴𝐷𝑆 𝑃𝐷𝑆,𝐿𝑃

,

(eq. 35)

𝑖𝑛
Where 𝑀𝐷𝑆,𝐿𝑃
is the mass flow rate on the inlet of the dead space.

Low Pressure Stages: The low pressure, LP, section was divided in six stages, with three vents after stages two,
four and five. Each stage is represented by i on the following equations. For the calculation of the outlet pressure for
𝑜𝑢𝑡
𝑜𝑢𝑡
each stage, 𝑃𝐿𝑃,𝑖
, Equations (36) – (38) were used. For the calculation of the outlet temperature for each stage, 𝑇𝐿𝑃,𝑖
,
𝑜𝑢𝑡
Equation (39) was used. For the calculation of the outlet mass flow rate for each stage, 𝑀𝐿𝑃,𝑖 , Equation (40) was
𝑜𝑢𝑡
used. For each stage with a vent, the calculation of the outlet mass flow rate for each vent, 𝑀𝐿𝑃𝑣,𝑖
, Equation (41) was
used.
𝑖𝑛
𝑜𝑢𝑡
𝑃𝐿𝑃,𝑖
= 𝑃𝐷𝑆,𝐿𝑃
, 𝑖 = 1,

(eq. 36)

𝑖𝑛
𝑜𝑢𝑡
𝑃𝐿𝑃,𝑖
= 𝑃𝐿𝑃,𝑖−1
,

(eq. 37)

𝑛𝑜𝑚,𝑜𝑢𝑡
𝑜𝑢𝑡
𝑃𝐿𝑃,𝑖
= 𝑃𝐿𝑃,𝑖

𝑜𝑢𝑡
𝑜𝑢𝑡
𝑇𝐿𝑃,𝑖
= 𝐴 𝑇 𝑃𝐿𝑃,𝑖

𝑖𝑛
𝑃𝐿𝑃,𝑖
𝑛𝑜𝑚,𝑖𝑛
𝑃𝐿𝑃,𝑖

𝑜𝑢𝑡 𝐶𝑇
𝐵𝑇 𝑃𝐿𝑃,𝑖

,

(eq. 39)

𝑛𝑜𝑚,𝑖𝑛
𝑇𝐿𝑃,𝑖

𝑖𝑛 2
𝑜𝑢𝑡 2
(𝑃𝐿𝑃,𝑖
) −(𝑃𝐿𝑃,𝑖
)

𝑖𝑛
𝑇𝐿𝑃,𝑖

𝑛𝑜𝑚,𝑖𝑛 2
𝑛𝑜𝑚,𝑜𝑢𝑡 2
(𝑃𝐿𝑃,𝑖
) −(𝑃𝐿𝑃,𝑖
)

𝑛𝑜𝑚,𝑜𝑢𝑡
𝑜𝑢𝑡
√
𝑀𝐿𝑃,𝑖
= 𝑀𝐿𝑃,𝑖

𝑛𝑜𝑚,𝑜𝑢𝑡
𝑜𝑢𝑡
𝑀𝐿𝑃𝑣,𝑖
= 𝑀𝐿𝑃𝑣,𝑖

(eq. 38)

,

𝑜𝑢𝑡
𝑀𝐿𝑃,𝑖=𝑣𝑒𝑛𝑡
𝑛𝑜𝑚,𝑜𝑢𝑡
𝑀𝐿𝑃,𝑖=𝑣𝑒𝑛𝑡

,

.

(eq. 40)

(eq. 41)

𝑖𝑛
𝑜𝑢𝑡
where 𝑃𝐿𝑃,𝑖
and 𝑃𝐿𝑃,𝑖−1
are the pressure at the input of each stage and at the output of the each stage, respectively,
𝑖𝑛
𝑜𝑢𝑡
𝑇𝐿𝑃,𝑖
is the input temperature of each stage and 𝑀𝐿𝑃,𝑖=𝑣𝑒𝑛𝑡
is the output mass flow rate of the stage equivalent to the
vents' stage.

Mechanical Power: Firstly, an enthalpy drop, 𝛥ℎ𝑜𝑢𝑡 is calculated using Equation (42), for each stage group on the
HP and LP sections. Then, the theoretical power is calculated on each group of stages, 𝑁𝐶 , according to the calculated
enthalpy drop, as shown in equations (43) and (44), where 𝑇 𝑖𝑛 is the temperature on the input of each stage on the
HP or LP sections and 𝑃𝑜𝑢𝑡 and 𝑃𝑖𝑛 are the pressure on the output and the input of each stage on the HP or LP
𝑜𝑢𝑡
sections, respectively. 𝑀𝑠,𝑘
is the outlet mass flow rate of each stage. The effective power of the turbine, 𝑁𝑇 , is
calculated based on the theoretical power calculated, as can bee seen in Equations (45) and (46).
𝑜𝑢𝑡 𝐻−1

𝛥ℎ

𝑜𝑢𝑡

= 𝛥ℎ

𝑛𝑜𝑚,𝑜𝑢𝑡

𝑃
1−( 𝑖𝑛 ) 𝐻
𝑃

𝑇 𝑖𝑛

(

𝑇 𝑛𝑜𝑚,𝑖𝑛

𝑘 𝑛𝑜𝑚

𝑛𝑜𝑚 𝑠,𝑘
𝑁𝑠,𝑘 = 𝑁𝑠,𝑘
𝜂𝑛𝑜𝑚
𝑠,𝑘

𝑜𝑢𝑡
𝑀𝑠,𝑘
𝑛𝑜𝑚,𝑜𝑢𝑡
𝑀𝑠,𝑘

𝑛𝑜𝑚,𝑜𝑢𝑡 𝐻−1

𝑃
1−( 𝑛𝑜𝑚,𝑖𝑛 ) 𝐻
𝑃
𝑜𝑢𝑡
𝛥ℎ𝑠,𝑘

𝑛𝑜𝑚,𝑜𝑢𝑡
𝛥ℎ𝑠,𝑘

),

,

(eq. 43)

𝑛𝐻𝑃 +𝑛𝐿𝑃
𝑁𝐶 = ∑𝑠𝜖{𝐻𝑃,𝐿𝑃},𝑖𝜖{1,…,𝑛
𝑁 ,
𝑠 } 𝑠,𝑘
𝑁

𝐶
𝜂𝑒 = 𝜂𝑒𝑛𝑜𝑚 (𝑁𝑛𝑜𝑚
)

(eq. 42)

(eq. 44)

𝑁

𝐶 )2
𝐴𝜂 ( 𝑛𝑜𝑚
𝑁
𝐶

,

(eq. 45)

𝐶

𝜂

𝑒
𝑁𝑇 = 𝑁𝐶 𝜂𝑛𝑜𝑚
.

(eq. 46)

𝑒

2.5. Electrical Power Generator
The power generator is an equipment which generates electric power from mechanical power. Although it can be
modelled with many states, depending on the rotation of the motor and many variables, the model used in this work
is simplified, since the non-linear dynamics will be modelled directly on the steam turbine.
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The modelling of the electrical power generator was simplified to a first order linear model (Zimmermann, 2012).
The model's output is the variation of rotational velocity (Menarin, 2013), 𝛥𝜔, and it is calculated using Equation
(47). The system's main goal is to maintain the angular velocity at its operating point, which is the frequency of the
electric grid. In this case, the frequency of the electric grid is 60𝐻𝑧 and the aim is to maintain 𝛥𝜔 = 0, in other
words, maintain the variation of the grid's frequency at a zero.

𝜏𝐺

𝑑𝛥𝜔
𝑑𝑡

+ 𝛥𝜔 = 𝑁𝑇 − 𝑁𝐷 ,

(eq. 47)

where 𝑁𝑇 is the power generated by the steam turbine and 𝑁𝐷 is the power demand.
2.6. Condenser
The condenser is a part of the thermal equipment that allows two fluids with different temperatures to transfer heat
between each other in adjacent chambers (Americano, 2013) so that the hot fluid will change its phase. In this work,
it will be used to transfer heat between the steam that exits the turbine and the water at room temperature, so the
steam will condensate, turn into water and go through the first heat exchanger again.
The condenser, much like the steam generator, is also a complex system since it is a two-phase system. The high
number of parameters and its non-linear dynamics makes its modelling a complex matter. For the purpose of this
work, it will be simplified as a static model, since the dynamics of the steam generator and turbine are more relevant
for the simulation and control calculation than the dynamics of the condenser. Some assumptions were made to
calculate the model: there is no pressure drop in the steam side, no sub cooling occurs and the enthalpy of the steam
at the condenser output equals the saturated liquid enthalpy at the condensing pressure (Patnode, 2006).
Firstly, the condenser's effectiveness, 𝜀(𝑡), is calculated using Equation (48), where 𝑚̇𝑤 (𝑡) is the cooling water's
flow rate, 𝑈𝐴(𝑡) is the heat transfer conductance-area product and 𝑁𝑇𝑈(𝑡) is the number of transfer units. The
water's temperature, 𝑇𝑤 (𝑡), is calculated using Equation (49), where ℎ𝑠,𝑜𝑢𝑡 (𝑡) is the output enthalpy of the steam.

𝑈𝐴(𝑡) = 𝑈𝐴𝑟𝑒𝑓
𝑁𝑇𝑈(𝑡) =

𝑚̇𝑤 (𝑡)0.8
,
𝑚̇𝑤,𝑟𝑒𝑓

𝑈𝐴(𝑡)
,
𝑚̇𝑤 (𝑡)𝐶𝑤

(eq. 48)

𝜀(𝑡) = 1 − 𝑒 −𝑁𝑇𝑈(𝑡) .
𝑇𝑤 (𝑡) =

ℎ𝑠,𝑜𝑢𝑡 (𝑡)
𝐶𝑤

.

(eq. 49)

The heat transfer between the water and the steam and its maximum heat transfer possible, 𝑄(𝑡) and 𝑄𝑚𝑎𝑥 (𝑡)
respectively, are calculated using Equation (50), where 𝑚̇𝑠 (𝑡) is the steam's input flow rate, ℎ𝑠,𝑖𝑛 (𝑡) is the input
enthalpy of the steam and 𝑇𝑤,𝑖𝑛 (𝑡) is the cooling water's input temperature.

𝑄(𝑡) = 𝑚̇𝑠 (𝑡) (ℎ𝑠,𝑖𝑛 (𝑡) − ℎ𝑠,𝑜𝑢𝑡 (𝑡)),
(eq. 50)

𝑄𝑚𝑎𝑥 (𝑡) = 𝑚̇𝑤 (𝑡)𝐶𝑤 (𝑇𝑤 (𝑡) − 𝑇𝑤,𝑖𝑛 (𝑡)).
The efficiency of the condenser is calculated using Equation (51).

𝜀(𝑡) =

𝑄(𝑡)
.
𝑄𝑚𝑎𝑥 (𝑡)

(eq. 51)

Equalling the above Equations (51) and (48), and substituting Equations (49) and (50), the steam's output enthalpy
value is found and, with its value and the condense pressure of the steam turbine, the output temperature of the steam
is calculated. While simplified, this model is a good representation of the phase change from steam to liquid water.
Its output temperature is one of the steam generator's input.

3. Results
The models shown above were simulated using Matlab and the function ode45 with relative tolerance of 10 -6 to solve
the differential equations. When the equipment are connected on serial configuration, the previous equipment´s
output will be the input of the following one. A control structure containing PI and P controllers was added to the
system to maintain each equipment as close as possible to its operation point. The tuning for each controller was
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done by pole-cancelling or Ziegler-Nichols and the fine tuning was done by empirical method. The main
disturbances, solar irradiation and power demand, can be seen in Figures 4 and 6. As the measurements of power
demand were only available with 10 min sampling time, and the simulations require the demand to be provided for
every 3 seconds, linear interpolation was performed in order to provide inputs at the necessary sampling time. The
simulation results for each equipment are shown in Figures 4 to 6.

Fig. 4: Molten salt section behaviour: (a) Solar irradiation, (b) Solar collector’s output temperature, (c) Solar collector’s output flow
rate

In Figure 4, the system´s molten salt section behaviour is shown. The input flow rate in the solar collectors field must
be controlled so the hot tank's output temperature is maintained at the desired value for energy generation. The
controller calculates the flow rate to raise the collector's output temperature and since it has an inverse gain
relationship with the output temperature, the flow rate is kept low, thus the temperature increases at the beginning of
the simulation.
The steam generator’s and hot storage tank’s simulation results can be seen in Figure 5. To raise the storage tanks’
output temperature, the flow rate is set to its maximum value so the heated molten salt from the solar field must enter
the tank to increase its output temperature. For most of the simulation, both the hot tank's and the collector's output
temperature are kept at approximately its operating point, decreasing a few degrees when clouds pass in front of the
sun.
The steam generator's dynamic response can be seen in Figure 5. A PI controller is added to regulate its output
pressure. The output pressure is controlled through its heat input, which depends on the hot tank's output flow rate.
The PI controller applied to control its output pressure by manipulating the hot tank's output flow has a satisfactory
result, maintaining the steam generator's pressure at its operating point.
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Fig. 5: Steam generator’s behaviour: (a) Hot tank’s output flow rate, (b) Steam generator’s input temperature, (c) Steam generator’s
input heat, (d) Steam generator’s output pressure

A PI controller aims to manipulate the valve opening to generate power by the steam turbine. The maximum power
the steam turbine generates is 8 MW, thus, when the power demand is higher, it is not possible to generate the
electrical power necessary. The electrical power generator's output, its angular velocity variation, should be zero so
that the demand is supplied without energy quality loss. If more pressure is needed, like it occurs at the end of the
simulation, the steam turbine's valve is completely opened but the velocity does not track the reference.
With the local controllers maintaining the variables at their respective operating point, the process is capable of
generating 8 MW. To increase the power generation when necessary, there would have to be an increase on the
turbine's input pressure, that is, in the steam generator's output pressure. However, the pressure is maintained at its
reference value, which is its maximum value. It is not ideal to maintain the steam generator's output pressure always
at its maximum value, thus advanced controllers can be added to operate on the turbine's valve opening and steam
generator's pressure, aiming to produce the necessary power by manipulating both variables.

4. Conclusions
This work presented the modelling of a solar energy plant, through first principle models. Each equipment was
modelled separately, and then brought together to simulate the whole process. The energy generation system
modelling is done by applying energy, mass and momentum conservation law to each equipment. The main variables
calculated on each subsystem are temperature, flow rate and pressure. The previous equipment´s output will be the
following´s input, since connection losses between the subsystems were not considered in this work.
Once defined the separate models, they were brought together and a simulation with real disturbance data was done
to analyse the process dynamics and how each equipment influenced the following’s response. It is recommended,
as a future work, that the modelling done is used to calculate and apply advanced control strategies to generate clean,
renewable energy. To guarantee there will be enough energy generated, a gas heater can be added to the modelling,
between the steam generator and turbine, to increase the steam´s pressure and thus, increase the energy generated.
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Fig. 6: Power generation section’s behaviour: (a) Power demand disturbance, (b) Steam generator’s output pressure, (c) Turbine’s
input valve opening, (d) Turbine’s output power, (e) Electrical power generator’s output angular velocity
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Appendix: Symbols
Table 1: List of symbols
Quantity
Specific heat
Diameter
Density
Area
Heat transfer
coefficient
Volume
Loss coefficient per
surface unit

Symbol
C
d

Table 2: List of symbols

A
h

Unit
J kg-1 K-1
m
kg m-3
m2
W m-2 K-1

V
U

m3
W m-2 K-1



Quantity
Surface area
Time constant
Gain constant
Adiabatic exponent
Specific steam volume
Temperature
coefficients
Steam fraction
Efficiency

Symbol
SA
τ
k
H
υ
A, B, C

Unit
m2

m3 kg-1

x
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Abstract
In the last decade the Uruguayan energy matrix has experimented substantial changes migrating to
renewable energy sources. However, this process was carried forward mainly by wind and biomass projects.
It was not until 2014 when solar technologies (photovoltaic) started to play a more significant role in the
electricity generation sector. In this context, the current work focus on the feasibility of installing
Concentrating Solar Power (CSP) technologies in Uruguay. The analysis consists in the performance and
Levelized Cost of Energy (LCOE) evaluation for Power Tower and Parabolic Trough plants, considering
various configurations and locations within the country.
Keywords: CSP, Thermoeconomic evaluation, Uruguay.

1. Introduction
Concentrating Solar Power (CSP) technology is gaining importance around the world. Actually there are
7567 MWe installed of which 5079 MWe are operational and the rest is under construction. In addition,
there are 1260 MWe under development [Aso,2018]. In the last couple of years Tower technology is gaining
imoprtance due to its higher efficiency. This can be explained since greater working temperatures can be
achieved (up to 565°C in Tower versus 393°C in Parabolic Trough) and less heat exchangers are necessary
since the working fluid is also the storage fluid. These technologies are being widely investigated all around
the world leading to a rise in available information of working plants and its applicability on different
countries [Ling et al, 2018, Yang et al ,2018, Aly et al, 2018]. Considering the Uruguayan scenario only
one previous study was found [SOL, 2015] predicting Levelized Cost of Energy (LCOE) values of 181.7
€/MWh and 142.0 €/MWh for 50 MWe Parabolic Trough and 100MWe Tower technologies respectively.
In the current study, the feasibility of installing CSP technologies in Uruguay is evaluated. Power Tower
(Tower) and Parabolic Trough (PT) plants, of 100 MWe and 50 MWe, respectively, are evaluated. Oneyear simulations are carried out, for five different locations, utilizing Typical Meteorological Year (TMY)
[LES]. Furthermore, economic evaluation is performed through LCOE calculation. Finally, design
optimization —by varying solar field and thermal storage sizes— is performed for each location.
CSP technologies are based on the utilization of reflective surfaces to concentrate the solar energy in either
line (Parabolic Trough and Fresnel) or point (Power Tower and Dish stirling) collectors. The absorbed
energy heats a fluid (HTF) that is used to generate superheated steam that is finally expanded in a turbine.
The Uruguayan energy matrix is extremely unusual since 63% of the total primary energy supply (TPES)
is based on renewable resources. Moreover, in the last couple of years only 3% of the total electricity
production was based on fossil fuels. However, the majority of non traditional energy production is based
on wind and biomass energy, leading to a solar participation of approximately 5% (as shown in Fig. 1).
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Figure 1: Installed capacity evolution in Uruguay. Source: Mie 2017.

Neither wind nor solar (photovoltaic) technologies allow storage, making the coupling of electricity demand
and offer a critical issue in the matrix optimization. This is one of the aspects that makes CSP technologies
interesting since thermal storage can be easily implemented. A previous study of this technology was
developed by SOLIDA Energías Renovables [SOL,2015] leading to LCOE values of 142 (€/MWht) and
181.7 (€/Mwht) for Power Tower and Prabolic Trough respectively.

2. Irradiation data
Uruguay has been working in creating a reliable database, leading to the elaboration of typical
meteorological years for five different locations [LES] including hourly Direct Normal Irradiance (DNI),
ambient temperature and wind velocity data. A brief summary of the information available is exposed in
table 2.
Table 2: Meteorological data. Source: Own elaboration.
DNI (kWh/(m^2 year))

Mean ambient
temperature (ºC)

Mean wind velocity (m/s)

Salto

1897.5

19.3

4.0

Rivera

1779.7

18.4

3.0

Montevideo

1862.5

16.5

4.8

Colonia

1890.3

16.6

6.3

Rocha

1740.6

16.2

2.4

It can be deduced from table 2 that the best location for this kind of project should be Salto. However, in
the present work other locations are studied varying the field size and hours of storage in order to minimize
the LCOE for each place. It is expected that lower DNI values leads to greater solar fields and storage sizes.
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3. Analysis methodology
3.1 Physical model
After analyzing several available softwares [Clifford,2008] the System Advisor Model (SAM) developed
by National Renewable Energy Laboratory (NREL) was selected. Performance analysis for both
technologies can be implemented. Hourly data of Direct Normal Irradiance, diffuse radiation, ambient
temperature, dew point, pressure, wind direction and wind speed is required.
The Physical Model employed for Parabolic Trough is described in [Wagner,2011] while the Power Tower
model is exposed in [Wagner,2008]. The Parabolic Trough model consists in solving the electric-equivalent
diagram presented in figure 2.

Figure 2: Parabolic Trough scheme and electric diagram. Source: Wagner,2011.

Power Tower technology is far more complex to be analyzed since every heliostat focus to a single receptor,
making the distance between the mirror and the aim, variable. Moreover, the optical efficiency of each
mirror varies not only with the distance to the tower but also with the position relative to the sun. SAM
calculates each optical efficiency and employs specified data of the receiver to obtain the total energy
produced.
3.2 Economic procedure
As mentioned above the optimization is carried on considering the LCOE. This parameter can be expressed
as a function of the discount rate (𝑖), operational expenditures (OPEX) and capitals expenditures (CAPEX)
costs (𝑀 and 𝐼 respectively), the net energy produced (𝐸) and the period of analysis (𝑎) as follows

𝑳𝑪𝑶𝑬 =

𝑰 +𝑴
∑𝒂 𝒂 𝒂𝒂
(𝟏+𝒊)
𝑬𝒂
(𝟏+𝒊)𝒂

∑𝒂

(eq. 1)

In the present work typical values of 8% and 20 years are considered as discount rate and analysis period.
The correct determination of both CAPEX and OPEX cost is essential to obtain accurate results. The
available information presents a wide range of variation for these values, depending mainly on the location
considered. The National Renewable Energy Laboratory (NREL) offers detailed information for the
different components of the central ([Turchi and Heath,2013] and [Kurup and Turchi,2015]). These values
lead to a Total investment cost of 6.0 (USD/MWh) for Tower plants and 7.9 (USD/MWh) for Parabolic
trough. However, it is observed that China presents more favorable scenarios with CAPEX costs that fall
to 5.0 (USD/MWh) and 6.0 (USD/MWh) for Tower and PT technologies respectively.
The OPEX cost include taxes that represent the 25% of the utility, however the Uruguayan legislation admit
several exonerations for new ambient friendly technologies. The total exoneration represents the 80% of
the total tax charge.
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4. Results
4.1 Physical
Table 3 presents the net annual energy produced, net incident energy on the field, total efficiency and
dumped energy for Salto and Rocha.
Table 3: Annual results considering optimal configurations for Salto and Rocha. Solar field and storage sizes are shown in
Table 4 and Table 5.

Technology

Net annual energy
produced (GWh)

Net incident energy on
field (GWh)

Total
efficiency(%)

Dumped energy
(GWht)

Salto
Parabolic Trough
50 MWe

229.0

1668.5

13.7

93.6

Power Tower 100
MWe

442.5

2926.6

15.1

117.4

Rocha
Parabolic Trough
50 MWe

206.1

1530.6

13.5

70.3

Power Tower 100
MWe

415.7

2862.4

14.5

85.3

The dumped energy is associated to the excess of incident energy when storage tanks are already at full
capacity. In this situation, some reflecting surfaces are defocused in order to absorb the needed thermal
power and not more. As expected plants located in Salto achieve better efficiencies, however the total
energy produced difference is reduced due to the greater storage capacity of plants located in Rocha(See
Table 4) that leads to less dumped energy.
4.2 Optimization
Several simulations were implemented in System Advisor Model (SAM) in order to reach the optimal
configuration for each technology and location. The optimization method for Salto is presented in figure 3
considering 100 MWe Tower technology.

Power Tower 100 MWe

Number heliostats

Figure 3: Solar Tower Optimization for Salto. Source: Own elaboration.
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Figure 2 shows that over 23335 heliostats and 12.5 storage hours the LCOE remains constant, between
these alternatives the option selected is the one that demand less capital expenditure. The same behavior
can be observed for the parabolic trough technology. Best prices can be obtained in power tower
technologies, this can be explained since higher temperatures can be achieved increasing the cycle
efficiency and the installed capacity is higher. The optimal configuration for each location and technology
is presented in table 4 and 5.
Table 4: Annual results for Power Tower technology.

Power Tower 100 MWe
Location

Solar Multiple

Storage Hours

LCOE(USD/MWh)

Salto

3.17

12.5

174.7

Rocha

3.31

15

194.7

Table 5: Annual results for Parabolic Trough technology.

Parabolic Trough MWe
Location

Solar
Multiple

Storage Hours

LCOE(USD/MWh)

Salto

4.0

12.5

220.3

Rocha

4.0

12.5

243.7

It is observed that each technology presents a 25% lower LCOE in Salto. In addition, the 100 MWe Tower
technology LCOE is 10% lower than the 55MWe Parabolic Trough. However, the results obtained are far
from being competitive to other renewable sources such as wind or PV.
4.3 Sensitivity analysis
A sensitivity analysis is performed, varying 5 % the parameter that generate greater impact in de final result
(CAPEX cost and generated energy).
Table 6: Sensitivity analysis. Source: Own elaboration.

Base case
scenario

904

CAPEX cost

Variation

-

+5%

Power Tower

174.7

Parabolic Trough

220.3

LCOE variation Power Tower (%)

-

-4.5

LCOE variation Parabolic Trough (%)

-

-4.6

-5%

Generated energy

+5%

-5%

182.6 167.7

166.5

183.7

230.5 209.9

209.9

231.5

4.0

-4.7

5.2

4.7

-4.7

5.0
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Table 6 shows similar variation of LCOE with both CAPEX cost and generated energy, this shows both
parameters are strongly attached to the final result. For completeness sake new simulations are implemented
considering China CAPEX costs.
Table 7: LCOE considering China sceneario. Source: Own elaboration.

Technology

Investment cost
(MUSD/MW)

Variation considering
base case scenario (%)

LCOE
(USD/MWh)

Variation considering
base case scenario (%)

Power
Tower

5.0

-16.7

148.4

-15.0

Parabolic
Trough

6.0

-24.0

168.8

-23.3

Although this scenario is way more optimistic than the original it is still not competitive for the Uruguayan
reality were wind generation reach values of around 60 USD/MWh.

5. Conclusions
In the present work a viability analysis was performed for CSP 100 MWe and 50 MWe power tower and
parabolic trough technologies utilizing typical meteorological years for two locations. A solar field and
storage size optimization was implemented obtaining different configurations for each location. Two main
scenarios were considered varying the total investment due to the great variety of available information.
The Tower technology presented LCOE values of 174.7 (USD/MWh) and 194.7 (USD/MWh) for Salto and
Rocha respectively. On the other hand the LCOE for Parabolic Trough ascend to 220.3 (USD/MWh) and
243.7 (USD/MWh) for the same locations. Considering a more favorable scenario based on China lower
investment cost, the LCOE descend to 148.4 (USD/MWh) and 168.8 (USD/MWh) for Tower and PT
located in Salto. Even in the more favorable scenario considered these technologies are far for being
competitive to wind a PV.Finally a sensitivity analysis was performed proving that the principal parameters
that influence the final result are the initial cost and the energy produced.

6. Acknowledgments
The authors acknowledge support from ANII, Uruguay, through project FSE_1_2015_1_110011.

7. References
Aly A., et al., 2018. “Is Concentrated Solar Power (CSP) a feasible option for Sub-Saharan Africa?:
Investigating the techno-economic feasibility of CSP in Tanzania“, Renewable Energy,
https://doi.org/10.1016/j.renene.2018.09.065
Aso,2018. Protermo Solar, Asociación Española para la promoción de la Industria Solar, “Proyectos
Termosolares” . Available in https://www.protermosolar.com/proyectos-termosolares/proyectos-en-elexterior/. Last acceded 02/2019.
Clifford K.H. , 2008. Sandia National Laboratories, “Software and Codes for Analysis of Concentrating
Solar Power Technologies”.
Kurup P., Turchi C.S.,2015. National Renewable Energy Laboratory, “Parabolic Trough Collector cost
Update for the System Advisor Model (SAM)”.
Ling-zhi R., Xin-gang Z,Yu-zhuo Z.,Yan-bin L.,2018. “The economic performance of concentrated solar
power industry in China”.
MIE,2017. Ministerio de Industria, Energía y Minería, Uruguay, “Balance Energético Nacional”.

905

A. Ghazarian et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Sol,2015- SOLIDA Energías Renovables, “Análisis de pre-factibilidad para el desarrollo de la energía
termosolar
en
Uruguay”.
Available
in
http://www.energiasolar.gub.uy/images/Solar%20de%20Concentracion/Consultoria%20Solida%202015/i
nforme%20%20prefactibilidad%20csp.pdf
Turchi C.S., Heath G.A., 2013. National Renewable Energy Laboratory, “Molten Salt Power cost model
for the System Advisor Model (SAM)”.
Wagner M. J. and Gilman P., 2011. ”Technical Manual for the SAM Physical Trough Model”, National
Renewable Energy Laboratory, EEUU.
Wagner M. J. , 2008. ”Simulation and Predictive Performance Modeling of Utility-Scale Central Receiver
System Power Plants”, National Renewable Energy Laboratory, EEUU, 2008.
Yang S., Zhu X. and Guo W., 2018. School of Economics and Management, North China Electric Power
University, “Cost-Benefit Analysis for the Concentrated Solar Power in China”.

906

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Energy and exergy (2E) analysis of an optimized linear Fresnel reflector for a
conceptual direct steam generation power plant
Eduardo González-Mora1, Ma. Dolores Durán-García1
1

Ingeniería en Sistemas Energéticos Sustentables. Facultad de Ingeniería, Universidad Autónoma
del Estado de México, Toluca (México)

Abstract
Direct steam generation is a promising alternative to conventional HTF for solar thermal power plants. The optical
equivalence of parabolic through collectors and linear Fresnel reflector demonstrated by several authors has led
to the proposal of the integration of direct steam generation in linear Fresnel reflector systems for Steam Rankine
power plants; as the Puerto Errado (Portugal), Kimberlina (USA) or Liddell (Australia). With this background, in
the present paper a 2E analysis (energy and exergy) of a conceptual configuration solar power plant with Fresnel
reflectors and direct steam generation, coupled to a Steam Rankine power cycle, is developed in order to establish
a reference for a future implementation of this technology and show its viability against parabolic trough plants
in México.
Keywords: LFR, DSG, Steam Rankine, energy, exergy

1. Introduction
Solar plants for conversion of thermal energy into electrical energy through power cycles have been oriented to
solar fields with parabolic trough collectors (PTC). In recent years, there has been an increasing interest in using
Fresnel reflectors due to low operating costs and the possibility of using direct steam generation. Unlike the
parabolic collector, the analysis has been carried out by different research groups are oriented towards a single
configuration of Fresnel reflectors (LFR), which still limits the analysis of results.
Commercially, direct steam generation (DSG) is still not in use because the PTC presents thermal stress problems.
However, Fresnel reflectors do not present this disadvantage, so that currently one of the trends is towards this
direction since it avoids the use of exchangers of heat and increases thermal performance by simplifying the
configuration of the entire system. The DSG implies that the only working fluid is water, circulated through the
solar field, where a phase change occurs. Then, the steam, at high pressure and temperature, is injected into the
block. However, the technical limitations of using DSG in PTC that does not occur in the LFR, such as low thermal
stresses, has made the tendency to perform power cycles with CSP and DSG using LFR, (Coco-Enríquez et al.,
2013; Montes Pita, 2008; Ravelli et al., 2016).
Power plant modelling plays a crucial role in the design assessment and prediction of plant performance. This
implies performing simulations to obtain background for future application. Aforementioned, it is essential to
support the decisions related to the investment and design of CSP plants, since this helps in the prediction of the
economic, energetic and operational characteristics of a real plant; outwardly the associated risks of possible
accidents and system failures, which may render an installation unusable (Morin, 2012).
In this regard, several researchers have performed DSG analyzes with LFR, such as Giostri et al. (2013) compare
the thermal performance of two solar plants (PTC with thermal oil and LFR with DSG) and show that the solar
field using DSG presents better performance than if oil is used for the same operating conditions; Similarly, Sun
et al. (2015) simulated numerically a solar plant with a parabolic channel in recirculation through a 2E analysis,
to determine the energy and exergy efficiency of the system. Alternatively, Montes et al. (2016) have developed
a thermal model applied to the comparative study of the thermal performance of the LFR receiver based on
different parameters over the FRESDEMO field.
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In the present, a 2E analysis is developed for a configuration of a conceptual solar power plant with Fresnel
reflectors and direct steam generation for Agua Prieta, Sonora; using an optically optimized LFR field. The
developed model differs from those presented by other authors in the sense that the Adiutori methodology (2017)
is introduced to avoid the use of the convective coefficient in a heat transfer study in solar concentration systems.
Thus, the model reduces the calculation time and ensures a better tolerance of convergence in the results.
1.1. Structure and scope
As mentioned previously, a simple and flexible heat transfer model is developed, which will be described in detail
in Section 3 taking into consideration de opto-geometric description presented in Section 2. Regarding the optogeometric description, the Fresnel field has been optimized for the locality, so more energy can be used for the
thermal process; while the 1-D thermohydraulic model has been developed (Alobaid, 2018), and validated with
simulations done by another researchers over the FRESDEMO field (Mertins, 2009; Montes et al., 2016), in order
to quantify the energy and exergy in the receiver and the whole system as, exploiting the geometrical properties
of the model.

2. Opto geometric description of the LFR field
Even though the optical nature of LFRs is simple, there are very few data available to describe a Fresnel reflector
field (Boito and Grena, 2016); many parameters need to be considered for the design of a Linear Fresnel Reflector
Systems (Karathanasis, 2019). Considering some descriptions of various Fresnel reflectors, a field similar to the
configuration of FRESDEMO (Fig. 1) is assumed to fix some design parameters; which is located at Plataforma
Solar de Almería, Spain.

Fig. 1: Main geometrical parameters of the FRESDEMO field (Bernhard et al., 2014).

The conceptual solar power plant takes the FRESDEMO’s field as reference, so an optical optimization has been
done for the city of Agua Prieta, Sonora (North-West of México), which full description has been done for
optimizing the intercept factor, result of having increased the height of the receiver and modified the CPC of the
second stage of the cavity, maintaining the opening area of the receiver (González-Mora and Durán García, 2018).
In Tab. 1 the geometric description of the field is shown, while in Fig. 2 the IAM is shown and Fig. 3 the average
optical concentration in the receiver plane. These graphs are used in the thermal model to establish the variance
in output performance of a solar collector as the angle of the sun changes regarding the surface of the collector.

Fig. 2: Incidence angle modifiers for longitudinal (𝐊 𝐥 ) and transverse (𝐊 𝐭) directions (González-Mora and Durán García, 2018)
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Fig. 3: Average optical concentration in the receiver plane
Tab. 1: Geometrical parameters of the optimized field for Agua Prieta, Sonora (González-Mora and Durán García, 2018).

Parameter

Agua Prieta

Number of primary mirrors

25

Solar field width [𝑚]

21

Total length of the primary mirrors [𝑚]

100

Width of the primary mirrors [𝑚]

0,6

Filling factor

0,7143

Receiver height [𝑚]

15

Receiver width [𝑚]

0,5

Absorber tube outer diameter [𝑚]

0,14

Absorber tube inner diameter [𝑚]

0,125

Semi-angle acceptance of the CPC [°]

66,30

Intercept factor

0,7231

Receiver length [𝑚]

100

Geometric concentration of the CPC

1,1368

Geometric concentration of the entire field

34,1046

Peak optical concentration

107,1430

3. Thermal model of the LFR
Taking as a starting point the models described by Montes et al. (2016), who applied the analysis for the
FRESDEMO field, and the one from Veynandt (2011), who carried out the analysis of direct production of hot
air Fresnel field, the 2E thermal model for the receiver is developed. The model proposed uses the energy balance
equations at each surface of the cavity, schematically shown in Fig. 4 a. In Fig. 4 b the thermal resistance model
equivalent to the heat transfer in the receiver cavity is represented. All the terms in Fig. 4 are defined in Tab. 2.
q '4, SolAbs q '4, SolAbs

q '7, SolAbs
q '58 ,rad

q '58 ,rad

q '58 ,conv

q '3,rad

q '21,conv

q '4,conv
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1

q '4,rad
q '67 ,cond
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q '4, SolAbs

q '6,conv

q '78 ,conv

q '7, SolAbs

q '4,rad
q '3,rad

2

3

q '6,rad

q '78 ,rad

8

5

45 , conv
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q '7, SolAbs

q '3,conv

8
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(a) Cross-section of the cavity in the receiver

4 q '
q '4,conv

q '45 ,cond
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q '6,rad
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q '3,conv

q '78 ,rad
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6

q '67 ,conv

8

7
q '78 ,conv

(b) Thermal resistance model for the receiver cavity

Fig. 4: Heat transfer model in the cavity.
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The thermal energy equations are determined by applying the energy balance to each surface of the cross-section
of the receiver cavity according to the resistant thermal model of the Fig. 4 (b); with eqs. (1) – (6) and an additional
balance equation for the change in enthalpy of the HTF while flowing through the absorber tube, eq. 7.

𝑞̇ ′21,𝑐𝑜𝑛𝑣 = 𝑞̇ ′32,𝑐𝑜𝑛𝑑

(eq. 1)

𝑞̇ ′3,𝑆𝑜𝑙𝐴𝑏𝑠 = 𝑞̇ ′32,𝑐𝑜𝑛𝑑 + 𝑞̇ ′3,𝑟𝑎𝑑 + 𝑞̇ ′3,𝑐𝑜𝑛𝑣 + 𝑞̇ ′𝑠𝑢𝑝𝑝,𝑐𝑜𝑛𝑑

(eq. 2)

𝑞̇ ′45,𝑐𝑜𝑛𝑑 = 𝑞̇ ′4,𝑆𝑜𝑙𝐴𝑏𝑠 + 𝑞̇ ′4,𝑟𝑎𝑑 + 𝑞̇ ′4,𝑐𝑜𝑛𝑣

(eq. 3)

𝑞̇ ′45,𝑐𝑜𝑛𝑑 = 𝑞̇ ′58,𝑟𝑎𝑑 + 𝑞̇ ′58,𝑐𝑜𝑛𝑣

(eq. 4)

𝑞̇ ′67,𝑐𝑜𝑛𝑑 = 𝑞̇ ′6,𝑟𝑎𝑑 + 𝑞̇ ′6,𝑐𝑜𝑛𝑣

(eq. 5)

𝑞̇ ′7,𝑆𝑜𝑙𝐴𝑏𝑠 + 𝑞̇ ′67,𝑐𝑜𝑛𝑑 = 𝑞̇ ′78,𝑟𝑎𝑑 + 𝑞̇ ′78,𝑐𝑜𝑛𝑣

(eq. 6)

𝑞̇ ′21,𝑐𝑜𝑛𝑣 =

𝑚̇
𝐿𝐻𝐶𝐸

(ℎ1𝑠𝑎𝑙 − ℎ1𝑒𝑛𝑡 )

(eq. 7)

The terms of conduction, convection, and radiation will be treated first as thermal resistance. The advantage of
using the concept of thermal resistance lies in the ease of working with the three mechanisms of heat transfer
together, so that heat transfer can be encompassed by:
𝑞̇ ′ =

∆𝑇

(eq. 8)

𝑅′𝑡𝑒𝑟,𝑡𝑜𝑡

Tab. 2: Definition of heat flux in the cavity.

Heat flux [𝑾/𝒎]

Heat transfer mode

Heat transfer path
From

To

𝑞̇ ′21,𝑐𝑜𝑛𝑣

Convection

Inner absorber tube

Heat transfer fluid

𝑞̇ ′32,𝑐𝑜𝑛𝑑

Conduction

Outer absorber tube

Inner absorber tube

𝑞̇ ′𝑠𝑢𝑝𝑝,𝑐𝑜𝑛𝑑

Conduction

Outer absorber tube

HCE supports

𝑞̇ ′3,𝑆𝑜𝑙𝐴𝑏𝑠

Absorption of solar radiation

Incident solar radiation

Outer absorber tube

𝑞̇ ′3,𝑟𝑎𝑑

Radiation

Outer absorber tube

Cavity

𝑞̇ ′3,𝑐𝑜𝑛𝑣

Convection

Outer absorber tube

Cavity

𝑞̇ ′4,𝑟𝑎𝑑

Radiation

CPC surface

Cavity

𝑞̇ ′4,𝑐𝑜𝑛𝑣

Convection

CPC surface

Cavity

𝑞̇ ′4,𝑆𝑜𝑙𝐴𝑏𝑠

Absorption of solar radiation

Incident solar radiation

CPC surface

𝑞̇ ′45,𝑐𝑜𝑛𝑑

Conduction

CPC surface

Insulation

𝑞̇ ′58,𝑟𝑎𝑑

Radiation

Insulation

Environment

𝑞̇ ′58,𝑐𝑜𝑛𝑣

Convection

Insulation

Environment

𝑞̇ ′6,𝑟𝑎𝑑

Radiation

Inner Pyrex surface

Cavity

𝑞̇ ′6,𝑐𝑜𝑛𝑣

Convection

Inner Pyrex surface

Cavity

𝑞̇ ′67,𝑐𝑜𝑛𝑑

Conduction

Inner Pyrex surface

Outer Pyrex surface

𝑞̇ ′7,𝑆𝑜𝑙𝐴𝑏𝑠

Absorption of solar radiation

Incident solar radiation

Outer Pyrex surface

𝑞̇ ′78,𝑟𝑎𝑑

Radiation

Outer Pyrex surface

Environment

𝑞̇ ′78,𝑐𝑜𝑛𝑣

Convection

Outer Pyrex surface

Environment

3.1. Convection heat transfer
To calculate the heat transfer by convection between the three internal surfaces of the cavity, there is no direct
methodology, due to the geometry that involves the relationship between non-conventional surfaces; however,
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using a series of dimensionless groups it is possible to apply it to a great variety of cases with relevant
modifications (Alhama López, 2012; Simon et al., 2017). Some correction proposals have been made for the
relationships of conventional surfaces through a complete and detailed study of the geometry of the CPC, the most
relevant being the one proposed by Veynandt (2011) and Montes et al. (2016), who proposes to approximate the
cavity to an annular space between two long concentric cylinders (where the inner cylinder, absorber, is warmer
than the outside, free flow of the cavity), to use as an approximation the correlation of Raithby and Hollands
(1975), leading to:
′
𝑞̇ 𝑐𝑜𝑛𝑣,𝑖
=

(𝑇𝑖 −𝑇𝑐 )
𝑅 ′ 𝑖,𝑐𝑜𝑛𝑣

(eq. 9)

where 𝑇𝑖 is the temperature of the i-th surface (outer absorber tube, CPC or inner Pyrex surface), and 𝑇𝑐 represents
the corrected temperature of the weighted surface temperatures, which is based on a detailed study of the
isothermal lines in the stratified temperature distribution for the cavity, validated by the experimental work and
the numerical simulations of Kuehn and Goldstein (1976).
For the back shell of the insulation, the convective heat loss is calculated by different correlations for the case of
wind or absence of wind; if the back shell of the insulation is considered as a horizontal semi-cylinder, the
correlation of Churchill and Chu (1975) is applicable. In the case of forced convection, the correlation of
Žukauskas (1972) is adequate; considering the external diameter of the absorber as the characteristic length of the
system.
The glass window in the receiver is modelled as a horizontal plate heated by the bottom so that the convective
heat loss is calculated by different correlations for the case of wind or absence of wind. If there is no presence of
wind, the Nusselt number is determined by the McAdams correlation (1954); otherwise, the Pohlhausen relation
is applicable in the case of laminar flow (1921); while, if one has a turbulent flow condition, the relationship of
Chilton and Colburn is adequate (Bergman et al., 2011).
Internal convection from the inner tube to the HTF is divided into two zones (involving the three fluid regimes):


Monophasic fluid (subcooled liquid and superheated steam).



Two-phase fluid (liquid-vapour mixture).

In the first case, the Gnielinski correlation (Bergman et al., 2011) is used, which has the advantage that it is valid
for a large interval of the Reynolds number. The relationship of Gnielinski is complemented with the friction
factor described by Zigrang and Silvester (Nellis and Klein, 2009). In the second case, the correlation of Gungor
and Winterton (1986) for two-phase flow is used because of its simplicity. One of the advantages of this model is
that it can be used to predict the behaviour of any working fluid, both single-phase and two-phase.
3.2. Radiation heat transfer
The heat transfer by radiation 𝑞̇ ′𝑖𝑗,𝑟𝑎𝑑 , is determined by the Stefan-Boltzmann equation for heat flux between two
bodies with emittance 𝜀𝑖 and surface temperature 𝑇𝑖 , considering that in the case of a small convex object - like
the receiver - this thermal energy radiates towards a much larger surface (the equivalent sky) (Bejan, 1993; Duffie
and Beckman, 2013; Nellis and Klein, 2009), as stated in eq. 10.
𝑞̇ ′𝑖𝑗,𝑟𝑎𝑑 =

𝑇𝑖 −𝑇𝑗
𝑅 ′ 𝑖𝑗,𝑟𝑎𝑑

(eq. 10)

To model the transfer of heat by radiation from one surface to another inside the cavity, as in the case of the
absorber tube to the window of the receiver, the use of thermal resistance will not be used; so that the equation
modelling this phenomenon considers the radiosity and the vision factor of the system only as a surface
phenomenon. According to Siegel and Howell (Howell et al., 2015), the radiosity can be determined by
𝐽𝑖 = 𝜀𝑖 𝜎𝑇𝑖4 + (1 − 𝜀𝑖 ) ∑𝑗 𝐽𝑗 𝐹𝑖−𝑗

(eq. 11)

where 𝐽𝑖 is the radiosity of the surface, 𝜀𝑖 is the emittance, 𝑇𝑖 is the temperature of the surface and 𝐹𝑖−𝑗 is the
surface vision factor from 𝑖 to 𝑗, which is calculated using the eq. 10; that relates the geometries of the surfaces
involved in the process, as well as the areas of each surface (Howell et al., 2015).
𝐹𝑖−𝑗 =

cos 𝜃𝑖 cos 𝜃𝑗
1
𝑑𝐴𝑗 𝑑𝐴𝑖
∫ ∫
𝐴𝑖 𝐴𝑖 𝐴𝑗
𝜋𝑆 2

(eq. 12)
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where 𝑆 is the normal distance between surfaces, 𝜃 is the angle of the normal to the surface and 𝐴 is the area of
the surface. It is necessary to emphasize that the normal of the surface 𝑖 points towards the surface 𝑗, and that the
surface 𝑗 points towards the surface 𝑖. In the case of closed cavities, the sum of the vision factors must be unitary
(Howell et al., 2015). Thus, the heat transfer by radiation (per unit length) for each surface is then determined by
′
𝑞̇ 𝑖,𝑟𝑎𝑑
= 𝐿𝑖 (𝜀𝑖 𝜎𝑇𝑖4 + (1 − 𝜀𝑖 ) ∑𝑗 𝐽𝑗 𝐹𝑖−𝑗 )

(eq. 13)

3.3. Conduction heat transfer
The conduction heat transfer is modelled according to eq. 14.
𝑞̇ ′𝑖𝑗,𝑐𝑜𝑛𝑑 =

𝑇𝑖 −𝑇𝑗

(eq. 14)

𝑅 ′ 𝑖𝑗,𝑐𝑜𝑛𝑑

The heat losses of the supports are determined by considering that each HCE is placed in the focal line of the
concentrator through supports that go from the structure of the concentrator to the absorber. There is a support at
the end of each HCE, 17 in 100 𝑚 (approximately every 6 𝑚 of the receiver length). The losses of the support
are approximated by treating the support as an infinite fin with a base temperature of 10 𝐾 less than the
temperature of the external surface of the absorber (𝑇3 ) at the point where the support is fixed. This estimated base
temperature accounts for heat losses along the short distance from the support fixation to the minimum area of the
cross-section, which is assumed to be the base of the fin (~ 5 𝑐𝑚 with ~ 4 𝑐𝑚 insulation) (Forristall, 2003; Montes
et al., 2016). The thermal resistance and the heat loss of the support are estimated with the following equations
(Bergman et al., 2011):
𝐿𝐻𝐶𝐸

𝑅′ 𝑠𝑢𝑝𝑝,𝑐𝑜𝑛𝑑 =
𝑞̇ ′𝑠𝑢𝑝𝑝,𝑐𝑜𝑛𝑑 =

(eq. 15)

√(ℎ𝑐 𝑃𝑏 𝑘𝐴𝑐𝑠 )𝑐,𝑠𝑢𝑝𝑝
𝑇𝑠𝑢𝑝𝑝 −𝑇8
𝑅 ′ 𝑠𝑢𝑝𝑝,𝑐𝑜𝑛𝑑

(eq. 16)

where ℎ𝑐 is the average support convection coefficient, 𝑃𝑏 is the support perimeter, 𝑘 is the thermal conductivity
of the support, 𝐴𝑐𝑠 is the minimum cross-sectional area of support. The coefficient ℎ𝑐 depends on the wind speed.
In the case that there is no wind, Churchill and Chu's relationship (1975) allows Nusselt's number to be determined.
In the case of wind, the Churchill and Bernstein (1977) relationship is applicable. The reference temperature for
calculations is estimated by (𝑇𝑏𝑎𝑠𝑒 + 𝑇6 ) / 3 as proposed by Forristal (2003). In this model, the heat losses in the
tubes manifold are ignored.
3.4. Absorption of solar radiation
The absorption of solar radiation in the tube, the CPC and the window are considered as surface phenomena, so
each term can be calculated by eqs. 17-19, where 𝜏67 is the Pyrex glass transmittance, 𝜌4 is the CPC reflectance,
𝛼𝑖𝑗 is the absorptance for the tube, CPC and Pyrex glass, and 𝑞̇ ′𝑖𝑛,𝑟𝑒𝑐−𝐻𝐶𝐸 is the incident solar radiation flux in the
receiver, taking into account the primary mirror’s reflectance and the IAM.
𝑞̇ ′3,𝑆𝑜𝑙𝐴𝑏𝑠 = 𝜏67 𝜌4 𝛼23 𝑞̇ ′𝑖𝑛,𝑟𝑒𝑐−𝐻𝐶𝐸

(eq. 17)

𝑞̇ ′4,𝑆𝑜𝑙𝐴𝑏𝑠 = 𝜏67 𝛼45 𝑞̇ ′𝑖𝑛,𝑟𝑒𝑐−𝐻𝐶𝐸

(eq. 18)

𝑞̇ ′7,𝑆𝑜𝑙𝐴𝑏𝑠 = 𝛼67 𝑞̇ ′𝑖𝑛,𝑟𝑒𝑐−𝐻𝐶𝐸

(eq. 19)

3.5. Energy efficiency
The thermal efficiency of the first law is defined as the quotient of the useful power and the available power (or
input to the system). Thus, the thermal efficiency of the Fresnel reflector is calculated using eq. 20, and the receiver
efficiency with eq. 21.
𝜂𝐼,𝐿𝐹𝑅 =

𝑄̇𝐻𝑇𝐹
𝑄̇𝑖𝑛,𝑝𝑚

(eq. 20)

𝜂𝐼,𝑟𝑒𝑐 =

𝑄̇𝐻𝑇𝐹
𝑄̇𝑖𝑛,𝑟𝑒𝑐

(eq. 21)

3.6. Exergy analysis
The input exergy to the system is the exergy irradiated from the Sun. The Parrot’s model (1978) quantifies the
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exergy of solar radiation on the earth's surface; that is, consider the transfer of radiative exergy between the surface
of the Sun and the earth's surface, as stated in eq. 22.
4

1

4𝑇
1 𝑇
𝐵̇𝑏 = 𝐷𝑁𝐼 [1 − 0 (1 − 𝑐𝑜𝑠 𝜃𝑠 )4 + ( 0) ]
3 𝑇𝑠

3 𝑇𝑠

(eq. 22)

Considering a steady-state system is, the exergy balance of the receiver will be:
𝑇
𝐵̇𝑟𝑒𝑐 = (1 − 0) 𝑄̇𝑖𝑛,𝑟𝑒𝑐

(eq. 23)

𝑇3

3.7. Exergy efficiency
Similarly to the energy efficiency, the exergy efficiency is calculated for the Fresnel reflector (eq. 24) and for the
receiver (eq. 25).
𝜂𝐼𝐼,𝐿𝐹𝑅 =

𝐵̇𝑟𝑒𝑐
𝐵̇𝑏

(eq. 24)

𝜂𝐼𝐼,𝑟𝑒𝑐 =

𝐵̇𝐻𝑇𝐹
𝐵̇𝑟𝑒𝑐

(eq. 25)

4. Thermal model validation
As explained in the previous section, the thermal model consists of 29 equations and 29 unknowns that are grouped
into 7 final equations, eqs.1-7, which involve 7 well-defined groups:


Group 1: 4 solar absorptive equations to calculate 𝑞̇ ′3,𝑆𝑜𝑙𝐴𝑏𝑠 , 𝑞̇ ′4,𝑆𝑜𝑙𝐴𝑏𝑠 , 𝑞̇ ′5,𝑆𝑜𝑙𝐴𝑏𝑠 , 𝑞̇ ′7,𝑆𝑜𝑙𝐴𝑏𝑠 )



Group 2: 4 conduction equations (𝑞̇ ′32,𝑐𝑜𝑛𝑑 , 𝑞̇ ′𝑠𝑢𝑝𝑝,𝑐𝑜𝑛𝑑 , 𝑞̇ ′45,𝑐𝑜𝑛𝑑 , 𝑞̇ ′67,𝑐𝑜𝑛𝑑 )



Group 3: 6 convection equations (𝑞̇ ′21,𝑐𝑜𝑛𝑣 , 𝑞̇ ′3,𝑐𝑜𝑛𝑣 , 𝑞̇ ′4,𝑐𝑜𝑛𝑣 , 𝑞̇ ′58,𝑐𝑜𝑛𝑣 , 𝑞̇ ′6,𝑐𝑜𝑛𝑣 , 𝑞̇ ′78,𝑐𝑜𝑛𝑣 )



Group 4: 5 radiation equations (𝑞̇ ′3,𝑟𝑎𝑑 , 𝑞̇ ′4,𝑟𝑎𝑑 , 𝑞̇ ′58,𝑟𝑎𝑑 , 𝑞̇ ′6,𝑟𝑎𝑑 , 𝑞̇ ′78,𝑟𝑎𝑑 )



Group 5: 3 radiosity equations



Group 6: 7 balances, one per node from 2 to 7 plus the central one of the cavity



Group 7: fluid energy balance to calculate the increase in the enthalpy of the fluid

At this point, it is pertinent to mention that the proposed model is non-linear, however the methodology proposed
by Adiutori (2017) is used with the purpose of being able to solve directly for temperatures and heat fluxes,
transforming the convective coefficients by functional relations of the heat flow and temperatures, thus avoiding
the solution by iterative methods, as proposed by Heimsath et al. ( 2013), although this does not exclude that the
solution is numerical applied to each HCE of 5,88 𝑚. This length has been chosen since 17 supports are distributed
over 100 𝑚 of length.
To validate the model, the analysis parameters of the Montes et al. (2016) model have been tested and the system
of equations has been solved to obtain the temperatures and heat fluxes involved in the receiver. Once the analysis
has been carried out, the results are compared with those shown by Montes Pita et al. (2016) and Mertins (2009)
over the FRESDEMO field. The validation criterion proposed is that for the reported graphs of heat losses, the
following conditions must be met:


Heat losses must be of the same order of magnitude (400 to 1800 𝑊/𝑚)



The graph must be congruent with both models



There should not be a discrepancy greater than 10%

The first two conditions are directly evaluated when comparing the data of the overlaid graphs in Fig.5. where it
is appreciated that the results are bounded by both models. The third condition is verified with the error bars
shown in Fig. 6 (a) and (b) where it is perceived that the most significant error is at the beginning of the heating
zone, although it does not exceed a value of more than 5%, therefore, the value of the discrepancy in this zone is
accepted.
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Fig. 5: Comparison between the thermal losses calculated by the thermal model of Montes et al. (2016); Mertins (2009) and
proposed.
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Fig. 6: Error bars between models.

5. Thermal performance characterization of the system
Once the thermal model has been validated, we proceed to apply it directly to the case study with the objective of
establishing the length of the loops that will make up the solar field; and also, to be able to thermally characterize
the loop by means of an evaluation of the energy and exergetic performance to compare it with the performance
of other Fresnel loops and even with parabolic channels for the same power range.
With the help of software Meteonorm (2018), it is possible to establish the climatological conditions that will be
the initial values to begin the application of the model, which are summarized in the Tab. 3 for the design day,
(June 21st).
The thermal model is applied to the simulation of each HCE that makes up the solar field that is described in
Section 2, operating in steady-state in a single operation: preheating, evaporation and superheating. The optimized
LFR field will heat 4,2 𝑘𝑔/𝑠 of steam at 100 𝑏𝑎𝑟 enters at 518,3 𝐾 and leaving the field at 673,15 𝐾, which are
similar values with those adopted in other simulations (Coco Enríquez et al., 2014; Montes et al., 2016).

Tab. 3: Meteorological data for Agua Prieta, Sonora

Parameter

21st June

Day of the year

172

Atmospheric pressure [𝑏𝑎𝑟]

0,886

Ambient temperature [𝐾]

300,05

Effective sky temperature [𝐾]

271,95

DNI [𝑊/𝑚2 ]

856,4815

Wind speed [𝑚/𝑠]

4,1

The graph plotted in Fig. 7, shows the rise of temperature of water while flowing through the 623,5 𝑚 of the loop.
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The length of the loop is divided into three regions:


Preheating: 88,6 𝑚 (14,2%)



Evaporation: 423,9 𝑚 (68%)



Superheating: 111 𝑚 (17,8%)
700
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0
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Fig. 7: Water/steam temperature along the optimized Fresnel loop in once-through operation mode.

The graph in Fig. 8 shows the increase in heat losses per unit length concerning the temperature difference between
the fluid and the environment. When performing the thermal performance analysis of both the receiver (red line)
and the concentrator (black line), it is clear that after the phase change, the decrease in performance is
considerable. In the first HCE, the performance of the concentrator is 0,47 while that of the receiver is 0,71; at
the exit of the loop, the first fall to 0,28 and the second to 0,42. This decrease in energy efficiency is shown in
Fig.8.

Energy efficiency

0,8

hI;LFR
hI;rec

0,6

0,4

0,2
200

250

300

350

400

Tfluid - Tambient [K]

Fig. 8: Energetic performance of the linear Fresnel reflector and receiver.

Unlike energy efficiency, the exergetic performance of the receiver, it has different behaviour on the receiver's
energy performance, but not the exergetic performance of the concentrator, as shown in Fig. 9. The above is
explained because the energy efficiency decreases with increasing working temperature, since the heat loss is
greater, while the exergy performance increases with temperature, but this increase is lower at higher
temperatures. In the first HCE, the exergetic performance of the concentrator is 0,67 while that of the receiver is
0,14; at the exit of the loop, the first fall to 0,19 and the second reaches 0,40.
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Fig. 9: Exergetic performance. (a) Receiver and (b) of the linear Fresnel reflector.

6. Conclusions
The model to analyze the thermohydraulic behaviour is described, taking as reference models of heat transfer
reported for Fresnel systems for direct steam generation. The pertinent parameters were adjusted to achieve the
convergence, which was validated with error bars on the graphs of heat losses against the temperature difference
of the fluid of work and the environment, reported by the mismatch models, where the error does not exceed 5%
for the values reported by other researchers over the FRESDEMO field, in such a way that the adaptation of the
model using the Adiutori’s methodology for heat transfer is considered valid.
The difference with other models lies in two fundamental features: First, the model is implemented each 5,88 𝑚,
to simplify the simulation of losses through the supports. Second, the model is solved by a direct numerical
method, in which all convection heat transfer equations are transformed into functions depending only on the
temperature of each surface. This grants to solve the model directly for temperatures and heat flows with no
iterative process.
Once the model has been validated with the FRESDEMO’s simulations data, it has been applied to the locality of
Agua Prieta, Sonora, in order to determine the length of the loop for a direct steam generation power plant,
resulting in 623,5 𝑚 with water/steam as the working fluid; where the optical optimization described in
(González-Mora and Durán García, 2018), is appropriate to reduce the length of 1000 𝑚 of the FRESDEMO field
for the same thermal process.
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Abstract
The performance of a solar radiation concentrating system to be applied to direct steam
generation is reported. Such system consists of an ensemble of a trough collector and a
receiver, through which water flows as heating fluid. The trough collector is inclined
according to the latitude coordinate, parabolically curved and one-axis tracked. The assembly
is analyzed via computer tools based on Tonatiuh Ray-Tracing methodology. The computer
analysis allows distinguishing the Polar parabolic trough collector from the classic parabolic
trough collector. Due to a reduction in the cosine effect in the Polar parabolic trough
collector, there is a significant improvement in the cosine optical efficiency throughout the
year, especially in the winter season. The polar parabolic trough collector is a promising
collector for concentrated solar power systems at subtropical latitudes, it provides a better
usage of the solar resource for the processes involved in getting heat or generating electricity,
especially in medium and low scale applications.
Keywords: Concentrating Solar Power, Parabolic Trough, Direct Steam Generation

1. Introduction
The demand for energy is constantly growing at the global level. Predictions indicate that
between 2015 and 2040 the world energy consumption will increase by 28% (Energy
Agency, 2017). The economic development achievement from the last century as a
consequence of the easy access to oil, coal and natural gas, whose oxidation processes have
contributed to the increase of the environmental pollution and also to a dangerous global
warming.
Solar energy is one of the forms of alternative energy with the potential to supply the heat
and power demanded by all the Earth’s population. To get electricity from solar energy, it is
possible to take advantage of either of the photovoltaic effect or the Sun’s rays heat content
(Michaelides, 2012; Höök and Tang, 2013). The latter is achieved by transforming the solar
radiation into heat with the help of solar mirror collectors to intercept the sunlight and reflect
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it onto a receiver. It is essential for the collector to follow the Sun in its apparent movement;
otherwise, the Sun’s rays cannot be properly concentrated on the receiver, and part of the
potentially collected energy would be lost. Having this in mind, well-developed systems to
concentrate sunlight have been proposed (Lovegrove and Stein, 2012). Among these, the
parabolic dish and solar tower systems concentrate sunlight onto nearly a point, whereas
Fresnel linear and parabolic trough collectors systems focus and concentrate sunlight onto
nearly a line.
Parabolic trough collectors (PTCs) intercept solar radiation and, after its reflection,
concentrate it onto a tubular receiver located at the focus line Figure 1.; inside the receiver, a
heat transfer fluid (either thermal oil or water) is heated by the solar radiation. Concerning
direct steam generation (DSG) the fluid is water, it is directly converted into steam, which is
obtained either saturated or overheated, this last overheated steam is used directly in a
Rankine cycle to get electricity. The whole assemblage, collector and receiver, is mounted on
a frame that tracks the solar path in the north-south axis during the diurnal movement.
Because PTC follows the Sun on a single axis, the most suitable location for PTC is the
equator, since here the Sun is closer to the zenith during the whole year, and the Sun’s rays
enter perpendicularly to the aperture plane of the collector the longest. The perpendicular
entrance of the Sun’s rays does not occur in subtropical regions. Because the Sun never
crosses the zenith in its apparent daily movement; PTC efficiency is lower in subtropical
regions (El-Kassaby, 1994),
Several configurations for the PTCs have been proposed and studied either experimentally or
by computer simulation (Kumar, Chand and Umrao, 2013; Marif et al., 2014) among them,
there is the polar configuration (PPTC), where the collector is inclined according to the
latitude to overcome the latitude difficulties. For PPTC, the movement of the system is
performed on a single inclined axis, and it is always parallel to the rotation axis of the Earth.

Figure 1 : Scheme of a classic PTC device
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Figure 2: Schemes of an ensemble (a) classic PTCs and (b) PPTCs

Figure 2a shows a typical configuration for PTCs, where a number of them are arranged in
series, forming a unit called loop. To apply the concentrated solar technology to a small solar
field in a subtropical region, it is proposed to use shorter PPTC. They are assembled in a
parallel arrangement, as shown in Figure 2b.
The PPTC choice is made to tackle two problems encountered in the direct steam generation
using PTCs. The first one is that, due to the variability of the incidence angle (θ) defined
between the normal to the trough aperture plane and the solar position, there exists a cosine
effect, which causes a loss in the energy flow collected; and the second one is the generation
of a biphasic flow water/steam in the receiver, after water evaporates generating that in the
hours far away from midday, when the reflected radiation hits the receiver laterally, a poor
heat exchange between the walls of the hot receiver and the steam occurs (Zarza Moya,
2003), as it is shown in Figure 3. Regardless of the presumption that the inclination of the
system will greatly help to diminish the biphasic flow, this change of behavior of the heat
transfer fluid within the receiver will not be discussed in this paper, although it is proposed
for further research.
As the climatic condition varies significantly from one year to another, trustful results cannot
be obtained by using parameters measured in just one single calendar year. It is more
appropriate to apply the statistical year, made of 12 typical meteorological months, based on
the field measurement ranging over decades. The year then is defined as the typical
meteorological year (TMY). Studies about the behavior of PPTCs with data provided by
using TMY are yet lacking.

Figure 3: Heat exchange in PTC: a) at noon, b) in the morning/afternoon
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Figure 4: Model used in the simulation (with some indications as reference)

The present work analyzes a PPTC for DSG which will be placed at Ezeiza Airport, Buenos
Aires (34.82° south latitude). The analysis will be performed through computer simulation in
a TMY, and the results will be compared to those of a conventional PTC.
2. Methodology
The Tonatiuh Ray-trace software is used for the computer optical simulation of the system; it
employs the Monte Carlo method to model the path of a large set of particles that represent
photons emitted by sunlight (Blanco, Amieva and Mancillas, 2005).The software needs to
know the dimensions of the collector and its spatial orientation, so the size of the collector is
fixed at 2.40 m long and 3.00 m wide and the focal line is set at 0.889 m measured from the
parabola vertex as shown in Figure 4. The reflectivity of the surface is set as 0.85, and the
σslope is fixed as 3 mrad, in accordance with an average real mirror (Krüger et al., 2008; Xu et
al., 2015; Giglio et al., 2017).
For the modeling, a target is located at the focal zone of the collector. The target is
symbolized as a rectangular plate 4.00m long and 0.20m wide centered with the collector,
and it follows the focal strip with its longer side.
The target is used to analyze the optical image of the reflected photons. An amount of 5x107
modeling photons in a pillbox distribution is chosen. The photons impact and reflect on the
collector mirror surface, and finally impact the target, Figure 4. With the coordinate values of
each photon collision, the software generates a binary data file. The raw data were processed
by using different algorithms programmed in Matlab. Therefore, to measure the local
concentration of hitting photons, a 1000x1000 rectangle mesh is built on the target. The mesh
is used to count the number of photons impacting each cell. The data are filtered excluding
the diffuse zones, considering only the area of highest luminous intensity, which contains
88,5 % of the impacted photons.
To analyze the behavior of the collector for the location 34.82° south latitude (Ezeiza
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Airport), three solar positions were selected to represent the maximum and minimum incident
angle θ, i) the summer solstice, θ= 22.41°, ii) the equinoxes of spring and autumn θ = 0°, and
iii) the winter solstice θ;= -22.41°. The θ values are considered constant during the selected
days, as its variation is negligible according to the Sun positions calculated in the present
work.
To study the effect of θ on the collector performance it is necessary to define a parameter
named the collected fraction (Fc ) which is the relationship between the power per collector
area delivered to the receiver (collector radiation, Rc ) a and the power per unit area provided
by the Sun at the location (solar radiation, Rs ):
F c=

Rc
Rs

(1)

Fc value is 1 when the system is perfectly aligned (θ = 0), and all incident rays hit the receiver
(ideal mirror). When θ ≠ 0, Fc decreases and so does Rc according to:
Rc =ηcoso R s

(2)

where ηcoso is defined as the cosine optical efficiency:
ηcoso =cos ( θ )

(3)
For both PPTC and PTC systems, θ can be calculated at any time using the solar position
vector ⃗
U obtained by using the Solar Positioning (Reda and Andreas, 2004) represented as:
⃗
U =( ux , uy ,uz )
(4)
To determine the θ value, another unitary vector n⃗ , s defined, parallel to the rotation axis of
the collector.
For PTC, the n⃗ vector is:
⃗
n PTC=( 1,0,0 )

(5)
as its rotation axis is aligned with the local meridian and placed horizontally, while for PPTC
the vector is:
⃗
nPPTC =( cos ( β ) , sin ( β ) , 0 )

(6)

where β is the inclined angle of the collector. Consequently:
(7)
θ=arcsin ( ⃗n · ⃗
U)
To calculate θ by using the Solar Positioning Algorithm, the time interval was selected as one
hour for the whole year. In the algorithm, in addition to the positioning data (latitude,
longitude, and altitude), the values of humidity, atmospheric pressure, and temperature of the
typical meteorological year TMY at Ezeiza Airport were introduced (Bre and Fachinotti,
2016).
3. Result and Discussion
For PPTC, during the solstices, the daily variation of θ was 0.23º and during the equinoxes
0.38º (the average variation for each day throughout the year was 0.34º). These values are
quite constant for θ throughout the day, compared to the results obtained for PTC with
average daily θ variations of 34.57º. In Figure 5, the variation of θ for PTC and PPTC during
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all year hours is shown. To make the chart more understandable, insets corresponding to the
solstices and the autumn and spring equinoxes are shown.
Figure 6 shows the variation of ηcoso for each θ during all year hours, together with the inset
corresponding to solstices and the autumn and spring equinoxes, and Figure 7 shows the
monthly average θ daily variation along a typical year.

Figure 5: Variation of θ throughout the year. In blue for PTC and orange for PPTC. Insets show the magnification of one day in
the chart at a) autumn equinox, b) winter solstice, c) spring equinox and d) summer solstice.
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Figure 8: Variation of Rs (in green) and Rc (in orange for PPTC, in blue for PTC) throughout the year. Insets show the variation at
a) autumn equinox, b) winter solstice, c) spring equinox and d) summer solstice.

To analyze the effect of ηcoso on Rc , the other efficiencies are assumed equal to 1, and the
typical meteorological year for Ezeiza National Airport is used, employing the data of direct
solar radiation for Rs. Applying Eqn. 2, Rc can be calculated for both systems, Figure 8.
When a trapezoidal integration is performed for R c values along the year, the amount of
energy obtained for PPTC is 1.40 MWh/m2 and for PTC 1.28 MWh/m2. The relationship of
these values with the trapezoidal integration of the Rs data (1.47 MWh/m2) allows
determining the annual efficiency for both systems due to the cosine effect, it being 0.96 for
PPTC and 0.87 for PTC. It is also observed that, in addition to the increase in efficiency, the
PPTC system shows that the energy collection is almost stable throughout the year and days.
For PTC, large variations of collected energy, both daily and seasonal are observed, with a
marked decrease in yield during the winter, Figure 8.
In all parabolic trough collectors, there is also a decrease in efficiency due to the so-called
loss at the end of the collector, which occurs when the incident radiation at the end of the
mirror is reflected off the receiver, Figure 9. The arrangement of PTC systems in series
means that the loss at the end of the collector is small concerning the collection area;
however, for PPTC due to its shorter length, the loss is significant.
After analyzing the focal areas at specified times, and applying the Monte Carlo
methodology, the following results are obtained. i) at the summer solstice: the focal image
extends 0.40 m below the collector, see Figure 10a; ii) at equinoxes: the focal image extends
from the beginning to the end of the collector, see Figure 10b; iii) at the winter solstice: the
focal image extends 0.40 m above the collector, see Figure 10c. The above Figures, justify
why a modified receiver is proposed.
In order to determine the receiver dimensions, not only the length but also the width of the
focal area is necessary to be considered. A width of 0.051 m for the equinoxes and one of
0.052 m for solstices have been obtained. Therefore, the receiver proposed has a diameter of
0.052 m and a length of 3.2 mm exceeding 0.40 m above and below the collector.
Base on the same analysis for a PTC with a length of 2.4 m, the calculated diameter of the
receiver is 0.062 m. It is observed that the receiver area in PPTC is 10.6 % larger than in
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PTC. Thermal insulation at the end of the receiver not in use is proposed to attenuate possible
thermal lose (i.e. the bottom end from the spring equinox to the autumn equinox; and the top
end from the autumn equinox to the spring equinox).

Figure 9: Losses at the end of the collector (a) PTC and (b) PPTC.

Figure 10: Ray tracing at diﬀerent times of the year for PPTC. The onset and end of the proposed receiver are shown in vertical
red lines, the width of the focal strip with 88.5% of the reflected energy is shown in the horizontal red line. a) at summer solstice b)
at winter solstice c) at equinoxes.

Conclusions
The theoretical analysis allows distinguishing PPTC from the classic PTC solar collector. The
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PPTC system has two important improvements to highlight. The first one is the reduction of
the cosine effect, which shows an improvement of the collected fraction, Fc, (from 0.87 in
PTC to 0.96 in PPTC) throughout the year at the studied latitude. The second achievement is
that there is a significant improvement in daily variations of the incidence angle for PPTC,
increasing the stability of the system. Both improvements depend on latitude: The further
from the equator, the more important is the difference between efficiencies.
Although the area of the receiver is 10.6 % larger than that corresponding to traditional PTCs,
seasonal thermal insulation in the receiver can be used to reduce the thermal losses.
The use of PPTC systems is promising for their application at subtropical latitudes and
provides a better use of the solar resource, especially in medium and small-scale applications,
for the processes involved in obtaining heat or generating electricity.
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Abstract

Concentrated Solar Power (CSP), in conjunction with Photovoltaic (PV) technology, allows providing clean,
economic and reliable power supply to operational mining industry by means of optimal hybrid designs. This
allows leveraging photovoltaic’s (PV) ultra-low Levelized Cost of Electricity (LCOE) during solar hours
with economic and highly flexible CSP technology to cover for intra-day Plane Of Array irradiation (POA)
variability, daily ramping of the PV solar field and night hours supply of power. The present work provides a
simulation programming based approach to estimate the cost effectiveness of a greenfield co-located hybrid
CSP-PV system to supply a real mining operation electric demand profile using real meteorological data and
up to date national cost structures.

Keywords: CSP, PV, hybrid solar plant, mining, optimization, mathematical programming, simulation,
sequential linear programming, sustainable mining

1. Introduction
Chile is a world class mining country, defining a portion of about two thirds of its GDP, and electric
consumption, by mineral extraction and processing endeavors (copper, molibdenum, gold, silver, etc.). But
the long country is also a world-class destination for developing renewable projects such as PV and CSP, due
to its well-endowed geographical situation (the Andes mountain chain on the east blocking humidity
especially in the North) and maritime conditions (Humboldt Current with cold water on the west); it allows
finding high irradiation zones throughout the complete territory. The most preferred locations are the
northern part, for both CSP and PV (identifying measured values of up to 3 800 and 2 600 of DNI and GHI
respectively, both in kWh/m2/year) and the central-southern part for PV (this zone presents lower values but
still considered world-class irradiation). Given the coincidence that a large portion of the mining processes
take place in the northern part of Chile, the opportunity arises for developing a supply-demand ecosystems,
which is economical, sustainable and reliable using solar energy and storage technologies. This also goes in
line with the current trends of more products going green and end users are requesting green products. E.g.,
Codelco, one of the big copper mining industries in Chile, was asked by BMW (German automobile
provider) to produce green copper for their cars. This trend is important for the Chilean mining industry,
where a big amount of emissions arise by energy consumption of the mining industry.
This work addresses the issue of supplying 100 % of the electricity demand of real mining operations using
real granular profiles of demand and supply (both co-measured DNI and GHI) calculating economic indices
such as LCOE, overnight investment costs, operational costs, water and CO 2 direct foot print, among others.
2. Context
The worldwide power systems, and more generally the energy sector as a whole, face the challenge of
decarbonization by either implementation of new and emerging low carbon technologies, regulatory changes
(such as new market designs) or new policies (CO2 taxes, Feed in Tariffs, Renewable Portfolio Standards,
etc.). Under the realm of new and emerging technologies PV and wind have taken the economical lead
primarily thanks to policies followed by market forces and to considerably decrease in specific capital
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expenditure (CAPEX), technological improvements (materials, simulation, management, etc.) and a better
understanding in overall power systems on how to integrate variable and uncertain generation in the daily
operation of an electricity market. Although solar PV and wind technologies are cheap to build and operate
(in LCOE) terms, both of these technologies are inherently not available at all hours (variable) and present
some level of uncertainty in their availability and ramps on different time scales. These aspects (variability
and uncertainty) present challenges of sufficient and reliable supply of electricity on either islanded-isolated
systems or medium to large-scale grid-connected power systems. Present understanding of the expected
evolution of power systems indicates the need for integration of conventional flexible units like natural gas
fired turbines or combined cycles, energy storage, increased transmission capacity for regional integration
and demand response. This always taking into account the specific parameters of electric demand and supply
that each region has, such as vegetative (residential) and industrial demands and primary energetic
availability (hydro inflows, solar irradiance, wind speed profiles, etc.). By understanding the need for
storage, flexible and economical solutions that take into account the specific supply conditions (availability
of resources) and the demand (already existing ecosystem of foreseeable demand), this work addresses the
issue of optimally designing and sizing of a fully solar supply of electricity to an operating mining industry
considering PV, CSP coupled with molten salt thermal storage and battery energy storage systems (BESS) as
technology options.
Section 3 presents the conceptual problem, which need to be solved and the current state of the art, how to
tackle the problem; Section 4 contains the proposed methodology, how the problem is addressed; Section 5
presents the study case parameters; Section 6 presents the study case results, and Section 7 presents the
conclusions, discussion and next steps.
3. Conceptual problem
The state of the art of optimal design of hybrid CSP+PV plants illustrates several methodologies to perform
such a task. Virtually all of the reviewed works used a thermo-dynamical simulation environment [15, 3, 11,
18, 7, 16, 17], together with pre-defined dispatch (p premises and policies to operate the hybrid plant. To a
lesser extent other works used hourly profiles of energy spot market prices, which in conjunction with
dispatch optimization heuristics, aimed at maximizing expected profits. Both approaches rely on
parameterization (discretization) of the solution space (design variables), which is computer intensive but
tractable using parallel threads, reasonable simulation time steps and a finite set of steps of discretization of
the design hyper space. Only one work [14] utilizes direct Mixed Integer Linear Programming (MILP), in
contrast to solution space sampling, to optimize the aforementioned design variables. Secondly, none of the
reviewed works addresses the problem considering an explicit market simulation (and thus endogenous
dispatch policies and energy spot market prices) for performing the optimization. The latter point could be
important, considering that dispatch policies on liberalized markets are mainly dictated by market dynamics.
The general thought is that optimizing a hybrid plant in conjunction with long-term market uncertainty
(stochastic) could yield in lower risk designs for investors.
In this sense, the literature identifies works on optimizing the operation on day-ahead and real-time markets
[20], which is one step away from the previous elevated problem of designing an optimal hybrid plant with a
lower level problem of market operation and uncertainty.
Considering that MILP formulations for the design of hybrid solar plants are not mature and well-approved,
in conjunction with the lack of co-optimization of the design together with market equilibriums, this work
investigates on both points by firstly optimizing a hybrid plant for supplying an islanded mining operation
using a sequential linear programming SLP approach and secondly optimizing the supply of electricity of a
mining operation with the opportunity to sell the excess power at a given price, again using SLP. The latter
task does not fully incorporate the uncharted territory of designing hybrid solar plants through mathematical
programming with equilibrium constraints (MPEC), but it is intended to do so in the future.
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Figure 1: Supply-demand problem scheme.
Specifically for this work, it was looked for a deterministic demand that fits perfectly with the solar energy
coming from CSP, PV and BESS technologies (see Figure 1), specifically choosing solar field size
(capacity), storage capacity (thermal and electro-chemical). The specific design variables for the simulation
are given in Table 1.
Table 1: Design variables.

BESS

PV

Central
receiver CSP
plant

Plant

Design variable
Power Block
Heliostat field
Tower
Receiver
Storage
PV field
Tracking/Fixed structure
Inverter
Energy
Capacity

Unit
kWac
2
m
m
kWt
kWht
kWdc
m2
kWac
kWhac
kWac

4. Methodology
This chapter details the mathematical formulation of the problem, how non-linear features of the design
problem are incorporated, which assumptions/limitations are made and the overall technologies that are
considered.
a. Formulation
The proposed linear formulation aims at minimizing the annual cost of electric supply of a mining operation
defined by a consumption profile subject to different constraints. The formulation is the following:

[∑

(

)

∑

]

Subject to financial constraints

[

]

Subject to general power balance constraints:
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Subject to specific CSP constraints:

[

]

Subject specific PV constraints:

Subject to specific BESS constraints:
[

]

Subject to sufficiency constraint:
∑

⁄
∑

Subject to market constraint:
∑
Where
is the amount if active surface of heliostat field in m 2,
the capacity of the receiver in MW t,
the thermal storage capacity in MWht,
the PV solar field in MWp,
the PV inverter capacity in
MWp,
the BESS energy capacity in MWhe,
the BESS converter capacity in MW e,
power
generation of the technology k on instant t in MWe,
un served energy on instant t in MWe,
the
amount of power sold at the spot market on instant t in MWe,
the charging power of the BESS on
instant t in MWe,
the discharging of the BESS on instant t in MWe,
the power outside the
receiver’s interface on instant t in MWt,
the lost power of the heliostat field on instant t in MWt,
power directly sent from receiver to the power block on instant t in MWt,
charging power from
the receiver to the hot salt tank on instant t in MWt,
state of charge of the thermal storage on instant t
in MWht,
discharge power from the hot salt tank into the power block on instant t in MWt,
thermal power directly before the power block on instant t in MWt,
CSP’s gross electric output on
instant t in MWe,
direct current power of the PV field before entering the inverter on instant t in
MWp,
the spilled power on the PV solar field due to clipping on instant t in MWp,
the
BESS state of charge on instant t in MWhe. the time-step factor in minutes/hour,
value of lost load
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(load shedding) in US/MWhe,
spot price in US/MWhe,
annual fixed cost of technology k in
US/MW,
solar field cost of technology k,
inverter cost in US/Wp,
capital recovery factor of
technology k, discount rate in %/year,
economic evaluation time of technology k in years,
mining
demand on instant t,
direct normal irradiation profile on instant t,
upper thermal limit of operation
of power block in MWt,
ramp up(down) of thermal power block in MW e/min,
global horizontal
irradiation on instant t,
sufficiency metric of quality of electric supply in %/year load shed and
maximum spot selling power in MW.
b. Non-linear features
Non-linear features of CSP and PV technologies are represented through Gauss-Seidel numerical updates of
constant efficiency curves on the different stages of the energy management. For avoiding ill-behaved
convergence properties (knife edge behavior) a damp coefficient is added to calculate a convex linear
combination of the new efficiency and the previous iteration one.
The general update formulation of any non-linear modeled efficiency is:
⃑⃑⃑⃑⃑

Where
is the efficiency coefficient of element k, in iteration I and on instant t, updated with the previous
iteration coefficient
and linearly combined with the new efficiency coefficient
⃑⃑⃑⃑⃑ (calculated from
the adjusted curves) and the dampening coefficient

for element k.

The considered non-linear features are:


CSP’s receiver loading-efficiency curve: Efficiency polynomial curves adjusted from output results
from SAM [21] are used to update the efficiency of the receiver at the operational point.



PV inverter loading efficiency curve: Efficiency polynomial fractions are adjusted given the
efficiency curve from the inverter selected from the SAM database [21].



Power block loading efficiency curves: Efficiency curves are drawn from SAM simulations of CSP
plants [21].
c. Assumptions

The main assumptions of the present work are:
CSP power block:


The model assumes a 115 MWe steam cycle power block as a basis for the supply of electricity to
the mining operation.
o



Efficiency of power block does not consider environmental impacts like temperature
profiles.

No explicit technical minimums are modeled (use of binary variables), but a two-part efficiency
curve of the power block discouraging the operation under part loading.

CSP heliostat field:


Minutely optical efficiency defined by SAM simulations at a solar field size of 1 million square
meters.

CSP receiver:


Efficiency only a function of thermal power.

CSP molten salt storage:


Energetic modeling of storage, no temperatures modeled.

CSP self-consumption:


Self-consumptions profiles (salt pumping, heliostat movement, cooling towers, etc…) can be
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modeled as functions of the same operation (see non-linear features), in this work they are out of
scope.
BESS:


BESS technology is AC coupled. It is understood that DC coupling could yield better economic
results, but is out of scope.

PV system:


A tracked system profile is assumed to provide energy. More options (profiles) could be added in
the future such as fixed tilt systems optimized for winter

Systemic assumptions:


No inertia constraints are modeled.



No outages are modeled (reliability).



Perfect forecast of primary energetics and demand (deterministic modeling).

Solar resource:


Co-measured solar resource and environmental variables.

Economic assumptions:


Value of Lost Load (VOLL) is considered to be 1 000 US/MWhe.



Spot market price of sold energy between 0 and 10 US/MWhe.



Spot market price of purchased energy 200 US/MWhe.



Discount rate of 7%/year nominal.



Economic lifetime evaluation: CSP 30 years, PV 20 years and BESS 10 years.

Algorithm convergence criterion:


Algorithm convergence at 1 % tolerance.
d. Technologies

The present work considers the use of central receiver CSP technology with molten salt storage coupled with
PV technology and BESS. PV technology could in principle be any type of commercial module existing in
the market. The same applies to inverter technology.Study case
The present work’s study case takes the hourly demand profiles of CODELCO’s Radomiro Tomic division
for the year 2016 in the Atacama Desert, together with co-measured DNI, GHI and DHI in the Atacama
Desert for the same year measured by Fraunhofer CSET (Center for Solar Energy Technologies)

Figure 2: Radomiro Tomic division 2016 hourly demand.
It is evident to see that the size of the mining operation fits the proposed 115 MW e power block of the CSP
plant. For larger mining operations a multi tower system could be optimized.
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Figure 3: Yearly POA and DNI profiles of irradiation.
The cost structure of the CSP plant to be built is detailed in Figure 4.. This cost structure was developed
together with the Chilean Asociation for Concentrated Solar Power as the 2018 vision of CAPEX and OPEX
for national (Chilean) energy planning inputs.

Figure 4: CSP investment and operational economic parameters.

The cost structure for a PV plant considers a specific solar field cost of 0.65 US/W p, while the inverter value
has a specific cost of 0.05 US/Wp. Fix operational costs are 10 US/kWp/year. The overall CAPEX aims at a
value of 0.7 US/Wp and comes from industrial knowledged gathered by Fraunhofer CSET in Chile.
The BESS system considers a specific investment cost of 200 US/kWhe for the battery system and 100
US/kWe for the power electronics conversion system.
All the optimization scenarios converge with a predefined tolerance of 1 %. Under the present assumptions
(polynomial adjustments of non-linear features) well-behaved properties have been found.
5. Results
The present chapter details the results for the islanded solution and the simple market coupling.
Base scenario simulations are performed using an hourly and 20 minutes interval model for demonstrative
purposes of the proposed methodology. Finer time-steps (1 minute without decomposition of the year) can
also be applied at the expense of computer processing power and time. Tables illustrate design and
operational variables. These are HF (heliostat field), RP (receiver power), S (molten salt storage), SH (hour
equivalent storage), SM (solar multiple), SF (PV solar field), IC (inverter based installed capacity), E (BESS
energy installed capacity) and C (BESS converter installed capacity).
a. Islanded system
When optimizing for islanded systems the parameter that dominates the technology portfolio of supply is the
VOLL, which indicates how costly it would be to shed electric load of mining operations in US/MWh e and
loose productivity. Given that a mining operation is a large supply chain of events and processes is expected
to be high. As an example, the Chilean short-term VOLL for the northern region mining sector reaches
approximately 1,800 USD/MWhe for a 24 hour fault [22].
The sufficiency index plays a marginal role, because the cost of not supplying a MWhe (VOLL) already
allows for the annual sufficiency constraint to be met (see Table 3). For the base case solar multiples
between 1.6 and 2.0 are identified, together with 12 to almost 19 hours of thermal storage. It is worth
mentioning that the PV solar field only grew 5 % from the low to high VOLL scenarios (300 to 1,200
US/MWhe), while the CSP solar field grew 20 %, this due to CSP’s ability to supply energy round the clock.
The overall yearly mix of supply is 60% CSP and 40% PV, this due to the time availability of GHI for
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supplying daily demand and CSP for night time demand.
Table 2: Islanded system results for high VOLL values transversal sufficiency values.
Supply quality
Model (minutes per
time-step)
Sufficiency 1 [%] VOLL [US/MWhe]
3.0%
300.0
30.0%
300.0
3.0%
600.0
30.0%
600.0
60
3.0%
900.0
30.0%
900.0
3.0%
1,200.0
30.0%
1,200.0
3.0%
300.0
30.0%
300.0
3.0%
600.0
30.0%
600.0
20
3.0%
900.0
30.0%
900.0
3.0%
1,200.0
30.0%
1,200.0

HF [m2]
869,134
869,190
974,404
974,404
1,037,048
1,037,049
1,044,638
1,044,629
863,900.5
864,031.2
962,827.9
962,882.0
1,031,853.3
1,031,853.3
1,053,212.7
1,053,212.7

RP [kWt]
438,698
438,726
503,609
503,609
538,295
538,295
542,235
542,230
440,303.6
440,370.2
500,968.5
500,996.7
541,256.7
541,256.7
552,460.7
552,460.7

CSP
S [MWht]
3,348
3,348
4,056
4,056
4,774
4,774
5,057
5,057
3,329.8
3,330.1
4,100.2
4,100.5
4,857.0
4,857.0
5,183.4
5,183.4

SH2 [h]
12.2
12.2
14.8
14.8
17.4
17.4
18.5
18.5
12.2
12.2
15.0
15.0
17.7
17.7
18.9
18.9

SM
1.6
1.6
1.8
1.8
2.0
2.0
2.0
2.0
1.6
1.6
1.8
1.8
2.0
2.0
2.0
2.0

PV
BESS
SF [MWp] IC [MWp] DC/AC ratio [%] E [kWhe]
C [kWe]
122.3
86.5
1.41
0.0
0.0
122.3
86.4
1.41
0.0
0.0
122.0
86.4
1.41
0.0
0.0
122.0
86.4
1.41
0.0
0.0
127.7
87.0
1.47
0.0
0.0
127.7
87.0
1.47
0.0
0.0
128.0
87.1
1.47
0.0
0.0
128.0
87.1
1.47
0.0
0.0
0.0
0.0
117.6
84.4
1.39
0.0
0.0
117.6
84.4
1.39
120.0
86.9
1.38
0.0
0.0
120.0
86.9
1.38
0.0
0.0
120.4
86.8
1.39
0.0
0.0
120.4
86.8
1.39
0.0
0.0
123.7
87.1
1.42
0.0
0.0
123.7
87.1
1.42
0.0
0.0

LCOE
[US/MWhe]
78.0
78.0
84.1
84.1
87.9
87.9
90.9
90.9
77.8
77.8
83.7
83.7
87.5
87.5
90.3
90.3

1) Sufficiency is the % of allowed annual load shed on energy terms.
2) Equivalent hours of electric full load output at 42% rankine cycle efficiency.

Table 3: Islanded system results of annual energy balance by sources.
Model (minutes
per time-step)

60

20

Sufficiency
[%]

VOLL
[US/MWhe]

3.0%
30.0%
3.0%
30.0%
3.0%
30.0%
3.0%
30.0%
3.0%
30.0%
3.0%
30.0%
3.0%
30.0%
3.0%
30.0%

300
300
600
600
900
900
1,200
1,200
300
300
600
600
900
900
1,200
1,200

CSP
413.3
413.3
420.1
420.1
419.0
419.0
419.3
419.3
419.3
419.3
422.5
422.5
425.3
425.3
424.0
424.0

Supply in GWhe/year
PV
UE
Demand
275.2
17.0
705.4
275.1
17.0
705.4
274.9
10.5
705.4
274.9
10.5
705.4
279.6
6.9
705.4
279.6
6.9
705.4
279.8
6.3
705.4
279.8
6.3
705.4
268.6
17.5
705.4
268.7
17.5
705.4
272.6
10.3
705.4
272.6
10.3
705.4
273.3
6.9
705.4
273.3
6.9
705.4
275.7
5.8
705.4
275.7
5.8
705.4

% of supply mix
CSP
PV
UE
58.6%
39.0%
2.4%
58.6%
39.0%
2.4%
59.5%
39.0%
1.5%
59.5%
39.0%
1.5%
59.4%
39.6%
1.0%
59.4%
39.6%
1.0%
59.4%
39.7%
0.9%
59.4%
39.7%
0.9%
59.4%
38.1%
2.5%
59.4%
38.1%
2.5%
59.9%
38.6%
1.5%
59.9%
38.6%
1.5%
60.3%
38.7%
1.0%
60.3%
38.7%
1.0%
60.1%
39.1%
0.8%
60.1%
39.1%
0.8%

Solar field energy spillage1 %/year
CSP
PV
26.9%
11.0%
27.8%
11.0%
33.5%
10.9%
32.8%
10.9%
38.3%
13.4%
37.7%
13.4%
37.3%
13.5%
37.8%
13.5%
27.1%
9.5%
26.9%
9.5%
30.7%
10.0%
30.7%
10.0%
35.6%
10.3%
32.9%
10.3%
36.3%
11.7%
38.0%
11.7%

1) Either by defocusing of heliostat field or clipping of inverter.

The optimized operational scheduling uses PV technology during the day and CSP during the night, cloudy
days and also for filling the gaps during solar hours (during POA variability). In Figure 5 a high irradiation
week allows to see the optimal operational policy of the hybrid plant.

Figure 5: December week with larges DNI available during a three day time period. @VOLL=1.200 US/MWhe and sufficiency
index a 3%. Hourly resolution.

During low irradiation weeks load shedding must be performed loosing productivity at the mines, this
shedding event matches a “solar availability collapse” (see Figure 6), which is one of the risks of pushing
off-grid operations with high opportunity costs (independent of the technology of energy supply). Grid
connected projects offer the benefit of having a large amount of units (large numbers properties in reliability
terms).
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Figure 6: June week with larges DNI available during a three day time period. @VOLL=1.200 US/MWhe and sufficiency index
a 3%. Hourly resolution.

When optimizing with a finer time step (20 minutes, instead of an hour), lower LCOEs are obtained. This
could be explained by the availability/demand balance, because we are solving a “similar” problem, but not
the same. It could also be the other way around (higher LCOEs). It is unclear if using finer time-steps
activates other constraints (such as ramping constraints), changing the vertex of the solution in a large way
(see Figure 7 and Figure 8) and increasing the LCOE.

Figure 7: December week with larges DNI available during a three day time period. @VOLL=1.200 US/MWh e and sufficiency
index a 3%. 20 minute resolution.

Figure 8: June week with larges DNI available during a three day time period. @VOLL=1.200 US/MWhe and sufficiency index
a 3%. 20 minute resolution.

b. Simple market coupling
As an effort to represent the spot market, this sub-chapter allows to sell excess production power at a
conservatively low price (0 to 10 US/MWhe) at the spot market. The results indicate that even small prices
such as 5 US/MWhe allow the LCOE to drastically decrease from 90 to 61.5 US/MWh e (see Table 4) thanks
to the decrease in spillage, less thermal storage and lower DC/AC ratio (see Table 4 and Table 5).
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Table 4: Simple market coupling sizing results. @VOLL=1.200 US/MWhe.
Supply quality
Model (minutes per
time-step)
Sufficiency 1 [%] Spot market price [US/MWh e]
3.0%
0.0
3.0%
5.0
3.0%
10.0
15.0%
0.0
60
15.0%
5.0
15.0%
10.0
30.0%
0.0
30.0%
5.0
30.0%
10.0
3.0%
0.0
3.0%
5.0
3.0%
10.0
15.0%
0.0
15.0%
5.0
20
15.0%
10.0
30.0%
0.0
30.0%
5.0
30.0%
10.0

HF [m2]
1,044,629
1,033,032
1,081,892
1,044,638
1,033,032
1,081,892
1,044,629
1,033,032
1,081,892
1,053,213
1,047,569
1,090,831
1,053,213
1,047,569
1,090,831
1,053,213
1,047,569
1,090,831

RP [kWt]
542,230
539,602
567,935
542,235
539,602
567,935
542,230
539,602
567,935
552,461
550,047
575,857
552,461
550,047
575,857
552,461
550,047
575,857

CSP
S [MWht]
5,057
4,953
4,618
5,057
4,953
4,618
5,057
4,953
4,618
5,183
5,176
4,685
5,183
5,176
4,685
5,183
5,176
4,685

SH2 [h]
18.5
18.1
16.9
18.5
18.1
16.9
18.5
18.1
16.9
18.9
18.9
17.1
18.9
18.9
17.1
18.9
18.9
17.1

SM
2.0
2.0
2.1
2.0
2.0
2.1
2.0
2.0
2.1
2.0
2.0
2.1
2.0
2.0
2.1
2.0
2.0
2.1

PV
BESS
SF [MWp] IC [MWp] DC/AC ratio [%] E [kWhe]
C [kWe]
128.0
87.1
1.47
0.0
0.0
136.3
109.0
1.25
0.0
0.0
141.4
116.4
1.22
0.0
0.0
128.0
87.1
1.47
0.0
0.0
136.3
109.0
1.25
0.0
0.0
141.4
116.4
1.22
0.0
0.0
128.0
87.1
1.47
0.0
0.0
136.3
109.0
1.25
0.0
0.0
141.4
116.4
1.22
0.0
0.0
123.7
87.1
1.42
0.0
0.0
127.4
101.9
1.25
0.0
0.0
138.8
114.4
1.21
0.0
0.0
123.7
87.1
1.42
0.0
0.0
127.4
101.9
1.25
0.0
0.0
138.8
114.4
1.21
0.0
0.0
123.7
87.1
1.42
0.0
0.0
127.4
101.9
1.25
0.0
0.0
138.8
114.4
1.21
0.0
0.0

LCOE
[US/MWhe]
90.9
61.5
57.4
89.4
61.5
57.4
89.0
61.5
57.4
90.3
61.4
56.5
89.1
61.4
56.5
88.9
61.4
56.5

1) Sufficiency is the % of allowed annual load shed on energy terms.
2) Equivalent hours of electric full load output at 42% rankine cycle efficiency.

Yet again, the annual unserved energy was lower than the annual sufficiency constraint, meaning that the
VOLL again is high enough to size a sufficient system (see Table 5).
Table 5: Simple market coupling results of annual energy balance by sources. @VOLL=1.200 US/MWhe.
Model (minutes
per time-step)

60

20

Sufficiency
[%]
3.0%
15.0%
30.0%
3.0%
15.0%
30.0%
3.0%
15.0%
30.0%
3.0%
15.0%
30.0%
3.0%
15.0%
30.0%
3.0%
15.0%
30.0%

Spot market preis
[US/MWhe]
0
5
10
0
5
10
0
5
10
0
5
10
0
5
10
0
5
10

CSP
419.3
682.3
712.7
419.3
682.3
712.7
419.3
682.3
712.7
424.0
701.4
728.5
424.0
701.4
728.5
424.0
701.4
728.5

Supply in GWhe/year
PV
UE
Demand
280.0
6.3
705.4
341.6
6.2
705.4
357.3
6.1
705.4
280.0
6.3
705.4
341.6
6.2
705.4
357.3
6.1
705.4
280.0
6.3
705.4
341.6
6.2
705.4
357.3
6.1
705.4
275.7
5.8
705.4
318.7
5.7
705.4
350.2
5.6
705.4
275.7
5.8
705.4
318.7
5.7
705.4
350.2
5.6
705.4
275.7
5.8
705.4
318.7
5.7
705.4
350.2
5.6
705.4

% of supply mix (Demand+Spot)
CSP
PV
UE
59.4%
39.7%
0.9%
96.7%
48.4%
0.9%
101.0%
50.7%
0.9%
59.4%
39.7%
0.9%
96.7%
48.4%
0.9%
101.0%
50.7%
0.9%
59.4%
39.7%
0.9%
96.7%
48.4%
0.9%
101.0%
50.7%
0.9%
60.1%
39.1%
0.8%
99.4%
45.2%
0.8%
103.3%
49.6%
0.8%
60.1%
39.1%
0.8%
99.4%
45.2%
0.8%
103.3%
49.6%
0.8%
60.1%
39.1%
0.8%
99.4%
45.2%
0.8%
103.3%
49.6%
0.8%

Solar field energy spillage1 %/year
CSP
PV
37.4%
13.4%
5.0%
0.9%
4.9%
0.3%
37.4%
13.4%
5.0%
0.9%
4.9%
0.3%
37.4%
13.4%
5.0%
0.9%
4.9%
0.3%
35.6%
11.7%
4.8%
0.9%
4.7%
0.3%
35.6%
11.7%
4.8%
0.9%
4.7%
0.3%
35.6%
11.7%
4.8%
0.9%
4.7%
0.3%

1) Either by defocusing of heliostat field or clipping of inverter.

6. Conclusions, discussions and next steps
This work addresses the challenge of full solar and renewable supply of power to mining operations with
hybrid solar plants in the Atacama Desert in the north of Chile with real high granularity demand and
generation profiles using sequential linear programming.
For fully off-grid supply, the VOLL parameter dictates the sizing of the CSP solar field and its energy
availability. It even sizes the system in such a way that annual sufficiency constraints are not binding (limits
are met). A large portion of the energy received by both solar fields has to be spilled due to off-grid
operation. LCOEs ranging from 78 to 91 US/MWhe can be found for different VOLL values.
For a simple market coupling exercise the flexibility to sell excess power to the grid, even at low prices
such as 5 US/MWhe, allows to decrease the LCOE to 60 US/MWhe, due to less thermal storage and DC/AC
ratio and also less overall solar spillage.
A co-located CSP plant nearby a mining operation’s demand opens a door for low Power Purchase
Agreement (PPA) prices due to low commercialization risks, which is the case of northern Chile. The present
LCOE metrics calculated in the work are energy only (monomic prices), thus in order to compare with
energy PPA prices in Chile they have to include capacity payments, decreasing more their values.
This work also highlights the value of high granularity simulations and also opens the discussion to how high
it should be, considering that modern markets trader energy on a 5 minute basis on real time markets were
prices shoot-up due to flexibility needs (in contrast with day-ahead markets).
It can be also seen that with the proposed BESS cost structure and used granularity, there was no value on
installing electrochemical storage capacity. This can contrast with Chilean reality were BESS are installed to
avoid spinning reserve requirements to operating machines (conventional and non-conventional). This is due
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to the fact that a socialized operating reserve scheme takes place, being privately more economical to install
a portion of the requested spinning reserve as BESS than leaving idle generating capacity of power plant.
The present optimization exercise lacks inertial and voltage control concepts, technical minimums and real
thermodynamic simulations, which are essential when modeling islanded systems, which are sensitive on
these dimensions. Also, these results come from a deterministic model, which are only valid when a perfect
forecast is present, which is far from reality. Nevertheless, when a market coupling exercise is performed
some of them like inertia and voltage control become less relevant.
Since in Chile virtually all mining operations are grid connected this framework presents a new way for
sizing hybrid plants under specific economic performance conditions.
The expected improvements of this model consider 1) integration of market equilibrium constraints creating
a sequential mathematical program with equilibrium constraints (MPEC), which allows to endogenously
determine the market price outcome of selecting a given plant operate in the market, 2) expanding this
MPEC model to be stochastic which allows to consider relevant phenomena such as the hydro stochastic
process (relevant in for Chile), uncertain fuel prices and potential policy changes on distributed generation
(less demand during solar hours), electric mobility (larger demand growth) and decarbonization exercise, and
also 3) add risk metrics such as Conditional Value at Risk (CVaR) to incorporate risk aversion of developers
and investors.
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Abstract
In order to cook with solar energy, it is necessary to have a highly efficient solar cooker that captures a great
portion of the diffuse radiation. More than 20 years ago, the first solar cookers called "Tolokatzin" (Náhuatl
language name meaning "born in Toluca", the city in which they were created) were designed. Nowadays, the
Tolokatzin solar cookers work with a three-dimensional multi-compounded solar concentrator based on NonImaging Optics, using only mirrors of simple curvature. The original design consists of a concentrator with four
pairs of optimally truncated mirrors that allow an excellent operational performance. After 20 years of successful
experience in its operation, its application has evolved to be able to be applied as a solar sterilizer and other
applications that require different temperatures and flux densities than those necessary for cooking. A further
advance has been made to reduce the losses by reflections, by changing the number of mirrors and the solar
concentration, keeping only mirrors of simple curvature (very easy to manufacture). With this background, in the
present paper, an energy and entropy characterization are done for the different configurations that integrate the
Tolokatzin designs.
Keywords: Tolokatzin; solar oven; non-imaging optics; energy; entropy

1. Introduction
Cooking is a basic need for everyone, practiced everywhere by humankind, and a heat source above 100 °C is
needed (Lecuona et al., 2017). Around 28 million Mexicans depend on burning solids for food cooking, usually
firewood or charcoal, (globally there are about 3 billion people who eat food cooked with firewood according to
the International Energy Agency) (IEA, 2018; Rincón Mejía, 2010). Cooking burning any kind of fuel, lead to
some problems that must be addressed as body burns, explosions, poisonings and, contamination, just to mention
a few.
It has been wide studied and reported by members of the Solar Cookers International (SCI, 2019) many
alternatives to use solar stoves and ovens to cook safely for all people, regardless of their age range, allowing
people to cook their food without having to depend on fuels that have an inherent cost, and that for the population
that is in poverty, the dilemma arises of prioritizing the needs to be covered. Taking this into consideration, the
Tolokatzin solar ovens (meaning "born in Toluca" – the city in which they are from – in Náhuatl language) were
designed and built more than 20 years ago.
The main difference of the Tolokatzin solar oven with the many other devices designed to cook with the Sun, is
the use of non-imaging optics that lead to an efficient radiation transfer from the source (Sun) to the objective
(absorber), resulting in a compact multi-compound system that can achieve high temperatures in few time
(González-Mora and Rincón-Mejía, 2018a; Winston et al., 2005). The direct application of non-imaging optics
allowed the applications of Tolokatzin to be extended to other sectors as solar sterilizing, diversifying the original
line of its design.
Among the applications in which the Tolokatzin designs have ventured successfully, apart from solar cooking,
water-free solar sterilization and wastewater treatment stand out (González-Mora and Rincón-Mejía, 2018b,
2018c; González Mora et al., 2016). Even though the applications of the original Tolokatzin have diversified, the
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concept remains the same: "Optically and thermally optimized systems that allow the best performance even in
climates that are not so favored with the sun, capturing direct radiation and a great portion of the diffuse radiation,
using multi-compound systems with simple curvature mirrors two-dimensional that operate under the principle of
three-dimensional concentration". This should be interpreted as the use of optimally truncated CPCs with a
circular, square or flat receiver to maximize operating time, concentrated irradiance and the use of materials.
With the aforementioned background, the energy and entropy characterization are developed under the
considerations:


The three heat transfer mechanisms are modeled



The Parrot model of entropy (Petela, 2010) is applied to each Tolokatzin design

2. Origins of the Tolokatzin solar ovens
The first Tolokatzin design was originally developed to cook, however, while trying to use non-imaging optics
the prototypes faced several restrictions, as:


It must heat up to 140 °C, high enough to cook, but not too high to burn the meals



It doesn’t need to follow the sun while the meals are prepared



It must be safe and easy to use



Preferably it must be manufactured with no complication at home



It must be an attractive design, light and portable

2.1. Evolution of the opto-geometric description based on the design criteria
In order to get a functional CPC, it must be truncated to reduce its height, this is naturally important for economic
reasons in large-scale applications, however, as in any engineering application, cost reduction is important without
compromising device performance to a greater extent (O’Gallagher, 2008; Rabl et al., 1979). Within the various
truncation criteria, the truncation according to the Rincón’s criterion establishes that any CPC must be truncated
in such a way that rays parallel to the extreme rays are not blocked by the mirrors of the CPC [3]. As shown in
Fig. 1, the Rincón’s criterion reduces considerably the height with no reduction of the concentration ratio.

Fig. 1: Ratio of height to aperture for full and truncated CPCs.

This optimization not only leads to a considerable reduction in height. This optimization also allowed to obtain
an adequate solar radiation flow over the absorber. This should be understood as a proper design criterion from
the optical and thermal point of view, in concordance with the constructal law (Bejan, 2016).
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3. The Tolokatzin Solar Oven
The Tolokatzin solar oven is a non-imaging optics multi-compound solar concentrator (CMC) with 8 mirrors,
distributed in four pairs as shown in Fig. 2 (a). As a non-imaging optics concentrator, it uses a combination of 2D
cross-compound parabolic collectors (CPCs) for flat (Fig. 2 (b)) and circular absorber (Fig. 2 (c)); in this way, a
3D concentration device is obtained from generating simple curvature mirrors.

(a)

(b)

(c)

Fig. 2: Geometry of theTolokatzin with a CPC with flat absorber and circular absorber.

3.1. Optogeometric description of the Tolokatzin solar oven
The geometry that allows describing the CPC is not simple, however, after more than 50 years (O’Gallagher,
2008; Winston et al., 2005), the curves have diversified and adapted for easy understanding. Since the Tolokatzin
solar oven employs both CPCs with a circular absorber and a flat absorber, both geometries are described below.

3.2. CPC with flat absorber
The geometry for the CPC with flat absorber has been the most discussed, and we will not address a bibliographic
review of it; however, this geometry corresponds to two arches of parabola rotated respect to the vertical. This
rotation is what defines the half-acceptance angle 𝜃0 . The parametric curves for this CPC (Fig. 2 (a)) are:

𝑥(𝑡) =
{

𝑦(𝑡) =

𝑏(1+sin 𝜃0 ) cos 𝑡
1−sin(𝑡−𝜃0 )
𝑏(1+sin 𝜃0 ) sin 𝑡

(eq. 1)

1−sin(𝑡−𝜃0 )

3.3. CPC with circular absorber
Unlike the CPC with flat absorber, the CPC with a circular absorber is formed by 2 pairs of curves called involutes
(𝐴𝐵 in Fig. 2(c)) and anti-caustics (𝐵𝐶 in Fig. 2(c)). Thereof which also defines the half-acceptance angle 𝜃0 . The
parametric curves for this CPC are:

𝑥(𝑡) = 𝑎(sin 𝑡 − 𝑡 cos 𝑡)
𝐴𝐵: {
𝑦(𝑡) = −𝑎(cos 𝑡 + 𝑡 sin 𝑡)
𝑥(𝑡) = 𝑎 [

(eq. 2)
𝜋
2

𝑠𝑖𝑛 𝜃0 𝑐𝑜𝑠(𝑡−𝜃0 )−( +𝑡+𝜃0 ) 𝑐𝑜𝑠 𝑡

𝐵𝐶:

1+𝑠𝑖𝑛(𝑡−𝜃0 )

+ 𝑐𝑜𝑠 𝜃0 ]
(eq. 3)

𝜋

{

𝑦(𝑡) = −𝑎 [

𝑐𝑜𝑠 𝜃0 𝑐𝑜𝑠(𝑡−𝜃0 )+( 2 +𝑡+𝜃0 )𝑠𝑖𝑛 𝑡
1+𝑠𝑖𝑛(𝑡−𝜃0 )

− 𝑠𝑖𝑛 𝜃0 ]
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3.4. Combination of the CPCs with flat and circular absorber for the Tolokatzin solar oven
As can be seen in Fig. 2 (a), the CPC with a flat absorber is placed on top of the CPC with the circular absorber.
Since a restriction on the operating temperature has been set, the geometric concentration coefficient of the entire
device is 4; with the consideration that the CPC with circular absorber is of unitary concentration; and that the
CPC with flat absorber has a concentration of 2, and since it is a three-dimensional geometry, the total
concentration of 4 is finally obtained.
Since the two geometries of the CPC are working as if it were a concentration in two stages. Note also that the
design uses only simple curvature mirrors that, when coupled together, achieve three-dimensional geometry. This
feature of the Tolokatzin solar ovens, allowing easy manufacturing for prompt operation.

4. Thermal analysis of the Tolokatzin solar oven
The thermal model is based on energy balances at each element involved in the cavity of the lower CPC, as shown
in Fig. 3; however, the geometries involved are not so simple to determine each heat flux. A detailed description
of the heat fluxes can be found in Veynand (2011), Montes Pita et al. (2016) and Prapas et al. (1987).
The surfaces are identified as: (1) inside fluid, (2) inner wall of the absorber, (3) outer wall of the absorber, (4)
CPC mirrors, (5) inner insulation, (6) outer insulation, (7) inner surface of the window surface, (8) outer surface
of the window surface, (9) external environment.

Fig. 3: Thermal resistance model of the CPC with the subscript that identify each surface.

The thermal model consists of 29 equations and 29 unknowns that are grouped into 7 final equations, which
involve 7 well-defined groups:


Group 1: 3 solar absorptive equations to calculate (𝑄̇3,𝑠𝑜𝑙−𝑎𝑏𝑠 , 𝑄̇4,s𝑜𝑙−𝑎𝑏𝑠 , 𝑄̇8,s𝑜𝑙−𝑎𝑏𝑠 )



Group 2: 4 conduction equations (𝑄̇32,𝑐𝑜𝑛𝑑 , 𝑄̇45,𝑐𝑜𝑛𝑑 , 𝑄̇56,𝑐𝑜𝑛𝑑 , 𝑄̇78,𝑐𝑜𝑛𝑑 )



Group 3: 6 convection equations (𝑄̇21,𝑐𝑜𝑛𝑣 , 𝑄̇3,𝑐𝑜𝑛𝑣 , 𝑄̇4,𝑐𝑜𝑛𝑣 , 𝑄̇69,𝑐𝑜𝑛𝑣 , 𝑄̇7,𝑐𝑜𝑛𝑣 , 𝑄̇89,𝑐𝑜𝑛𝑣 )



Group 4: 5 radiation equations (𝑄̇3,𝑟𝑎𝑑 , 𝑄̇4,𝑟𝑎𝑑 , 𝑄̇69,𝑟𝑎𝑑 , 𝑄̇7,𝑟𝑎𝑑 , 𝑄̇89,𝑟𝑎𝑑 )



Group 5: 2 radiosity equations



Group 6: 9 balances, one per node from 2 to 8 plus the central one of the cavity

Once the model has been solved it is possible to establish a graph of the temperature increase in the inner wall of
the receiver as a function of time, (Fig. 4). Analysing the graph, it can be seen that the temperature is practically
the same throughout the year.
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Fig. 4: Receiver temperature over the year.

With the diagram shown in Fig. 3, the surface temperatures and heat fluxes can be related and can be estimated.
A good estimator for the performance of a concentrating device is the entropy generated, the optimum collector
temperature and the stagnation temperature (Kalogirou, 2014). According to the graph plotted in Fig 5, the
stagnation temperature for a 4x concentrator is 560 𝐾, and the optimum receiver temperature is 401 𝐾, with a
non-dimensional entropy generation of 0,69.

Fig. 5: Entropy generated and optimum temperatures against collector concentration ratio.

For the new Tolokatzin models, the receiver average temperature is near the 420 𝐾 with a non-dimensional
entropy generation of 0,82. These values are not so far from optimal.

5. Conclusions
As can be seen in Fig. 1, the truncation of a CPC decreases significantly in height, however, by making an optimal
truncation under the Rincón’s criterion, there is no reduction in concentration as with another truncation criterion.
Thus, for the design of the Tolokatzin, the height has been reduced by just over half, which makes the solar oven
a more compact device easier to operate and transport.
From Fig. 4, it can be seen with clarity that the temperature in the internal part of the receiver is practically the
same throughout the year. This means that the Tolokatzin solar oven will be working very similarly during the
year regardless of the day of use, under the reservation of cloudy or rainy days.
The most important result derived from this brief analysis is shown in Fig. 5. There, it is clear that the temperature
of the receiver is very close to the optimum theoretical value, in such a way that, the flow of heat through the CPC
has been optimized using a properly truncation, resulting in a generation of entropy that is too close to the
minimum value, which translates as a device that allows an efficient energy transformation.
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Abstract
During the last 10 years, the interest of several authors in the use of compressible gases (as CO 2 and Air) as
working fluid in concentrated solar power systems (CSP) has increased significantly. These fluids allow to
increase the upper limit of the operating temperatures and achieve higher conversion efficiencies. Nevertheless,
achieving temperatures higher than 700°C requires the use of volumetric absorbers, which design presents two
scientific challenges. The first related to the computational modeling of the transport phenomena inside the porous
media, coupling the viscous effects, compressibility, the convective heat transfer and the extinction-propagation
of the concentered radiation in the solid media. And the second, related to the design process regarding the
configuration, distribution and material selection of the solid media, aiming to deal with the challenging operating
conditions. In that context, the present study presents a performance analysis of an open volumetric absorber
using atmospheric Air as working fluid, comparing honeycomb mini-channel (HC) and ceramic foam (CF) as
exchange solid media. The results show that the ceramic foam is the better option for the total range of porosity
analyzed, accordingly to the novel figure of merit proposed in this document. The proposed benefit factor
considers the benefit related to the capacity of heat exchange and the power losses by pressure drop inherent of
each design in study.
Keywords: Honeycomb mini-channel, Ceramic foam, Porous media, and Volumetric absorber.

1. Introduction
After the initial development in the ’80s, the CSP industry has experienced considerable growth since 2007
(Avila-Marin, 2011; Kribus, Ries, & Spirkl, 1996). In this period, new technologies have reached commercial
maturity and new concepts have emerged. Among the CSP technologies, central receiver systems (CRS) have
received larger attention during the last years, since the higher operating temperatures allow reaching higher
thermal-to-electricity conversion efficiencies. In this context, two main operating schemes have emerged for this
technology: Direct Steam Generation and Molten Nitrate Salts receivers, which are denominated as the first and
second generation, respectively. Aiming to further improve the conversion efficiencies, several authors proposed
the use of compressible gases (CO2 and Air) as working fluid, due to its thermal stability up to 1200°C. The use
of such working fluids requires the implementation of volumetric absorbers. Among the compressible gases, Air
offers additional advantages by the lower operating pressure and cost, when using atmospheric air in open
receiver systems. A volumetric receiver for atmospheric air implies the incorporation of solid porous media as
heat exchange medium, between the solar radiation and the working fluid.
Despites several configurations for volumetric receivers have been proposed in the literature (Avila-Marin, 2011),
the present analysis is focused to compare two of the most studied configurations, honeycomb mini-channel (HC)
and ceramic foam (CF). The HC structure presents simplicity for the manufacturing process and offers lowpressure drop. On the other hand, the CF proposal presents outstanding heat exchange capabilities, due to its
larger exchange area, but increasing the pressure drop (Chen, Xia, Yan, & Sun, 2017; Kribus et al., 2014; Wu,
Caliot, Flamant, & Wang, 2011b). Therefore, this relation, between the benefits of increasing the exchange area
and the disadvantages of the pressure drop involved, encourages the analysis presented herein. Thus, aiming to
establish a comparison framework between both technologic options, the methodology proposes a figure of merit
able to assess and compare the performance of CF and HC, including the heat exchange benefits and pressure
drop involved at the same time. The computational modelling of both technologies was performed through an
one-dimensional (1D) model at the same operating conditions for each technology.

2. Methodology
The 1D model for both structures was developed in MATLAB using the Runge Kutta numerical method. The
system of equations for each kind of absorber considers a) Conservation of mass of the fluid domain, b)
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conservation momentum of the flow, c) conservation of energy in the solid and the fluid domain. In addition to
that, each energy conservation in the solid medium considers a font term for accounting the propagation of the
radiation in the solid (considering extinction and emission effects). Likewise, some assumptions were considered
in order to simplify the analysis, considering that the model solves both systems (HC and CF) at the same time.
Thus, the assumptions are as follow:
•
•
•
•
•
•
•

Conduction effects through in the fluid are neglected in both models.
Radiative absorption at the fluid phase is neglected in both systems.
Both processes are in steady-state.
The air is considered as an ideal gas.
Isotropic distribution of CF porosity.
Momentum diffusion by viscous effects inside the fluid is neglected in both systems.
Isolated system on the parallel walls to the flow direction.

From the afore assumptions, the following equations express the mass, momentum and energy transport for a
honeycomb mini-channel and ceramic foam volumetric absorber, considering the same geometrical parameters
and boundary conditions (see Fig. 1), as follows:
•

•
•
•

The comparison velocity is 𝑢𝑐 = 1 m s-1, which is considered as apparent 𝑢𝐷 velocity for the ceramic foam
and, on the other hand, the comparison velocity is divided by the porosity and used as the pore real velocity
(pore velocity in porous media analysis).
The pore diameter in the ceramic is equal to the mini-channel in the honeycomb.
The axial area of the receiver is square with high length 𝑙 = 0.05 m.
The incident radiation is fixed at 𝐼0 = 600kW/m2.

Figure 1. Diagram of the volumetric absorber

Honeycomb’s mathematical model
Continuity and momentum transport equations
∇ ∙ (𝜌𝑓 𝑢) = 0

(eq. 1)

∇ ∙ (𝜌𝑓 𝑢𝑢) = −∇(𝑃) − 𝐹𝐻𝐶

(eq. 2)

where 𝑢 is the mini-channel mean velocity, 𝜌𝑓 the fluid density, 𝑃 is the fluid’s thermodynamic pressure and 𝐹𝐻𝐶
the pressure drop term. The pressure drop term was determined as follow:
𝐹𝐻𝐶 = 𝑓

𝜌𝑓 2
𝑢
2𝑙

(eq. 3)

where 𝑙 is the mini-channel axial length, 𝑓 the friction factor concerning to a square channel (Bejan, 2013).
The energy transport in both systems (HC and CF) was solved considering the local non-thermal equilibrium
approach (Kaviany, 1999), which considers two different equations for the solid and fluid phases.
Fluid energy transport equation
∇ ∙ (𝜌𝑓 𝑐𝑝,𝑓 𝑢𝑇𝑓 ) = ℎ(𝑇𝑠 − 𝑇𝑓 )

948

(eq. 4)

C. Sarmiento Laurel et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

where 𝑐𝑝,𝑓 is the thermal capacity, 𝑇𝑓 the temperature of fluid, 𝑇𝑠 the temperature of the solid wall and ℎ the
convective heat transfer coefficient (Bejan, 2013).
Solid energy transport equation
∇ ∙ (𝜆𝑠 ∇𝑇𝑠 ) = ℎ(𝑇𝑠 − 𝑇𝑓 ) + S𝑟,𝐻𝐶

(eq. 5)

where 𝜆𝑠 is the thermal conductivity of the solid phase and S𝑟,𝐻𝐶 the radiative heat source in the solid phase. The
source term related to the propagation of the radiation in the HC structure considers the equation proposed by
Worth et al. (Worth, Spence, Crumpton, & Kolaczkowski, 1996), which considers the emission and absorption
effects of the radiation entering the square mini-channel.

Ceramic Foam’s mathematical model
Continuity and momentum transport equations
∇ ∙ (𝜌𝑓 𝑢𝐷 ) = 0
𝜌𝑓 𝑢𝐷 𝑢𝐷
∇∙(
) = −∇(𝜙〈𝑃〉𝑖 ) − 𝜙(𝐹𝐶𝐹 )
𝜙

(eq. 6)
(eq. 7)

where 𝜙 is the porosity, the symbol 〈 〉𝑖 represent the volume average (Hsu & Cheng, 1990; Kaviany, 1999;
Lage, De Lemos, & Nield, 2012), 𝑢𝐷 the apparent velocity, defined as 𝑢𝐷 = 𝜙〈𝑢〉𝑖 , where 〈𝑢〉𝑖 is the pore scale
average velocity. Also, 〈𝑃〉𝑖 is the volume average fluid’s thermodynamic pressure and 𝐹𝐶𝐹 represent the drag
force done by the solid matrix in opposition to the mean flow, in other terms, called the hydrodynamic resistance
from Darcy-Forchheimer’s law (Lage et al., 2012), as follows:
𝐹𝐶𝐹 =

𝜇𝑓
𝜌𝑓
𝑢 + |𝑢 |𝑢
𝑘1 𝐷 𝑘2 𝐷 𝐷

(eq. 8)

where 𝜇𝑓 is the fluid dynamic viscosity, both 𝑘1 and 𝑘2 , are correlation constants determined by Wu’s correlation
(Wu et al., 2010). Thus, the right terms in eq. 8 represent the normal and tangential forces done by the solid matrix
over the fluid´s mean flow, respectively.
Fluid energy transport equation
∇ ∙ (𝜌𝑓 𝑐𝑝,𝑓 𝑢𝐷 〈𝑇𝑓 〉𝑖 ) = ℎ𝑣 (〈𝑇𝑠 〉𝑖 − 〈𝑇𝑓 〉𝑖 )

(eq. 9)

where 〈𝑇𝑓 〉𝑖 is the volume average temperature of the fluid, 〈𝑇𝑠 〉𝑖 the volume average temperature of the solid wall
and ℎ𝑣 the local volumetric heat transfer coefficient (Hsu & Cheng, 1990; Lage et al., 2012). This last coefficient
was determined by the correlation proposed by Wu et al. (Wu et al., 2011b).
Solid energy transport equation
∇ ∙ (𝜆𝑠 ∇(𝜙〈𝑇𝑠 〉𝑖 )) = ℎ𝑣 (〈𝑇𝑠 〉𝑖 − 〈𝑇𝑓 〉𝑖 ) + S𝑟,𝐶𝐹

(eq. 10)

In addition, to determine the radiative source S𝑟,𝐶𝐹 , is necessary to solve the radiative transfer equation (RTE) in
the solid. Thus, the P1 (Andrienko & Surzhikov, 2012; Chen et al., 2017; Modest, 2013; Wu, Caliot, Flamant, &
Wang, 2011a) approximation model was implemented to solve the RTE, as follows.
Radiative heat transfer equation
1
4
∇∙(
∇𝐺 ) = 𝑘 (4𝜎〈𝑇𝑠 〉𝑖 + 𝐺𝑠 ) + 𝜎𝑠 𝐺𝑐
3(𝑘 + 𝜎𝑠 ) 𝑠

(eq. 11)

where 𝜎 is the Stefan–Boltzmann constant, 𝑘 the absorption coefficient, 𝜎𝑠 the scattering coefficient, 𝛽 the
extinction coefficient, 𝐺 is the total irradiation, 𝐺𝑠 the diffuse integrated intensity and 𝐺𝑐 the collimated irradiation
in the flow direction (𝑥). Also, considering as following expressions the radiative heat source in solid’s phase is
determined as follow,
𝐺𝑐 = 𝐼0 𝑒 −𝛽𝑥
𝐺 = 𝐺𝑐 + 𝐺𝑠

(eq. 12)
(eq. 13)
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𝛽 = 𝑘 + 𝜎𝑠

(eq. 14)

S𝑟,𝐶𝐹 = −𝑘 (𝐺 − 4𝜎〈𝑇𝑠

4
〉𝑖

)

(eq. 15)

Aforementioned optical properties were computed considering the optical approximations for porous media
proposed by Vafai (Vafai, 2015).
Aiming to analyze and compare the performance of the honeycomb and ceramic foam volumetric receivers, it is
proposed a modification of the goodness factor proposed initially by Bergles (Bergles, Junkhan, & Bunn, 1976;
Shah, 2003). In essence, this figure of merit compares the heat transfer capacity of different heat exchange
devices, including a penalization which accounts for the pressure drop associated in each case. Nevertheless,
Bergles’ goodness factor is commonly applied considering average properties (as temperature and fluid velocity)
in each side of heat exchange, or in other cases, the logarithmic mean temperature difference between hot and
cold sides of the analyzed exchange device. For this analysis, the volumetric goodness factor is integrated through
the receiver to compare the real total amount of exchanged energy per unit of time with the total power lost by
the hydrodynamic effects. The volumetric goodness factor is defined as follows:
𝐿

ℎ(𝑇𝑠 − 𝑇𝑓 )
𝑑𝑥
𝜌𝑓 𝑢(𝐹𝐻𝐶 )

(eq. 16)

ℎ𝑣 (〈𝑇𝑠 〉𝑖 − 〈𝑇𝑓 〉𝑖 )
𝑑𝑥
𝜌𝑓 〈𝑢〉𝑖 (𝐹𝐶𝐹 )

(eq. 17)

𝐺𝐹𝐻𝐶 = ∫
0
𝐿

𝐺𝐹𝐶𝐹 = ∫
0

where 𝐿 is the total length of the receiver in flow’s direction, 𝐺𝐹 the volumetric total goodness factor, 𝐻𝐶 and
𝐶𝐹 subscripts represent both technologic proposals honeycomb and ceramic foam, respectively.
Finally, both benefit figures of merit are confronted in the comparison factor, which allows determining which
technology is better considering different design configurations.
𝛹=

𝐺𝐹𝐶𝐹
𝐺𝐹𝐻𝐶

(eq. 18)

Boundary conditions
Both systems, CF and HC, were solved using Runge-Kutta’s method, considering 5 and 7 boundary conditions
respectively. Both analyses consider 5 boundary equations at the inlet side (𝑥 = 0) to solve the mass, momentum
and energy equations, plus one condition shot at the inlet and varied until it reaches an additional condition at the
outlet side (𝑥 = 𝐿), as follows:
Continuity and Momentum transport equation:
•
•

𝑢|𝑥=0 = 1 m s-1
𝑃|𝑥=0 = 101.314 kPa

(eq. 19)

Energy transport equation for fluid-phase:
•

𝑇𝑓 |

𝑥=0

= 298.15 K

(eq. 20)

Energy transport equation for solid-phase:
•
•
•

𝑇𝑠 |𝑥=0 = 𝑇𝑠,𝑠ℎ𝑜𝑜𝑡
𝑞𝑠 |𝑥=0 = −𝑘(𝜎(𝑇𝑠,𝑠ℎ𝑜𝑜𝑡 4 − 𝑇∞ 4 ) + 𝐼0 )
𝑞𝑠 |𝑥=𝐿 = 0 kW m-2

(eq. 21)

In addition, to solve the RTE equation on the ceramic foam receiver were considered Marshak’s boundary
conditions (Krittacom & Kamiuto, 2009), as follows:
•
•

𝐺|𝑥=0 = 𝐼0
1
∇𝐺|
)
3(𝑘+𝜎𝑠
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𝑥=0

= 2𝜎𝑇∞ 4 −

𝐺|𝑥=0
2

(eq. 22)
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3. Results
One of the main challenges in the literature about volumetric receivers is the absence of a comparison figure of
merit, able to include the principal effects of the design over the benefit in one control value. For that reason, the
present results show the temperature distribution of two technological proposals, intending to analyze two very
different mediums faced in a reasonable way.
Fig. 2 and 4 show the temperature distribution considering different material porosities, for a ceramic foam and
honeycomb receiver, respectively. In both, honeycomb and ceramic foam, the inlet velocity is defined as a
boundary condition at 1 m/s (for ceramic foam corresponds to the real velocity). For each medium the porosity
has a significative influence in solid’s inlet temperature, ranging its value between ~800 K to ~110 K for CF and
~700 K to ~900 K for HC, considering porosities from 0.5 to 0.9.
Regarding the ceramic foam (Fig. 2), an increase in the porosity causes a decline in the solid’s axial area at the
inlet face, decreasing the outlet temperature and the total length of the receiver. That length represents the
necessary distance to reach thermal equilibrium between the solid and fluid phases temperatures, which ranges
from 0.01 to 0.025 m when the porosity takes values from 0.5 to 0.9, respectively. The porosity has a direct
impact on the penetration of the radiation through the solid, which is strongly related to the solid temperature and
receiver’s equilibrium length at the same time. Thus, the solid temperature at the inlet shows a decrease when the
porosity varies from 0.5 to 0.7 reaching its minimum value at a porosity of 0.7. Then, for porosities over 0.7 the
solid’s temperature increase. This phenomenon is due to two simultaneous effects, first, a lower porosity implies
an increment in the solid axial area of the receiver, increasing the amount of radiative energy captured by the
solid near the inlet side, then the temperature of solid rises. Nevertheless, for porosities over 0.7, the previous
effect loses significance against that the fact that the increasing the porosity dismisses the mass of solid, and so
the temperature in the solid face increases again. On the other hand, lower porosity values imply an increase in
the extinction coefficient, which in consequence, reduces the penetration length of the radiation through the solid
matrix (see Fig. 3). Thus, a variation in the porosity has an important influence in the radiative source distribution
inside the solid, which reaches higher values near the inlet side with a high rate of decrease in the flow direction
for lower porosities, and on the other hand, normalizes its distribution in the flow direction for higher porosities.

Figure 2. Temperature distribution for the solid and fluid phase in the flow direction, for a Ceramic Foam porous media in the
receiver. Considering a fix mass flow.
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Figure 3. Radiative source distribution in the flow direction for the ceramic foam. Considering a fix mass flow.

The honeycomb receiver (Fig. 4) shows an opposite effect with the change of porosity in comparison to the
aforementioned results regarding ceramic foam receiver. This is due to the configuration of the mini-channels of
the honeycomb. Mini-channel configuration allows that the radiation, normal to the receiver and proportional to
ϕ (fluid portion), to pass across the medium without interacting with solid’s walls inside the channel, reducing
considerably the amount of radiative energy which reaches the inner wall of the solid. Also, the necessary length
to achieve the thermal equilibrium presents ranges from 0.015 to 0.06 m, using more material than the ceramic
foam to reach the thermal equilibrium. This difference is due to the way that the different solid media exchange
heat with the working fluid. The honeycomb mini-channel offers less heat exchange area per unit of length
between solid and fluid phases than the ceramic foam. Nevertheless, this advantage for the ceramic foam implies
that the fluid is in constant contact against the inner pore walls (Wu et al., 2010), increasing the irreversibilities
related to the drag forces associated to the presence of the solid matrix, commonly illustrated as pressure drop
terms of Darcy-Forchheimer’s law (Kaviany, 1999).

Figure 4. Temperature distribution for the solid and fluid phase in the flow direction, for a honeycomb porous media in the receiver.
Considering a fix mass flow.

Figure 5 shows the outlet temperature of the fluid in both proposals, and the result of the comparison factor,
which faces the goodness factor of both technologies. It is interesting to note how the comparison factor shows
one order magnitude in all the complete range of porosity, indicating that the ceramic foam has better performance
in all the studied design porosities. This result is unexpected considering that the ceramic foam has a bigger
hydrodynamic resistance than the honeycomb, due to the inherent tortuosity of flow’s path lines inside the
ceramic foam solid matrix (Kaviany, 1999). Nevertheless, the definition of the volumetric goodness factor
considers the complete effect of power losses by pressure drop along with the receiver, which is strongly
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associated with the receiver’s length, and for this analysis, the total length of the HC is more than double of CF
length. Thus, despite the ceramic foam presents a higher hydrodynamic resistance, its impact on the volumetric
goodness factor is not significant enough than its benefit related to the heat transferred to the fluid.

Figure 5. Comparison factor and fluid outlet temperature, for different porosities, considering a fix inlet fluid velocity of 1 m/s.

Figure 6. Shows the volumetric goodness factor of both technical proposals considering porosities from 0.5 to
0.9. Similarly, to the result presented in Figure 5, the ceramic foam receiver achieves the highest benefit in terms
of the volumetric goodness factor for all the porosities. Also, in both technologies, the optimum porosity is 0.9
where the goodness factor is 2.07×105 and 2.29×104 for honeycomb mini-channel and ceramic foam receiver,
respectively. In both cases, the principal reason for making a decision about the porosity is the amount of power
lost in terms of pressure drop, which is minimum for higher porosities despites the possibility of delivering higher
temperature outlet when considering lower porosities. Nevertheless, the results in Figure 5 shows that the highest
outlet temperature of the fluid is reached for porosities of 0.5 and 0.9 for CF and HC, respectively, and for
porosities of 0.9 (the best case in both technologies in terms of the goodness factor), the outlet temperature is
higher in the HC than the CF.

Figure 6. Goodness factor for a honeycomb and ceramic foam receivers, considering different porosities.

4. Conclusions
The present work shows two simplified models, to solve in one dimension the heat exchange process inside two
technologies of volumetric receiver and proposes a comparison factor to measure and compare the benefit of both
technological proposals, with the objective of maximize the heat transferred to the fluid, incurring in the minimum
energy lost by pressure drop. The benefit of that figure of merit considers the energy transferred per unit of time
to the working fluid and the power loss due to hydrodynamic resistance of each exchange medium, allowing to
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compare two different exchange geometries and consider its principal advantages and disadvantages at the same
time. The volumetric goodness factor included in this analysis, explains in a better form the benefit of the devices
than other proposed in the literature because it does not consider an average temperature in solid and fluids sides
or an approximation as the logarithmic mean temperature difference.
The ceramic foam receiver technology offers more exchange area between both phases (fluid and solid), reducing
in 58.3% the necessary length to reach the thermal equilibrium in comparison to honeycomb mini-channel.
Furthermore, the amount of solid material is considerably less than the honeycomb proposal.
The honeycomb mini-channel reaches higher fluid outlet temperatures from 629.9 to 679.3 K for porosities over
0.755. The comparison factor is over 9.08 for the complete range of porosity studied in this paper. Reinforcing
the idea about the ceramic foam is the best technology, despite the fact of a solid foam porous media has a higher
hydrodynamic resistance than a mini-channel exchange media.
Nevertheless, is important to note the contradiction of the optimum selection between both approaches, due to
the difference in outlet temperatures at a porosity of 0.9. The volumetric goodness factor shows the design which
exchanges energy reducing the hydrodynamic losses, however, higher outlet temperature is also an important
factor to take into consideration in the design process. Thus, is necessary to determine a figure of merit able to
include the quietly of the outlet energy. This last idea makes reasonable the need for including the entropy concept
in a future analysis. The entropy generated considers the effects related to the irreversibilities of the heat transfer
process and the hydrodynamic resistance, and additionally include the concept of energy quality, distinguishing
the difference between outlet fluids at different temperatures.
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Abstract
Bad effects associated with drinking water are a serious problem in regions with low freshwater supplies and high
frequency of droughts, just like Saudi Arabia. Desalination of water is an excellent solution to this issue; but this
process uses a great deal of energy which mainly comes from fossil fuels. Power provided by photovoltaic cells
for desalination provides a cleaner and cost-effective substitute. The focus of this survey is to find means to run a
reverse osmosis desalination plants by the electricity generated by solar cells without storage to find the cost per
unit electricity (kWh), and to estimate the highest energy percentage which can be generated by solar panels in
day time. That is why reverse osmosis plant was selected for the case study. The data for solar power produced
and consumed for desalination of brackish water into potable water is based on actual measurements acquired
from the direct observation of reverse osmosis desalination facility located in Saudi Arabia. It was observed that
during summer months, larger amount of solar energy is produced as compared to the winter months because of
greater day hours in summer. It was found that the maximum electrical power generated at midday by the
photovoltaic solar plant lies within the range of 9.15 MWh to 17.95 MWh. By studying the results of the chosen
plant as a case study, it was found that the percentage of non-usable energy is less than 2% in a plant whose size
is 20 MW. In this case, 20 per cent of totally consumed energy could be provided at the price around 0.025 €/kwh.
The expenses for power produced exceeds 0.036 €/kwh when the plant is greater than 60 MWp.
Keywords: resource monitoring and mapping program Reverse osmosis, Desalination, photo voltaic cell,
renewable energy.

1 Introduction
1.1 Water availability issues across the world
Water shortage has emerged as a crucial problem in many parts of the globe. Two major key players are there to
intensify this problem; the first is the climatic change in the world and the second is excessive use of fresh water.
It is estimated that global temperature will rise from 1.4 to 5.8 Celsius until 2100 [1]. The water cycle is closely
associated to these variations and, consequently, quality of water is being affected significantly. The Middle East
region in general and the Gulf Cooperation Council (GCC) countries (including Saudi Arabia) in specific, are
badly exposed to intense shortage of water mainly by a significant growth in population, fast expansion in industry
and ever-increasing droughts [2]. Saudi Arabia, ranked 13th in the world, is enjoying the status of biggest state in
the Arabian Peninsula. The mean naturally occurring water resources per person is 6000 m3 across the globe, while
the estimated figure for Saudi Arabia is 84.8 m3 per person [3]. On the other hand, the total intake of water per
person is 250 L in Saudi Arabia which is the third highest in the world, and it is estimated to rise by 30% by 2035.
[3]. It is predicted that if the country continues to withdraw the freshwater resources at present degree, aquifer
reserves can satisfy current needs for only three more decades at best [4]. Under the prevailing situation, water
desalination is the best strategic choice for resolving the water shortage issues.

1.2 Desalination in Saudi Arabia
In 1907, the first large capacity plant for water desalination was constructed in Saudi Arabia. In 1928 a multistage
flash plant for water desalination, with the ability to produce 227 m3 per day was built in Al-wajh & Doha. In
2010, Saudi Arabia used 6% of the water needs by desalinated processed water, 2.2% through reused wastewater
and 33.5% using surface water in 2010 [5]. The situation was improved in 2014 and Saudi Arabia produced 60%
of its entire water needs through desalinated water [6]. In 2016 desalinated water supplies enhanced by 827 million
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m³ in 2 thousand to 1377 million m³ and consequently touched the figure of 18 hundred million m³ in 2018 [5,7].
In accordance with this situation, plants for desalination in diverse sizes and implementing different technologies
were designed and developed by the corporation for saline water conversion in Saudi Arabia. These plants have a
capacity of 44,000 - 947,890 m³/ day. Table 1 provides data about desalination plants presently working with their
starting time, technology employed, and lifetime duration. It can be observed that with strict quality control and
operation, and with proper maintenance, several plants exceeded their expected lifetime.
Table 1. Plants for desalination presently in service in Kingdom of kingdom of Saudi Arabia (2018) [7].

No.
a

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

Service
Area
Tabuk

Makkah

Jizan
Makkah

Makkah
Al-baha
Makkah

Al-madinah
Asier
Jizan
Al-sharqiah
Al-Riyadh
Al-qasim
Al-sharqiah

Al-Riyadh
Al-sharqiah

Haql-II
Duba-III
Al-Wajih-III
Umlujj-II
Umlujj-III
Rabigh-II
Al-azizia
Laith
Al-qunfudah
Farasan-II
Jeddah-IV
Jeddah-I
Jeddah-II
Jeddah-III
Shoaiba-I
Shoaiba-II
Yanbu-I
Yanbu-II
Yanbu
Yanbu-Exp

Technology
used
RO
RO
MED
RO
MED
MED
MED
MED
MED
MED
MSF
RO
RO
RO
MSF
MSF
MSF
MSF
RO
MED

Year of
Commission
1990 (27)
1989 (28)
2009
1986 (31)
2009
2009
1987 (30)
2009
2008
2009
1982 (37)
1989 (28)
1994
2013
1989 (28)
2001
1981 (38)
1998
1998
2013

End of
Life
2015 (+2)
2014 (+3)
2034
2011 (+6)
2034
2034
2012 (+5)
2034
2033
2034
2007 (+10)
2014 (+3)
2019
2038
2014 (+3)
2026
2006 (+11)
2023
2023
2038

Export
Designb
4954
4954
7740
3784
7740
15480
3870
7740
7740
7740
190,555
48,848
48,848
206,400
191,780
391,300
86,688
123,675
109,908
58,643

Water
Productionb
5,760
5,760
9,000
4,400
9,000
18,000
4,500
9,000
9,000
9,000
221,575
56,800
56,800
240,000
223,000
455,000
100,800
143,808
127,800
68,190

Shoqaiq

MSF

1989 (28)

2014 (+3)

83,432

97,014

Al-Jubail-I
Al-Jubail-II
Al-Jubail-III
Al-Khobar-II
Al-Khobar-III
Ras-Al-kair
Ras-Al-kair
Al-Khfji

MSF
MSF
RO
MSF
MSF
RO
MSF
MSF

1982 (37)
1983 (36)
2000
1983 (36)
2000
2014
2040
1986 (31)

2007 (+10)
2008 (+9)
2025
2008 (+9)
2025
2039
2015
2011 (+6)

118,447
815,185
78,182
191,780
240,800
307,500
717,500
19,682

137,729
947,890
90,909
223,000
280,000
310,656
740,656
22,886

Location

a. 1-10 West Coast (Satellite Plant), 11-122 West Coast (Large Plant), 23-30 East Coast (Large Plant)
b. (m3/day)

The technologies used for desalination of water are subdivided into two types that are phase and non-phase change
processes. Multi-effect distillation (MED), Multi-stage flash (MSF), and mechanical vapor compression (MVC)
are considered phase change processes, while reverse osmosis is considered as non-phase change process. The
most frequently used technique for water desalination is reverse osmosis. It is used in 63% of desalination plants
across the globe, while MSF is the second most used technology and it is applied in more than 23% of desalination
plants around the world [9]. MSF and MED are particularly suited for integration into cogeneration plans, where
they can utilize the waste thermal energy leaving the turbine to produce fresh water [10]. Due to its ability to
integrate into cogeneration plants and their large capacities, MSF makes 87% of total desalination plants in Saudi
Arabia, as Fig. 1 shows [11]. Water desalination is a highly energy intensive process. Today, Saudi Arabia
consumes 25% of its total gas and oil resources for desalination plants. This ratio is likely to reach the level of
50% in 2030 [5].

958

K. AL-Shail et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 1: Capacity of installed desalination plants in KSA by desalination technology types [11]

All types of desalination technologies need some form of energy. In reverse osmosis, electrical energy is utilized
to keep the pressure constant at a value more than the relative osmotic pressure. On the other hand, MED and
MSF which are known as thermal desalination technologies need thermal energy for the vaporization of feed
water. Fossil fuel is being used in majority of the plants for desalination at present day, and fuel cost is a major
portion of the total production cost of desalination plants. 20-25% of entire energy resources are being used by
plants for desalination in Saudi Arabia. This consumption has risen by eighty four percent starting from 1980 to
2010 [12,13]. Table 2 presents consumption data of energy used by prominent technologies for water desalination.
[14]. Minimum energy uptake by reverse osmosis process is observed in the form of electrical. The natural
osmotic process uses a special type of membrane for separation of water but in reverse osmosis a totally different
effect is achieved. A new type of chemical potential of water is used on both sides to convert the water with larger
salt contents to a solution possessing lower salt contents.
Table 2. Desalination technologies and their energy requirements [14]

Technology
Vapor compression ( VC)

Heat utilized (KJ/Kg)
-

Elecrical energy (KWh/m3)
8-15

Multiple stage flash (MSF)

250-330

3-5

-

2.5-7

145-39

1.5- 2.5

Reverse Osmosis (RO)
Multi effect desalination (MSD)

2 Motivation
Vision 2030 is a program declared by Saudi Arabia in April 2016. The motive behind this vision is to switch over
Saudi Arabian financial resources from exports of oil and related goods, which are to be diminished in future, to
any other sustainable alternates. To start with, a plan was launched for the production of renewable energy
resources figured at 9.5 GW by 2030. On one side this plan is forecasted to give a boost to the country’s economy
along with reduction of fossil fuel consumption plus putting a good impact on the ecological system [15,16]. The
earth’s surface receives great amounts of solar energy and has no match among other sources of energy available.
Whether solar energy is harnessed by concentrating solar power (CSP) or using photovoltaic (PV) panels, there
is plenty of potential for solar energy in Saudi Arabia.
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Fig. 2: Global direct normal irradiation & horizontal irradiation GHI in KSA from 1999 to 2011.

Figure 2 represents the direct normal irradiation (DNI) and global horizontal irradiation (GHI) in Saudi Arabia
[17], while Figure 3 shows those two indicators, in addition to a third indicator which is the diffuse horizontal
irradiation (DHI) [18].

Fig. 3: A review from OCT 13. To Sep. 2014 for solar irradiance by region in Saudi Arabia [18]

The main objective of this study is to explore the feasibility of integrating reverse osmosis desalination with PV
panels without using batteries for the purification of water in Saudi Arabia. For the identification of potential, an
economic study was carried out with the objective to find the per unit (KWh) cost for solar energy. In addition,
the optimum energy ratio which could be extracted through a PV plant in a day span is also investigated. For the
purpose of this case study, the reverse osmosis plant was selected to be in Saudi Arabia on the coast of the Arabian
Gulf. The figures showing energy utilization are based on a one-year actual data from the selected reverse osmosis
plant. Solar radiation data from Saudi Arabia’s renewable resources monitoring and mapping program was
acquired, and it was used to calculate the energy generated by the PV panels and the cost per kWh, as well as the
percentage of electrical energy consumption that can be generated by PV [19]. At the end, for the purpose of
analysis of feasibility of integration between reverse osmosis desalination and solar energy, the energy
requirement for purification plant which could be provided by PV panels was investigated.

3 Mothed Applied
To achieve the stated objective, the study was carried out in accordance with the guidelines provided in modi and
stodola, 2009 [20]. To conduct the research, data of hourly energy consumption in an existing desalination plant
situated in Ras Al Khair, Saudi Arabia was acquired. The location of the plant is 27° 32' 12.12" North and 49° 8'
20.4" East, and it is located 90 kilometers north of the city of Al Jubail. Energy consumption data of this plant
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was examined thoroughly as a case study in order to forecast the amount of solar radiation needed based on the
PV system efficiency [21,22]. As mentioned earlier, direct and solar radiation data was obtained from Saudi
Arabia’s renewable resources monitoring and mapping program. To assess the feasibility of using PV panels to
operate a reverse osmosis desalination plant, a solar PV plant was designed. To bridge the gap between the energy
consumed by the reverse osmosis plant and the energy generated by the PV plant, we used the same plants that
utilize fossil fuel as an energy source. To attain the electrical energy produced by the PV plant, we calculated the
amount of solar plant generated energy on hourly basis. Direct fraction of solar radiation (Hb) which approaches
the surface of earth without scattering or absorption by the atmosphere is called direct beam solar radiation, while
the scattered radiation which is assumed to hit the surface of earth from all directions is labeled as diffused
radiation (Hd). Amount of Hd varies depending upon the forecast conditions. Diffuse radiation varies from 10%
of entire radiation on a clear day to approximately hundred percent on a cloudy day. Reflected radiation (Hr) from
surroundings and earth surface also needs to be taken into consideration [20]. Total global radiation (H)
comprising of diffuse, direct, and reflected radiation, is given by:
H= Hr+ Hd + Hb

(eq. 1)

Total amount of energy hitting the panel was determined by incidence angle of sunlight, for every point in time
for each arrangement. [22].

Ipanel= Ibeam x cosθ + Idiffuse x Fps

(eq. 2)

Where,
•
•
•
•
•

Ipanel = Total radiation on the panel
Ibeam = Direct radiation on the panel
θ is referred as 90 degree when sun raise is parallel to panel, and 0 degree when perpendicular to panel.
Idiffuse = Diffuse radiation on the panel
The terms Fps and Fpg are considered as view parameters: These are the geometric terms used for the
description of part of ground or sky that is directly exposed to panel.

Solar radiation at Ras Al-khair that affects the panels of the photovoltaic solar plant can be used for determining
amount of solar plant generation in terms of energy. A wide range of powers of the dissipated photovoltaic solar
plants is defined that allow to obtain curve that describes plant power & price of produced electrical energy.
Likewise, different values of the performance ratio of the plant have been assumed. The performance ratio (PR)
allows to evaluate the quality of a photovoltaic installation calculated as the relationship between the real energy
generated by the plant and the theoretical energy which can be generated. This ratio is independent of the
orientation of a photovoltaic installation and the solar irradiation that affects it and allows to compare the operation
of different facilities. The photovoltaic solar plant, for each one of the peak powers was defined and examined the
cost of the KWh generated by each one of the plants which was calculated.
For the calculation of price estimation of electrical energy, to calculate the imbursement for borrowed money on
the basis of fixed payments & a fixed interest ratio were obtained. Considering that start of the period is the point
when imbursement become due.

Q= PV /(1+(1-(1/(1+r)^n))

(eq. 3)

Where,
•

Q. per annum payment of borrowed money on the basis of fixed payments & fixed interest ratio.

•

Pv. Current evaluation. That is the total price of PV solar power plants.

•

r. loan interest rate
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•

n. twenty-five years

To obtain cost per kWh of electricity from the PV solar plant, it is necessary to divide Q (per annum payment of
borrowed money on the basis of fixed payments & fixed interest ratio) by the usable energy.

P = Q /Usable energy (KWh)

(eq. 4)

where, P = price of kwh

4 Case Study Results
Prime objective for this research work is to optimize energy from sun which can be used in accordance with
energy utilization curve of plants. From the data relating to direct radiation & diffuse radiation, sun energy
produced by plant is obtained hourly. Fig.4 shows the solar energy generated by the installation as an average
time for different months. Solar power generated is higher in summer and lower in winter. During winter, days
are shorter as compared to the summers and forecast gets cloudy which also accounts for less solar power
generated.
25.00

Solar Output (MW)

20.00

15.00

10.00

5.00

0.00
0

4

8

12

16

20

24

Hour Ending
Jan

Apr

Jul

Oct

Fig. 4: Mean solar array outcome for four months in KSA

Hourly real annual consumption data from the Ras Al-Khair plant as well the solar data from King Abdullah city
for renewable energy & atomic energy have been obtained. Figure.5 shows the electricity consumption curve
required for the operation of the Ras Al Khair desalination plant (for the case of March), which is supported by
the electrical grid that uses fossil fuels, and energy that can be shared by solar energy.

Fig. 5: Demand and Solar Contributions for Azimuthal Tracking Panel
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It is noteworthy, as shown in the graph, that during the month of April there were certain periods of time when
the actual consumption of the plant decreased. These periods are related to technical stops necessary to carry out
the maintenance. In Fig.6, shows the average electricity consumption required during (days) during January and
the solar generated by cells to provide the energy needed to operate the plant during daylight hours. We notice the
presence of wasted energy higher than the required energy in the afternoon.
Azimuthal Tracking Panel Monthly Averages
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0
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Hour Ending (Standard Time)

Demand

Panel Output

Grid

Fig.6: Demand, PV electricity consumption and grid consumption

These hypotheses will be carried out and summarized in the following section when we estimate the cost of one
generating of kw per hour from the solar plant. So, we can establish the restrictive criterion that during the entire
period of operation of the plant, the total energy generated by the solar plant is utilized for its consumption in the
desalination plant. This alternative is conditioned by the low consumption that occurs during technical halts.
Another hypothesis would be to allow the energy generated by the solar plant to exceed consumption in certain
periods as described above. In order to do so, we will set a maximum percentage of generated energy that will not
be used by the installation and could be discharged to the national grid electricity at a sale price equal to zero.
With the actual consumption data of the plant and the energy produced from solar photo voltaic plant, amount of
energy that can be consumed in the desalination plant (Usable energy) is obtained. The energy generated and that
would not be used (not usable energy) is due to the fact that in certain periods the energy generated by the solar
plant is higher than the energy consumed by the desalination plant. It is assumed as a hypothesis that this energy
is either sent to the network at a price equal to zero euros or the solar plant is disconnected during those periods
in case it could not be connected to the network, in order to analyze the feasibility of the use of desalination plants
without storage.

4.1 Financial study
The financial study of the solar plant which can be employed to estimate the price for electrical energy produced
from the photovoltaic solar power plant and assessment for feasibility of solar plant is carried out. In order to do
so, first size of the plant is defined. The calculations have been made for the following cases: 1,2,3,4,5 MWp; and
10,20,40,60,80,100 MWp.
For each of the cases, the following parameters of the plant are considered:
• Efficiency of panels 12%
• Performance Ratio (PR): 100%, 90% and 80%.
• Plant cost: 0.835 € / KWp
• Life cycle of the PV plants; 25 years
Also, it is considered: that the interested rate for the loan (r) is 4% and the costs of operation and maintenance 0.1
€/watt. The price of the electricity generated by each of the facilities studied is calculated as indicated equation
no. 4.
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4.2 Total investment
Fig.7, shows that the optimal design of the capacity of the solar plant was found that the best design of the capacity
of the plant is about 20 megawatts; therefore, the wasted energy will be about 20%. In this case the price of
production cost for the solar plant is 0.025 euros per kWh, this price is less than the current tariff price of the
kilowatt of electricity in Saudi Arabia is estimated at 0.036 euros.

Fig. 7: Estimated cost of electricity over the percentage of wasted energy

In the following graph (Fig. 8) confirms that the higher design of capacity for the solar power plant increases the
waste of energy produced. Thus, cannot utilized to cover the energy consumption of Ras Al-khair as indicated in
Fig 6. The gray area is the ideal area design the capacity. In the case of design for capacity greater than 60
megawatts, the price of kilowatts per hour will exceed the tariff of electricity consumption in Saudi Arabia.

5 Conclusion and recommendation
In recent years, the cost of solar panels and installation cost has been drastically decreased. Owing to the decrease
in overall cost of solar panels, the generation of electrical energy from solar energy has become an economically
viable alternative especially in countries like Saudi Arabia that have a large number of sunny hours during the
year which accounts for higher electricity generation from solar panels. Availability of potable water and usable
energy are two fundamental pillars for the development of any society. The desalination technologies which are
used for the treatment of the saline water of the sea for conversion into potable consume a great amount of energy.
The use of solar energy to meet power requirements of desalination unit is a viable alternative and also helps in
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reduction the CO2 emissions which are usually generated by the use of solid fuels. The case study examined by
authors focuses on the use of photovoltaic solar plants to supply energy without storage, and the surplus energy if
generated is transferred to the network could be sold. From the gather data it has been established for certain sizes
of plants, the costs of electricity generated by photo voltaic cells are even lower than the cost of electricity
generated by fossil fuels.
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Abstract
Concentrated Solar Power (CSP) has been proposed as a promising renewable alternative to diversify the
Brazilian electricity matrix. No CSP plants are operational in Brazil, but R&D projects are under development.
In this work, the behavior of a Direct Steam Generation (DSG) receiver based on the SG4 technology to be
installed in a 70 kWe central tower receiver plant, currently under construction in Caiçara do Rio do Vento, RN,
Brazil, is simulated via a transient lumped-element numerical model using real meteorological data collected at
the installation site. Validation was carried out by comparison of results with a more detailed steady-state
model. The results, obtained for a desired steam outlet temperature of 225°C, at a pressure of 14 bar, show
convective heat losses to be negligible, compared to reflective and re-radiation losses. The goal of the transient
model is to more accurately describe the reactor’s behavior during start-up, shutdown, and cloud passage,
allowing for insulation dimensioning.
Keywords: concentrated solar power, solar tower, cavity receiver, direct steam generation, transient
simulation.

1. Introduction
Historically, the Brazilian electricity mix has largely relied on hydro power. However, in the past years, a need
for diversification of the electricity matrix has arisen, given the decreasing relative storage capacity (Oliveira,
2017) of the hydro sector and its consequent increased vulnerability to seasonal drought phenomena (Castro,
2015). While a large expansion of installed photovoltaics and wind power capacity in the Brazilian power grid is
under way, the widespread use of those technologies entails the requirement of sufficient grid storage and
backup capacity. CSP offers a mitigation of those issues, thanks to its more flexible dispatchability in
combination with thermal energy storage. An integration of CSP solutions with thermoelectric power plants in
hybrid configurations can increase the capacity factor of the latter. Furthermore, CSP presents the possibility of
process heat co-generation, which can lead to cost reductions, e.g. for industrial or agro-industrial consumers.
Given these perspectives, pilot/demonstration endeavors aiming in this direction are under development, such as
the SMILE (Solar-hybrid micro-turbine systems for co-generation in agro-industrial electricity and heat
production) Project, specifically aiming at hybridization with bio-fuels and co-generation of heat for agroindustrial consumers. In this framework, two pilot solar tower plants are currently under construction, one at the
University of São Paulo campus in Pirassununga, São Paulo; and the other in Caiçara do Rio do Vento, Rio
Grande do Norte (Maag et al., 2015). In the former, an open volumetric air receiver, coupled to a 70 kWe
Organic Rankine Cycle (ORC) module and a bio-diesel backup burner will be employed, whereas in the latter—
the subject of the analysis presented herein—Direct Steam Generation (DSG) cavity receiver powering a 70
kWe steam engine is foreseen, with a backup boiler fired by eucalyptus pellets. Figure 1 provides artist’s views
of the two projects. This work aims at numerically predicting and analyzing the transient response of the DSG
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solar receiver, under realistic irradiation and temperature conditions based on data collected at the installation
site. From this data, as well as on-site observations, a significant amount of single cloud passages, even on clear
days, has been noticed, justifying the use of a transient model. Models for solar receivers and receiver-reactors
have been proposed in the past (Schunk et al., 2009; Hischier et al., 2010; Maag et al., 2010; Le Roux et al.,
2014), including transient ones (Petrasch et al., 2009; Cagnoli et al., 2019; Wheeler et al., 2017, and literature
cited therein).
(a)

(b)

Fig. 1: SMILE Artist’s views of power plant projects in Pirassununga (a), and Caiçara do Rio do Vento (b), the latter being the
system considered here.

2. Methodology
2.1. Heliostat Field
The considered heliostat field, located at 5.71°S, 36.07° W, is composed of 50 units, each having a square, 9 m²
reflective surface, aimed at a focal point positioned atop a 25 m tower. Both the field design and the radiative
flux profiles across the focal plane, inclined by 79° with respect to the vertical, in function of the solar vector,
have been determined previously. The tower setup is schematically shown in Fig. 2.
2.2. Solar Receiver
Fig. 3 shows the original SG4 cavity receiver (Pye et al., 2017). It consists of a steel tube wound into a coil. By
varying the diameter of the windings, two distinct sections are obtained: a receiver plate occupying the
peripheral zone of the focal plane, and a receiver cavity with an aperture at the center of the focal region. Those
are denominated as “Section 1” (“S1”) and “Section 2” (“S2”), respectively. Cold water enters the receiver at
the outermost point of Section 1 and proceeds in a spiral movement towards the center, as the diameter of the
windings decreases, encountering gradually higher radiative fluxes and heating up. Upon reaching the edge of
the cavity aperture, the windings’ diameter is kept more constant, leading the fluid into circling the cavity,
moving upwards. The cavity configuration allows for the reduction of re-radiation and convection losses from
the high-flux, high-temperature region of the receiver.

Fig. 2: Schematic of tower geometry and receiver positioning.
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Fig. 3: Image of ANU’s SG4 cavity receiver (Pye et al., 2017).

An optimization of the system for the specific conditions and design steam outlet conditions (14 bar, 225°C) of
the Caiçara plant has been carried out, yielding outer brim and aperture radii Rbrim = 750 and Rcavity = 500 mm,
respectively, with the cavity height Hcavity being 1000 mm. The average tube outer diameter is 18.9 mm, with a
wall thickness of 2.8 mm. Given the inclination of the focal plane due to the tropical location of the site, it will
be installed almost vertically, with its axis at 11° with respect to the vertical. The solar field efficiency ηsf(φ,θ),
defined as the fraction of radiative power incident on the receiver versus the radiative power incident on the
heliostat field in function of the sun’s position, expressed in terms of azimuth and elevation angles φ and θ, was
computed prior to this work using the Tonatiuh Monte-Carlo ray-tracing software. For the given geometrical
parameters, the design point (sun in Zenith), ηsf was calculated to be 0.795, with 58% of the power reaching
Section 1 and 42% entering Section 2. At a DNI of 800 W m-2, this amounts to a total incident solar power on
the receiver 𝑄˙solar of 286 kW.
For the numerical analysis, the receiver geometry was simplified. For radiative and convective heat transfer
purposes, the skirt is assumed to be a diffuse, specular, flat, annular plate, while the cavity is assumed to be a
diffuse, specular, flat, cylindrical surface with a diameter equal to that of the aperture. On both surfaces, uniform
radiative and convective properties and heat fluxes are assumed. A total absorptivity α of 0.95 and a total
emissivity ε of 0.85, typical values for a selective coating, such as Pyromark, are applied. Both sections are
insulated by a ceramic foam layer with thermal properties based on those of Thermofelt blanket insulation, that
is, a specific heat cp,c of 480 kJ kg-1 K-1 and a heat conductivity kc of 0.04 W m-1K-1. For the tube, properties for
steel (cp,s = 512.25 kJ kg-1 K-1, ks = 18.8 W m-1 K-1) were used. All parameters are assumed to be constant over
the considered temperature range. A schematic of the simplified system is shown in Fig. 4. The thickness of the
ceramic layer (xc) is 200 mm and that of the steel layer (xs) is 18.9 mm.

Fig. 4: Simplified reactor geometry, geometric parameters, and variables considered in the transient lumped-element model.
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The system is modeled as consisting of four discrete lumped elements, those being the steel tube and the
insulation of each section. Fig. 5 shows an infinitesimal receiver element and the considered lump diagram
applied to both sections.

Fig. 5: Infinitesimal element and lump diagram for the considered system.

No heat transfer and fluid dynamic effects within the tube are considered at this stage of the analysis, thus
assuming infinitely fast heat transfer through the tube wall and into the fluid, as well as uniform temperature in
the tube, justified by its Biot number (Bi = h×Lc/k of 0.001). For each steel and ceramic (“s” and “c”) element
and section (i = {1,2}), the energy conservation equation is formulated, yielding:

𝑚s,𝑖 𝑐𝑝,s

d𝑇steel,𝑖
d𝑡

= 𝑄˙solar,𝑖 − 𝑄˙refl,𝑖 − 𝑄˙rerad,𝑖 − 𝑄˙conv,𝑖 − 𝑄˙wall,𝑖 − 𝑄˙net,𝑖

(eq. 1)

𝑚c,𝑖 𝑐𝑝,c

d𝑇ins,𝑖
d𝑡

= 𝑄˙wall,𝑖 − 𝑄˙cond,𝑖

(eq. 2)

Net power transferred to the water/steam in each section i is:
𝑇
𝑄˙net,𝑖 = 𝑚
˙ ∫𝑇 out,𝑖 𝑐𝑝,H2O (𝑇H2O )d𝑇H2O

(eq. 3)

in,𝑖

with Tin,2 = Tout,1.

𝑄˙refl,𝑖 = (1 − 𝛼𝑖 )𝑄˙solar,𝑖 , where the cavity’s apparent absorptivity is α2 =
αapp,cavity = 0.99. Re-radiation losses for the two sections are 𝑄˙rerad,1 = 𝐴1 𝜀𝜎𝑇s,1 and 𝑄˙rerad,2 =
𝐴ap 𝜀app,cavity 𝜎𝑇s,2, respectively, with σ = 5.6704·10-8 W m-2 K-4 being the Stefan–Boltzmann constant, 𝐴1 =
Reflection losses are given by

2
2
2
𝜋(𝑅brim
− 𝑅cavity
) the Section 1 (“brim”) surface area, and 𝐴ap = 𝜋𝑅cavity
the cavity aperture area. The

convective heat transfer coefficients (hs,i) to compute natural convection losses are calculated by applying a
Nusselt correlation for an inclined plate (Incropera et al., 2007) for Section 1 (𝑄˙conv,1

= 𝐴1 ℎs,1 (𝑇s,1 −

𝑇∞ )). For the inclined cavity (𝑄˙conv,2 = 𝐴2 ℎs,2 (𝑇s,2 − 𝑇∞ )), a different method was considered, proposed
by Leibfried and Ortjohann (1995). 𝐴2 = 2𝜋𝑅cavity 𝐻cavity is the inner cavity mantle area. The coefficients
for convective heat transfer between the back side of the reactor and ambient (hc,i), used in Eqs. (6) and (7), are
calculated similarly.
Given the isothermal assumption for the steel coil, conduction through the steel/insulation interface wall is
obtained by applying the 1D Fourier equation to the plane Section 1 and cylindrical Section 2:
𝐴 𝑘 (𝑇s,1 −𝑇c,1 )
𝑄˙wall,1 = 1 c 0.5𝑥

(eq. 4)

2𝜋𝐻cavity 𝑘c (𝑇s,1 −𝑇c,1 )
𝑄˙wall,2 = 𝑙𝑛(𝑅 ⁄𝑅 )

(eq. 5)

c

c,mid
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while for conduction losses through the back side of the insulation ( 𝑄˙cond,𝑖 ), the electrical circuit analogy is
applied:
−1

0.5𝑥
1
𝑄˙cond,1 = 𝐴1 (𝑇c,1 − 𝑇∞ ) ( 𝑘 c + ℎ )
c

(eq.

c,1

6)
𝑙𝑛(𝑅c,out ⁄𝑅c,mid )
𝑄˙cond,2 = 2𝜋𝐻cavity (𝑇c,2 − 𝑇∞ ) (
+𝑅
𝑘

1

c,out ℎc,2

c

−1

)

(eq. 7)

The total heat losses by each section i are defined as:

𝑄˙loss,,𝑖 = 𝑄˙refl,,𝑖 + 𝑄˙rerad,,𝑖 + 𝑄˙conv,,𝑖 + 𝑄˙cond,𝑖

(eq. 8)

Water mass flow rate 𝑚
˙ is the only parameter used to control the outlet steam temperature, keeping it constant
at Tout. Using Eq. 3, the required flow rate at any time t can be determined, via an iterative step in order to ensure
Tout,1(t) = Tin,2(t). A steel temperature Ts = Tout + 25°C is chosen as threshold to start water feeding and thus
receiver operation. The shutdown criterion is

𝑄˙solar,𝑖 ⩽ 𝑄˙losses,𝑖 , i.e. no solar power for steam generation

being available in any of the two sections. Pressure losses in the tube are neglected. Time discretization was
carried out by the Forward Euler Method. A ∆t of 3 seconds proved sufficient for ensuring numerical stability.
3. Validation
For validation purposes, a comparison of receiver efficiency and injected water mass flow between the transient
and a previously formulated steady-state model was carried out at selected days, times, and DNI values. The
results are presented in Fig. 6, showing receiver efficiency on January 21 st (a) and June 21st (b), 2014, as well as
water inlet mass flow on the same days (c and d, respectively) for different DNI sets (1,000, 900, 800, and 500
W m-²), at three different times (solar noon “SN” = 11:35 h, SN + 2 h, and SN + 4 h, UTC-3) of January and
June 21st, 2014, considering a pressure of 35 bar, water temperature of 80°C, and steam temperature of 250°C.
Comparison of receiver efficiencies and mass flows shows a good agreement for all considered days, DNI and
for t = SN (Solar Noon, i.e. 11:35 h) and t = SN + 2 h, while overestimating efficiency and underestimating
mass flow for SN + 4. This is attributed to missing heat transfer and fluid dynamic effects within the tube, not
considered yet for the transient model, which may cause discrepancies when operating far from design point.

Fig. 6: Comparison of transient results with those of a previously formulated steady-state model at selected times: SN (Solar Noon =
11:35 h). SN + 2 h, and SN + 4 h. The parameters are receiver efficiency on January 21 st (a) and June 21st (b), and inlet water mass
flow on the same days (c) and (d).
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4. Results
From the available meteorological data set, covering 12 months between February 2018 and January 2019, the
date of May 5th, 2018, was arbitrarily chosen for the simulations, given the highly-transient behavior of DNI on
that specific day. The thermal behavior of the receiver for p = 14 bar, Tin = 45°C and Tout = 225°C is shown in
Fig. 7. The results show a more sensitive behavior of tube temperature on DNI variations, the temperature
decreasing pari passu with intermittencies. This trend is also found in Section 2, albeit in a smaller scale, which
is attributed to the higher thermal inertia and lower re-radiation losses thanks to the cavity effect. As mentioned
above, the set threshold for Ts of 250°C can easily be seen.

Fig. 7: DNI, temperatures, and H2O mass flow in function of time on May 5th, 2018.

These steel and ceramic temperature variations due to the transient nature of the DNI can be seen in more detail
in Fig. 8, which shows the start-up, cloud passage, and shutdown phase of a typical day (May 5th, 2018). As can
be noticed, the operational temperature is reached ca. 0.4 h after sunrise, with Section 1, due to lower mass,
taking only half of this time. During a ca. 15 min cloud passage causing a sudden drop of DNI from 800 W m-2
to almost zero and back, a small drop (ca. 25°C) is observed in Section 1, whereas the temperature of Section 2
remains practically constant. Finally, during shutdown, a remaining temperature of 90°C for Section 2 is
observed at 24:00 h, 7 h after sunset. Due to its thermal mass, the ceramic insulation never reaches steady-state
conditions for the given parameters.

Fig. 8: DNI, inlet water mass flow, and temperature behavior during start-up (a), cloud passage (b), and shutdown (c) on May 5 th,
2018.

Figure 9 shows the overall energy balance during the considered 24 h period on May 5 th, 2018. Thermal losses
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are small in comparison to the receiver net power, re-radiation being the major component (4.7% of total
radiative energy incident on the receiver), followed by reflection (3.3%). Losses by conduction through the
insulation and convection are negligible (< 1%). Net heat transferred to the fluid over the day is 1,319.2 kWh, or
91.73% of incident solar power, which corresponds to this day’s overall receiver efficiency ηreceiver.

Fig. 9: Sankey diagram with incident radiation, solar field and thermal losses, as well as heat to water energy flow on May 5 th, 2018,
for both sections.

Those results are in agreement with data from literature, e.g. Ma (1993), who reports that convection losses are
low for downward-facing cavity receivers. Hinojosa et al. (2005) also suggested that re-radiation losses are more
significant than convective losses for large temperature differences, such as this case, i.e. temperature difference
between cavity (steel tubes) and ambient being higher than 200 K.

5. Conclusions
A transient lumped-element numerical model was formulated and validated by comparison to a more detailed,
steady-state model, showing good agreement for data points close to the design value. The transient model was
applied to predict the thermal performance of a solar cavity receiver based on the SG4 technology that will be
installed in a 70 kWe pilot plant to be built in Caiçara do Rio do Vento, Rio Grande do Norte, Brazil. Real
meteorological data collected over 24 h at the installation site during May 5 th, 2018, was used as input. The
receiver’s operational temperature of 250°C is reached within less than 30 min after sunrise. Temperature drop
due to a 15 min cloud passage remained below 25°C. Due to its thermal mass, the ceramic insulation never
reaches steady-state conditions for the given parameters. The receiver’s behavior over a complete 24 h period
was simulated. During the simulated period, 1,438.07 kWh of radiative energy reached the reactor. For a desired
steam outlet temperature of 225°C and pressure of 14 bar, the results showed predominance of reflection and reradiation in comparison to convective and conductive losses in both sections. A total steam production of 1,734
kg at above-mentioned conditions is predicted, resulting in an overall reactor efficiency of 91.7%. These results
are in accordance with data from the literature, especially regarding convective and re-radiative losses on the
inner cavity. A good agreement for regarding the receiver performance, whereas for the water mass flow,
especially at 15:35, the results varied substantially, which can be explained by the heat transfer and fluid
dynamic effects within the tube not considered at this stage.
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Nomenclature
𝑚
˙

water mass flow rate, kg h-1

𝑄˙

thermal power, W

𝑇

temperature, °C

𝑡

time, s

Greek letters

𝛼
𝜀
𝜂

absorptivity
emissivity
efficiency

Subscripts
app
c
cond
conv
e
inc
rad
ref
s
sf

apparent
ceramic insulation
conduction losses
convection losses
electric
incident radiation from solar field
re-radiation losses
reflection losses
steel
solar field

Abbreviations
ANU

The Australian National University

DNI

direct normal irradiance, W m-²

DSG

Direct Steam Generation

USP

University of São Paulo

7. References
Cagnoli, M.; de la Calle, A.; Pye, J.; Savoldi, L.; Zanino, R. A CFD-supported dynamic system-level model of a
sodium-cooled billboard-type receiver for central tower CSP applications. Solar Energy, v. 177, p.576-594, jan.
2019. Elsevier BV. http://dx.doi.org/10.1016/j.solener.2018.11.031.
Castro, G. M. Avaliação do Valor da Energia Proveniente de Usinas Heliotérmicas Com Armazenamento do
Âmbito do Sistema Interligado Nacional. 2015. Universidade Federal do Rio de Janeiro, 2015.
Hinojosa, J. F., Estrada, C. A.; Cabanillas, R. E.; Alvarez, G. Numerical study of transient and steady-state
natural convection and surface thermal radiation in a horizontal square open cavity. Numerical Heat Transfer;
Part A: Applications, v. 48, n. 2, p. 179–196, 2005.
Incropera, F.P.; Dewitt, D.P.; Bergman, T.L.; Lavine, A.S., 2007. Fundamentals of Heat and Mass Transfer, 7th
ed. John Wiley & Sons, Jefferson City.
Leibfried, U., Ortjohann, J., 1995. Convective Heat Loss from Upward and Downward-Facing Cavity Solar
Receivers: Measurements and Calculations. J. Sol. Energy Eng. 117, 10. https://doi.org/10.1115/1.2870873.
Ma, R. Y. Wind effects on convective heat loss from a cavity receiver for a parabolic concentrating solar

974

R. Carvalho et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

collector. Sandia Report Contract SAND92-7293.
Maag, G.; Oliveira, K. T.; Oliveira, C. E. L. Hybrid Solar Tower Pilot Plants for Co-Generation of Heat and
Power for Brazilian Agro-Industry. In: Proceedings of ISES Solar World Congress 2015, November 2015,
Daegu, South Korea.
Oliveira, A.; Salomão, L. A. Setor elétrico brasileiro: Estado e mercado. Rio de Janeiro, RJ: Synergia Editora,
2017. ap. 6. (FGV energia). ISBN 978-85-68483-53-4.
Paitoonsurikarn, S., Lovegrove, K., 2006. A new correlation for predicting the free convection loss from solar
dish concentrating receivers. Proc. 44th Conf. Aust. New Zeal. Sol. Energy Soc. (ANZSES), Canberra, Aust. 1–
9.
Petrasch, Jörg; Osch, Philippe; Steinfeld, Aldo. Dynamics and control of solar thermochemical
reactors. Chemical Engineering Journal, v. 145, n. 3, p.362-370, jan. 2009. Elsevier BV.
http://dx.doi.org/10.1016/j.cej.2008.07.051.
Pye, J.; Coventry, J.; Venn, F.; Zapata, J.; Abbasi, E.; Asselineau, C.; Burgess, G.; Hughes, G.; Logie, W., 2017
Experimental testing of a high-flux cavity receiver. AIP Conference Proceedings, v. 1850, p. 9

975

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Photovoltaic Distributed Generation Connecting to the Grid: Analysis of Solar
Incident Irradiation and Electricity Generation in the Federal University of
Ceara
Douglas A. C. Costa1, Paulo C. M. Carvalho2, Bruno F. Menezes, Francisco J. R. Silva3, Obed L.
Vieira2, Fellipe S. Soares2 and Pollyana R. Carvalho2
1

Federal Institute of Education, Science and Technology of Ceara (IFCE), Cedro, Ceara (Brasil)
2
3

Federal University of Ceara (UFC), Fortaleza, Ceara (Brasil)

UniFanor Wyden University Center (UNIFANOR), Fortaleza, Ceara (Brasil)
3

University Center September 7 (UNI7), Fortaleza, Ceara (Brasil)

Abstract
This article presents an analysis, in August 2017, about the characteristics of solar incident irradiation and the
electricity generation from a photovoltaic (PV) distributed generation (DG), installed in the Laboratory of
Alternative Energies (LEA) and connected to the grid of Pici Campus/UFC, Fortaleza/CE, Brasil. Data
collection of solar irradiation and the electricity generation from the PV DG occurred in August 2017 through an
acquisition system; the data are analyzed through the monthly average daily generation (𝐺𝑚ê𝑠 ), monthly average
global irradiation (𝐼𝑔𝑚ê𝑠 ), average capacity factor PV (𝐹𝐶𝑚𝑒𝑑 ), efficiency of the PV DG (е𝐹𝑉 ), standard
monthly sample standard deviation (𝑠𝑚 ) and the Pearson coefficient of variation (𝐶𝑉𝑃𝑚 ). A 𝐼𝑔𝑚ê𝑠 of 6.04
kWh/m², within a little dispersed band, with 𝐶𝑉𝑃𝑚_𝑖𝑔 of 0.0810. A 𝐺𝑚ê𝑠 of 8.65 kWh, with 𝐹𝐶𝑚𝑒𝑑 of 24.04%, in
a low dispersion band, with 𝐶𝑉𝑃𝑚_𝐺 of 0.0736, thus reflecting in the electricity generation the high values
irradiation of the region in which the study was performed. The average е𝐹𝑉 of the period under study was
14.71%, showing, also, that a high irradiation does not mean that the PV DG will have a high е𝐹𝑉 .
Keywords: Distributed Generation, Solar Energy, Photovoltaic Generation, Capacity Factor, Solar Irradiation.

1. Introduction
The electric power generation in Brazil is predominantly renewable, with renewable sources participated with
81.7% and hydraulic generation accounts for 68.1% of the Brazilian electric energy matrix in 2016 (EPE, 2017).
The electricity rationing program in 2001 due to the lack of rainfall, which caused a critical state in the
hydroelectric reservoirs, led the country to increase the participation of alternative sources of energy. Noting
that in Brazil, although the hydraulic source is renewable, this is not an alternative source, since it is the main
source of Brazilian electricity.
The need for new electric energy sources means that the regional potential is taken advantage of shaping
changes in the generation model, which tend to seek the decentralization and diversification of the Brazilian
electric energy matrix. The economic incentives, cost reduction and rapid technological development allow the
use of photovoltaic (PV) plants connected to the electricity grid in a simple, efficient and profitable way (Lima,
Ferreira and Morais, 2017).
On the other hand, there are some technical disadvantages, especially in relation to the questionable capacity of
the current electrical networks. One of the main concerns with PV generation is intermittence, where electricity
production is concentrated within a limited fraction of the time. In general, these hours do not correspond to
peaks in the characteristic demand of daytime activity cycles, especially in urban systems. In this way, the
electricity generation from PV generation may not be effective in responding to peaks in demand (Piano and
Mayumi, 2017).
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In recent years Latin America has experienced a high devaluation of the regional currencies, causing inflation
and, thus, increases in electricity tariffs in these countries, so the PV systems have accelerated investment parity
(Cadavid and Franco, 2017).
In the same way the investment parit can be accelerated with a good average daily global irradiance, which in
Brazil varies from 12 MJ/m² (3.33 kWh/m²) to regions located in the South and Southeast of the country up to
20 MJ/m² (5.55 kWh/m²) in the Northeast (Cresesb, 2000). Brazil has extremely favorable solar irradiation
conditions, but PV generation plays a small role in the country (Shimura et al., 2016). The state of Ceara (Ce)
has one of the highest solar incidence rates in the Brazilian territory, making it eligible to receive investments
for the installation of solar PV plants.
In 2011, the first PV plants, resulting from the Public Call ANEEL13/2011, Strategic Project: "Technical and
Commercial Arrangements for the Insertion of Solar Photovoltaic Generation in the Brazilian Energy Matrix"
(ANEEL, 2011) begin the operation phase and promote the knowledge about the dynamics of installation of PV
plants (Barbosa et al., 2014).
The PV generation in Brazil in 2016 was 85 GWh, although this year it represented only 0.01% of the country's
domestic electric power generation supply (EPE, 2017), this generation has been increasing significantly since
2012, when Normative Resolution No. 482/2012 was issued, which provided the bases and conditions for the
use of PV distributed generation (DG), which caused an increase in PV generation of 42,500% in 2016
compared to 2012. For a more recent comparison it can be stated that increased by 44.07% in 2016 when
compared to 2015 (EPE, 2017).
Normative Resolution nº 482/2012 created in Brazil a credit compensation system (ANEEL, 2012), in which the
PV DG installed in a residence can access the distribution network and supply the electricity needs of this
residence, totally or partially, through the energy compensation system, boosting the installation and
dissemination of PV DG throughout the country. PV DG stands out in relation to other renewable sources
because it can be quickly installed in shops and residences, as well as being a quiet and clean electricity source
that occupies idle places, characteristics that make it the best choice for the urban environment.
The year 2016 was marked as the year in which the electricity produced by the solar source was cheaper than
the energy produced by the wind power source. In 2016, the world's smallest solar energy supply contract was
signed with U $ 2.44 cents/kWh (Global Market Outlook, 2017).
Social perspectives can avoid conflict barriers for the introduction of PV DG on a scale of public utility and
suggest socially acceptable solutions for technical and economic issues (Frate and Brannstrom, 2017).
Lima, Ferreira, and Morais (2017) analyzed the performance of a 2.2 kWp PV system installed at the State
University of Ceara, Fortaleza, Brazil. The system was monitored from June 2013 to May 2014, with efficiency
of all panels, inverter and PV DG of 13.3%, 94.6% and 12.6%, respectively. The annual capacity factor of PV
DG was 19.2%.
Costa et. al. (2017) presented a study about characteristics of a PV DG installed in the urban area of
Fortaleza/Ce, Brazil. The data collection of this PV DG is carried out from July to December 2016. The capacity
factor in the period studied reached a maximum value of 25.63% in September and a minimum value of 20.13%
in December, showing a great generation potential.
This article presents an analysis, in August 2017, about the characteristics of solar incident irradiation and the
electricity generation from a photovoltaic PV DG connected to the grid of Pici Campus, Fortaleza/CE, Brasil. In
the present study allowed us to draw a panorama of the generation of a PV DG in the month of August 2017 for
the city of Fortaleza.

2. Mathematical Formulation
2.1. Monthly average daily generation
The average monthly generation in month m (𝐺𝑚𝑡ℎ 𝑚 ) is the average of daily generations of all days that
presented measurements, according to Equation 1, where 𝐺𝑑𝑎𝑦 𝑘 is the total day 𝑘 electricity generation and 𝑛 is
the number of month days that presented PV generation measurements. The 𝐺𝑚𝑡ℎ 𝑚 reveals the average amount
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generated per day by the PV DG in month m, its unit being kWh.

𝐺𝑚𝑡ℎ 𝑚 =

∑𝑛
𝑘=1 𝐺𝑑𝑎𝑦 𝑘

(1)

𝑛

2.2. Daily average global irradiance
The overall monthly average daily radiation in the month m (𝐼𝑔𝑚𝑡ℎ 𝑚 ) is the average daily global irradiation
with every day that showed measurements, according to Equation 2, wherein 𝐼𝑔𝑑𝑎𝑦 𝑘 is the total day 𝑘
irradiation and 𝑛 is the amount of days of the month that presented irradiance measurements. The 𝐼𝑔𝑚𝑡ℎ 𝑚
reveals the average amount of irradiation at the site where the study is done, its unit being kWh / m².

𝐼𝑔𝑚𝑡ℎ 𝑚 =

∑𝑛
𝑘=1 𝐼𝑔𝑑𝑎𝑦 𝑘
𝑛

(2)

2.3. Average capacity factor PV
One of the indices to be evaluated is the mean capacity factor PV (𝐹𝐶𝑎𝑣𝑔 ) calculated according to Equation 3,
the index is based on the value of the total electricity generated in a given time period (𝐸𝑔𝑡𝑜𝑡𝑎𝑙 ) in kWh, the
nominal power of the PV plant (𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ) in W and the time period analyzed (ΔT) in h. The 𝐹𝐶𝑎𝑣𝑔 shows the
ratio percentage of how much electricity was effectively generated in a given period of time in relation to how
much energy could be generated if the PV DG always operated with the 𝑃𝑛𝑜𝑚𝑖𝑛𝑎𝑙 .

𝐹𝐶𝑎𝑣𝑔 = (𝑃

𝐸𝑔𝑡𝑜𝑡𝑎𝑙
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 ∗𝛥𝑇

) ∗ 100%

(3)

2.4. PV DG efficiency
The efficiency of PV DG (е𝑃𝑉 ) is the ratio percentage of how much energy is generated by the PV system in
relation to the incident solar irradiation, being calculated taking into account the total area of the PV modules.
The system, under study, has a useful area (𝐴𝐷𝐺 ) of 9.7416 m².

е𝑃𝑉 = (𝐴

𝐸𝑔𝑡𝑜𝑡𝑎𝑙

𝐷𝐺 ∗ 𝐼𝑔𝑚𝑡ℎ

) ∗ 100%

(4)

2.5. Monthly sample standard deviation
The monthly sample standard deviation (𝑠𝑚 ) is an absolute dispersion measure around the mean value of the
data and has the same unit of the studied variable. The 𝑠𝑚 reveals how scattered the measured data are in
relation to the average in the interval of one month, that is, the smaller the 𝑠𝑚 the smaller the monthly variability
of the data. Equation 5 presents the formula for calculating this index, where 𝑥̅ is the mean of the variable that
the standard deviation is desired and 𝑥𝑖 is the value of the variable in 𝑖.
2
∑𝑛
𝑖=1(𝑥̅ −𝑥𝑖 )

𝑠𝑚 = √(

𝑛−1

)

(5)

2.6. Monthly PV Pearson coefficient of variation
The monthly PV Pearson coefficient of variation (𝐶𝑉𝑃𝑚 ) is a relative dispersion measure that shows the ratio of
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the standard deviation to the mean, being calculated by Equation 6.
𝑠

𝐶𝑉𝑃𝑚 = ( 𝑥̅𝑚 )

(6)

From 𝐶𝑉𝑃𝑚 , which is a measure of relative dispersion, it is possible to classify the sample data collected,
empirically, in dispersion levels, as shown in Table 1.
This coefficient is essential for an analysis of the intermittence, allowing an interpretation about different
sample groups of the data, thus being able to compare datasets.

Table 1: The sample data Classification on the 𝑪𝑽𝑷𝒎 basis

𝐶𝑉𝑃𝑚 Range

Data classification

𝐶𝑉𝑃𝑚 < 0,15

Low dispersion, homogeneous, stable.

0,15 ≤ 𝐶𝑉𝑃𝑚 < 0,30

Average dispersion.

𝐶𝑉𝑃𝑚 ≥ 0,30

High dispersion, heterogeneous.

3. Materials
The present study was carried out in the PV DG system installed in the LEA (Alternative Energies Laboratory)
at the Federal University of Ceará (UFC), Fortaleza, Brazil, with UTM (Universal Transverse Mercator)
coordinates: latitude 3º44 '15' S and longitude 38º 34 '' 22 '' W, Figure 1 shows the LEA/UFC Location. The PV
generation system has a nominal power of 1.5 kWp, consisting of 6 PV modules, from the manufacturer Yingli
Solar, connected in series with individual power of 250 kWp. The modules have individual dimensions, 1.64
meters long and 0.99 meters wide, resulting in 𝐴𝐺𝐷 of 9.7416 m².

Figure 1: LEA/UFC Location.

979

D. Costa et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Figure 2 shows the PV DG and the connection point - signaled by the red arrow - to the single-phase lowvoltage power distribution network with a nominal voltage of 220 V from the Pici Campus/UFC. This
connection is carried out by means of a frequency inverter, model PHB1500-SS, manufactured by PHB
Electronics, designed for a maximum power of 1.8 kW, with nominal voltage of 220 V, unit power factor,
maximum efficiency of 97 % and harmonic distortion rate less than 5%.

Figure 2: PV DG installed in the LEA / UFC and the network connection point of the Pici Campus.

The monitoring of the electricity generation data is carried out through a Datalogger, also of the PHB Eletronica,
connected by RS485 communication to the inverter. The data is collected in each 10 minute and sent to storage
on PHB's web server by the internet and made available for access in .xls format.
Similarly, local irradiance data are monitored by a data acquisition and control system, consisting of a
programmable logic controller (PLC), Twido TWDLC-E40DRF, and a Hukseflux pyranometer model LP02,
which is next to the PV DG. In order to acquire this data, the SCADA system was used with the PLC connected
to a CPU (Central Processsing Unit) with a monitor.
The flowchart of the data acquisition systems are shown in Figure 3, the data of the two systems being accessed
through the computer by .xls file.

Figure 3: Data acquisition systems for electricity generation from PV DG and local irradiation.
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4. Results and Discussion
In August, there were 31 days with irradiation measurements, with 𝐼𝑔𝑚𝑡ℎ of 6.04 kWh/m², with 𝑠𝑚_𝑖𝑔 of 0.4895
kWh/m² and 𝐶𝑉𝑃𝑚_𝑖𝑔 of 0.0810. The 𝐶𝑉𝑃𝑚_𝑖𝑔 shows that this month the daily irradiation has low dispersion, so
the average represents well the measured data.
Figure 4 shows the irradiation behavior on the days of August; the highest irradiance was observed on
08/23/2017, with 6.65 kWh/m² and the lowest on 08/19/2017, with 4.38 kWh / m².

Figure 4: Average daily irradiation near the PV DG in August 2017.

There were 31 days with measurements of the electricity generated by the PV DG, with 𝐺𝑚𝑡ℎ of 8.65 kWh, with
𝑠𝑚_𝐺 of 0.6366 kWh and 𝐶𝑉𝑃𝑚_𝐺 of 0.0736. The 𝐶𝑉𝑃𝑚_𝐺 show that this month the daily electricity generated
has low dispersion. The PV 𝐹𝐶𝑎𝑣𝑔 of August was 24.04%.
Figure 5 shows the behavior of PV DG on the days of August; the highest generation of electricity was observed
on 08/23/2017 at 9.50 kWh and the lowest on 08/19/2017 at 6.60 kWh.

Figure 5: Electricity Generated per day by PV DG in August 2017.
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The 10/08/2017 was chosen as the representative day of August, since 𝐹𝐶𝑎𝑣𝑔 of the day was 24.17%, showing
5.04% greater than the 𝐹𝐶𝑎𝑣𝑔 monthly. The irradiation of the day approaches 𝐼𝑔𝑚𝑡ℎ , having irradiation of 6,12
kWh/m², that is, only 1.32% greater than 𝐼𝑔𝑚𝑡ℎ . The electricity generated by PV DG was 8.70 kWh, only 5.78%
lower than 𝐺𝑚𝑡ℎ .
Figure 6 shows the behavior of PV DG and irradiation in August 2017 through the representative day. The PV
power supplied, Figure 6.(a), tends to follow the irradiation curve, Figure 6.(b).

Figure 6: Curves for the August representative day (10/08/2017): (a) PV power supplied

; (b) Irradiation

Figure 6 shows a solar incidence with clouds in the morning and in the afternoon there is a direct and clean
incidence – without clouds - until the period close to 18 hours. This shows a generation with fewer peaks in
generation in the afternoon, precisely the peak hour period of the electric power system, thus helping to maintain
system stability.
Table 2 shows in detail the data obtained from the PV DG installed in the LEA-UFC on the days of August
2017, with ∆𝐺𝑚𝑡ℎ being the generation in kWh/m².
The average е𝑃𝑉 in the month of August was 14.71%, close to the nominal е𝑃𝑉 of 15.40%. The highest е𝑃𝑉 ,
with a value of 15.47%, occurred on 08/19/2017, day with electric power generation of 6.6 kWh, 𝐹𝐶𝑎𝑣𝑔 of the
day was of 18.33% and irradiation of 4.38 kWh/m², and on this day the lowest irradiance of the month occurred,
thus the lowest electricity generation, showing that е𝑃𝑉 does not depend only on irradiation.
The largest electricity generation was 9.50 kWh, obtained on 08/23/2017, with е𝑃𝑉 of 14.66%, which is below
the monthly average.
The lowest е𝑃𝑉 , with a value of 14.15%, occurred on 08/21/2017, day with electric power generation of 9.0
kWh, 𝐹𝐶𝑎𝑣𝑔 of the day was 25.00% and irradiation of 6.53 kWh/m², and this was a day with high 𝐹𝐶,
emphasizing, therefore, that besides the irradiation, the temperature of the panels also affect the е𝑃𝑉 .

Table 2: Data from PV DG installed on LEA-UFC in August 2017.
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Day

∆𝐺𝑚𝑡ℎ (kWh/m²)

𝐺𝑚𝑡ℎ (kWh)

𝐼𝑔𝑚𝑡ℎ (kWh/m²)

е𝑃𝑉 (%)

𝐹𝐶𝑎𝑣𝑔 (%)

01/08/2017

0,9136

8,9

6,07

15,05%

24,72%

02/08/2017

0,8315

8,1

5,45

15,26%

22,50%

03/08/2017

0,9239

9,0

6,14

15,05%

25,00%

04/08/2017

0,9444

9,2

6,31

14,97%

25,56%

05/08/2017

0,8725

8,5

5,79

15,07%

23,61%

06/08/2017

0,9444

9,2

6,38

14,80%

25,56%

07/08/2017

0,8110

7,9

5,60

14,48%

21,94%

08/08/2017

0,9341

9,1

6,28

14,87%

25,28%
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09/08/2017

0,9136

8,9

6,18

14,78%

24,72%

10/08/2017

0,8931

8,7

6,12

14,59%

24,17%

11/08/2017

0,8725

8,5

5,94

14,69%

23,61%

12/08/2017

0,9341

9,1

6,32

14,78%

25,28%

13/08/2017

0,9341

9,1

6,42

14,55%

25,28%

14/08/2017

0,8623

8,4

5,98

14,42%

23,33%

15/08/2017

0,8007

7,8

5,44

14,72%

21,67%

16/08/2017

0,8520

8,3

5,90

14,44%

23,06%

17/08/2017

0,9341

9,1

6,49

14,39%

25,28%

18/08/2017

0,8007

7,8

5,55

14,43%

21,67%

19/08/2017

0,6775

6,6

4,38

15,47%

18,33%

20/08/2017

0,8623

8,4

5,93

14,54%

23,33%

21/08/2017

0,9239

9,0

6,53

14,15%

25,00%

22/08/2017

0,9239

9,0

6,51

14,19%

25,00%

23/08/2017

0,9752

9,5

6,65

14,66%

26,39%

24/08/2017

0,8725

8,5

5,94

14,69%

23,61%

25/08/2017

0,9239

9,0

6,05

15,27%

25,00%

26/08/2017

0,7699

7,5

5,09

15,13%

20,83%

27/08/2017

0,9649

9,4

6,51

14,82%

26,11%

28/08/2017

0,9239

9,0

6,42

14,39%

25,00%

29/08/2017

0,9649

9,4

6,60

14,62%

26,11%

30/08/2017

0,8931

8,7

6,15

14,52%

24,17%

31/08/2017

0,8931

8,7

6,22

14,36%

24,17%

Média

0,8884

8,65

6,04

14,71%

24,04%

Figure 7 shows the behavior of е𝑃𝑉 and 𝐹𝐶𝑎𝑣𝑔 of the PV DG in the month of August 2017, also trying to show
that, despite being counter intuitive, these two variables are not fully interconnected, making it more noticeable
that a larger е𝑃𝑉 is not necessarily linked to a higher electricity generation by the PV system and also that there
is not necessarily a high 𝐹𝐶𝑎𝑣𝑔 when the е𝑃𝑉 is high.

Figure 7: Behavior of е𝑷𝑽 and 𝑭𝑪𝒂𝒗𝒈 of the PV DG in the month of August 2017.
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Figure 8 shows that the electricity curve generated by m² of PV DG in the month of August 2017 tends to follow
the local incident irradiation, so the higher the irradiation in the day, the better the electricity generation tends to
be. Thus, е𝐹𝑉 needs to be optimized based on parameters that do not affect the incidence of maximum local
irradiance of a region.

Figure 8: Behavior of the electricity generated by m² by the GV FV and the irradiation in the month of August 2017.

5. Conclusions
Knowing the generation profile of an energy source is essential for future energy planning and prospecting
studies. The results obtained in the present study allowed us to draw a panorama of the generation of a PV DG
in the month of August 2017 for the city of Fortaleza.
The month of August 2017 presented high values of global irradiation, with 𝐼𝑔𝑚ê𝑠 6.04 kWh/m², in a low
dispersion band for irradiation, with 𝐶𝑉𝑃𝑚_𝑖𝑔 of 0.0810, indicating an environment conducive to the exploration
of a great solar potential.
The PV DG had a high electricity generation this month, reaching 8.65 kWh 𝐺𝑚ê𝑠 , with 𝐹𝐶𝑚𝑒𝑑 PV of 24.04%,
in a low dispersion band for generation, with 𝐶𝑉𝑃𝑚_𝐺 of 0.0736, thus reflecting the high irradiance values of the
region in which the study was carried out.
The е𝐹𝑉 calculated on the days of the month of study revealed that high irradiation does not mean high
efficiency. The highest efficiency measured was 15.47%, obtained on 08/19/2017, but the highest generation of
electricity was 9.50 kWh, obtained on August 23, with a е𝐹𝑉 of 14,66%, lower than the monthly average.
Revealing that the premise of having a higher generation of electricity, due to high irradiance, is equivalent to a
higher efficiency is not true, because other factors should be taken into account, such as panel temperature.
The 10/08/2017 was chosen as representative day, since the 𝐹𝐶𝑚𝑒𝑑 of the day was 24.17%, being the closest to
the 𝐹𝐶𝑚𝑒𝑑 monthly. On this day the irradiation was 6.12 kWh/m² and the electricity generated by the PV DG
was 8.70 kWh.
The daily profile of generation and irradiation, presented in Figure 5, eluded a characteristic peculiar to
Fortaleza; in the morning, a solar incidence with clouds and in the afternoon a direct and clean incidence until
near the 18 hours. Showing a more stable generation in the afternoon, just in the peak hour period of the electric
power system, helping to maintain the stability of the system.
The panorama showed that the city of Fortaleza has good conditions for the exploration of solar energy. As
future work, it is possible to relate other variables, such as panel temperature, ambient temperature and wind
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speed.
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Abstract
In Chile, one of the most vulnerable productive sectors, in the context of climate change, is agriculture. The
country faces the risk of losing high-quality soil surface mainly by desertification, erosion, contamination and
inappropriate agriculture practices. Risk of agricultural land losses constantly rises due to the increasing food and
energy demand, as well as the use of land for human dwellings and industrial operations.
In addition, the rapid growth of the energy sector is highlighted, where Chile has ambitious goals on expanding
non-conventional renewable energies. Here, solar photovoltaics (PV) present high potential due to the high
irradiation levels especially in the northern region of Chile. This, added to decreasing PV system costs, allow solar
PV installations going south closer to the energy consumption poles.
In the context of both trends, a system to combine agriculture with photovoltaics (APV) is presented as an intersectorial solution for food and energy production using the same land benefit from synergy effects like reduction
of water evaporation and protection for crops, especially in arid/semi-arid zones. Additionally, first results of an
APV pilot plant near Santiago of Chile are presented. Finally, conclusions are developed in addition to an outlook
in order to provide a baseline of information for the usefulness of the concept in the country.
Key Words: agrivoltaic, photovoltaic, agriculture, efficient land use, synergy effects, potential in Chile

1. General Introduction
1.1 Context in Chile
Chile commits to reduce GHG emissions by 30 % per unit of gross domestic product (GDP) until 2030 compared
to 2007, not considering land use, land-use change, and forestry (MMA, 2018). Here, the energy sector shows the
highest contribution with 78% of the country's total emissions in 2016 (MMA, 2018). In 2018 the total installed
capacity for electric generation reached 23.3 GW, distributed among 53% thermoelectricity, 26% conventional
hydroelectricity and 21% non-conventional renewable energy (NCRE) which mainly includes solar, wind and
hydraulic plants less than 20 MW (CNE, 2018). Among the different NCRE, solar PV technology represents the
biggest share of electricity injection with 44% in 2018 (CNE, 2018) facilitated by unique climate conditions and
high solar resource, especially in the north, allowing Chile to be one of the very few countries, where several PV
projects have been developed without government subsidies (Nasirov et al., 2018). In recent years, Chile has
significantly increased its NCRE participation mainly due to technology decreasing costs, increasing energy
consumption, high energy dependency from external sources and its price variability, increasing GHG emissions
and the failure of large energy projects due to environmental concerns (Nasirov et al., 2018). The previous has
been boosted by different laws and regulations implemented in recent years wherein with a share of 16.2% in
electric generation in 2018, energetic goals have been already surpassed (7% according to 20.257 law) (CNE,
2018). Beyond this development, Chile’s renewable energy target is at least 70% of the electricity generation by
2050 (MMA, 2018).
However, high-penetration scenarios bring new challenges, which concern socio-environmental impacts. This is
where especially potential land use conflicts between urbanization, industrial activities and agriculture arise,
which are intensified by limited cultivable land due to the particularity of Chile’s geography and climate. Although
Chile has a total continental surface of 75.6 million hectares (ha) its geography is recognizable due to its narrow
strip shape with more than 4 200 km long and a width from 90 to 375 km including two great mountain ranges
(the Coastal Range reaching up to 3 000 m and the Andes reaching up to 7 000 m) making flat terrain scarce
(Odepa, 2017). On the other hand, Chile presents diverse longitudinal and latitudinal climate zones from the arid
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and semi-arid zones in the north, over temperate climates with winter rains in the central zone, to the mildly cold
and rainy zones in the extreme south (Odepa, 2017). This and due to economic factors, cultivated land area is only
2.1 million ha, distributed between annual and permanent crops (61%), sown pastures (19%), and lie fallow (20%)
(Odepa, 2017). Regarding to crops location, 38% of all farms are concentrated in the intermediate depression and
the intermediate depressions´ drylands between the two mountain ranges, almost 28% on both slopes of the coastal
mountain range, followed by the Andean foothills, the transversal valleys, the Andean Range, Chiloe Islands and
the drylands of Near North (Odepa, 2017). Nevertheless, the agriculture, livestock and forestry sector in Chile is
one of the most important economic activities in terms of employment generation particularly in rural areas which
accounted 9% of all employment in Chile in 2018 (INE, 2019). On the other hand it generated only 3% of the
sectorial GDP in 2018 (BANCO CENTRAL DE CHILE, 2019).
As a consequence, innovative solutions like the APV concept (see next sub-chapter) are proposed in order to avoid
land use conflicts, develop new business models based on the usage of solar energy in agriculture, reduce GHG
emissions and adapt to climate change. Land use and potential losses of agricultural land will be demonstrated in
chapter 2 in order to generate understanding for the usefulness of combining the PV market with the agricultural
market.

1.2 APV Concept
In some countries like Germany and Italy, the installation of PV plants on agricultural land has been prohibited
due to increasing land-use conflicts between energy and food production. This is where the concept of
agrophotovoltaic ((Beck et al., 2013), also known as agrivoltaic (Dupraz et al., 2011) is proposed, which allows
the production of food and electricity simultaneously (Figure 3). In order to measure the land-use efficiency, the
Land Equivalent Ratio (LER) is used, which is the sum of the ratio of crop yield and electricity yield with and
without APV. Based on simulation (Beck et al., 2013) obtained land-use efficiencies between 1.35 to 1.73
(Germany) and (Dupraz et al., 2011) between 1.6 to 1.7 (France).
Since PV plants create intermittent shading on the ground level and reducing, therefore, the available sunlight for
crops, studies are needed to understand the requirements of different crops in order to design an APV plant. The
module slope and row spacing of conventional PV plants are often optimized for collecting radiation close to the
winter solstice, which allows radiation to enter at ground level in-between PV module rows. Here, (Beck et al.,
2013) studied vegetation below existing PV plants in Germany, concluding that there is abundant natural
vegetation under and between modules which could be also food crops. Thereby, (Beck et al., 2013) determined
three categories for agricultural crops in temperate latitudes based on their shade tolerance: 1) crops that benefit
from some shading (potatoes, all kind of lettuces, spinach), 2) crops that are not much influenced (rapeseed, rye,
oats) and 3) crops that depend on maximum irradiation and are not suitable for APV (corn, wheat, horticulture).
In addition, simulations of global radiation at ground level between module rows, showed that south orientation
leads to persistent shade behind the module rows during summer, which is relatively independent to PV module´s
elevation and row spacing. Hence, to achieve more uniform radiation on the ground level, a southeast or southwest
orientation is recommended. Furthermore, the amount and homogeneity of radiation at ground level can be
designed within certain boundaries by the choice of PV module technology, the PV system technology (fixed
mounted, single-axis trackers or double-axis trackers) and by the PV plant layout (Dupraz et al., 2011). (Marrou
et al., 2013) carried out studies on the microclimate below two APV systems with different densities during threecycle crops (winter, spring, and summer) in France with lettuce, cucumber, and wheat. This study pointed out that
small APV systems can be handled as open-field production systems, and they recommend confirming these
results under larger systems wherein temperature and wind speed profiles could be different.
Moreover, in high irradiation regions, APV could provide protection to sensitive crops and could even allow
cultivating crops that would normally not grow in these regions (Beck et al., 2013), (Dinesh & Pearce, 2016),
(Yano et al., 2014). CEZA (Centro de Estudios de Zonas Áridas) is studying impacts on crops by partial shading
in the Coquimbo region in Chile with the objective to use water efficiently considering that water consumption of
crops is directly related to the amount of radiation caught by them (CEZA, n.d.).
In 2017 Fraunhofer Chile Research has installed the first three APV pilot plants in South America near Santiago
de Chile, each with a capacity of 12.48 kWp. First results related to the PV design and its impact to the shadow
profile on the ground level as well as on atmospheric micro-climate and electrical generation in the Metropolitan
region are shared in the 3rd chapter which allows to identify challenges but also opportunities given by the
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concept. Derived from the results and also by gathered experiences during the technology transfer project, the
potential of APV and outlook in Chile will be given in chapter 4. The aim of this paper is to give a baseline
information of the usefulness of APV in Chile and the importance of future R&D activities related to the
quantification of synergy effects encompassed by the concept, facilitating techno-economical feasible solutions.

2. Land use and potential losses of agricultural land
2.1 Climate Change
Chile has announced to be highly vulnerable to the adverse impacts of climate change and it exhibits seven out of
nine characteristics described by the United Nations Framework Convention on Climate Change (UNFCCC),
which are: small island countries; countries with low-lying coastal areas; countries with arid and semi-arid areas,
forested areas and areas liable to forest decay; countries with areas prone to natural disasters; countries with areas
liable to drought and desertification; countries with areas of high urban atmospheric pollution and countries with
areas with fragile ecosystems, including mountainous ecosystems (Ministerio de Agricultura, 2013).
By its nature, the agroforestry sector is one of the human socio-economic systems with the greatest links to
climatic conditions making it one of the most vulnerable to climate change. The environmental status in Chile is
described in more detail by (Universidad de Chile, 2016) and climate change projection and impacts on Chilean’s
economy by (CEPAL, 2012). In summary, a gradual trend to higher average temperatures and lower rainfalls is
noticeable and together with anthrophonic activities decreasing water availability especially in the northern and
central zone of Chile in addition to increasing soil degradation mainly by processes of desertification, erosion and
contamination will produce a shift of agricultural activities to the south.

2.2 Urbanization and industrial land
Figure 1 shows the development of the urban and industrial land as well as the agricultural, livestock and forestry
land from 1997 to 2017 (INE, 2018b), where the agricultural land has been decreasing in the last couple of decades
(annual decrease of 66 699 ha/year assuming linear decrease) while on the other hand urban and industrial land
has been increasing (annual increase of 26 752 ha/year assuming linear increase). According to (INE, n.d.) Chilean
population reached 17.6 million in 2017 (32% increase from 1992) and is expected to reach 20.7 million by 2030.
Although, the country does not have a high population density (0.23 people/ha) people are concentrated in urban
areas (88%) with 40% of them in Metropolitan region (RM) (INE, 2018b). In addition, population growth rate in
Chile is expected to increase in the near future (2002-2017: 1.12%; 2017-2030: 1.38%) (INE, n.d.) in contrast to
the world (2002-2017: 1.32%; 2017-2030: 1.02%) (Worldometer, n.d.). Land-use changes and replacement of
agricultural land in RM-Santiago has been discussed in more detail in (Odepa, 2012) and (Poduje, 2006).
The growing population is not only demanding more land by human dwellings but also by land uses for food and
energy production. The growth of the electricity market with a focus on PV will be discussed in the next chapter.

Figure 1 Change of urban and industrial land as well as agricultural, livestock and forestry land in Chile from 1997 to 2017
(own elaboration based on (INE, 2018b))

2.3 Electricity market growth with a focus on the PV market development
According to (CNE, 2018) an increase of 32% of electricity demand to 92 559 GWh until 2030 compared to 2019
is projected. With the expansion of the electricity market, the land demand for energy projects will increase. This
is intensified by the increasing implementation of renewable energies projects, which have lower capacity factors
(eia, n.d.) caused by the fluctuation of its primary energetic resource and higher land-use requirements compared
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to conventional energy sources like nuclear, coal and gas (Fritsche, 2017). According to (Jiménez-Estévez et al.,
2015) PV plants in Chile can reach capacity factors beyond 20% and first results show capacity weighted land use
requirements of 3.69 ha/MW for PV projects.
Figure 2 shows in the left the installed PV capacity by region from 2012 to 2018. The regions have been clustered
in the North (Arica and Parinacota, Tarapacá, Antofagasta, Atacama and Coquimbo Region), Center (Valparaíso
and RM region) and Near South (O’Higgins, Maule, Ñuble and Bío-Bío Region). In the more southern regions,
PV installations larger than 3 MW have not been installed yet. Furthermore, the graph on the right shows PV
projects under construction and projects, which entered the environmental impact assessment system SEIA
(Sistema de Evaluación de Impacto Ambiental). As it can be seen in the graph the PV industry has experienced
rapid growth from only 3 MW in 2012 to 2.3 GW in 2018 with the majority of the installation in the North.
However, the trend can be seen, that over the last couple of years PV plants have been increasingly installed in
the Center and the Near South of Chile. While PV installations in the North demonstrate a share higher than 98%
until 2016, within only two years PV installation in the Center and the Near South reached already a share of 18%
end of 2018. Furthermore, a significant rise of PV installation in the future can be expected considering PV plants
under construction, approved PV projects and under evaluation. Assuming, that all currently approved projects
will be implemented and all projects under evaluation will be accepted a total PV capacity of 21 GW could be
achieved, which would represent an increase of 813% compared to 2018 (CNE, n.d.), (Energía Abierta, n.d.). This
could lead to a land use requirement of 77 424 ha in total (based on 3.69 ha/MW), distributed to 88% in the North,
5% in the Center and 7% in the Near South.

Figure 2 Installed PV capacity (PV plants larger than 3 MW) from 2012 to 2018 (left) and PV projects under construction,
approved and under evaluation SEIA (right) in the three clustered zones: North (Arica and Parinacota, Tarapacá, Antofagasta,
Atacama and Coquimbo Region), Center (Valparaíso and RM region) and Near South (O’Higgins, Maule, Ñuble and Bío-Bío
Region) (own elaboration based on (CNE, n.d.), (Energía Abierta, n.d.))

In summary, decreasing PV system costs combined with sufficient solar resources enabled PV plants installation
not only in the north but also closer to the major poles of electricity consumption in the center-south of Chile. In
conclusion, due to the increasing energy demand and especially the trend of increasing NCRE, which have lower
capacity factors and higher land-use requirements, the demand for more land for energy production will increase
in Chile, especially in locations close to electric consumption considering RM the densest regions.

2.4 Summary and Discussion
The previous chapters are based on literature research, wherein some of the statistically available data are not
updated and/or inconsistent, definitions and methodologies are sometimes unclear, or simply, there are no existing
measurement data public available. Despite this, some trends with adverse impacts on the agricultural sector and
agricultural land availability are pointed out:


Projected movement of climatic zones towards the south, with, decreasing water and high-quality soil
availability are expected



Increasing land demand due to population growth and urbanization processes, especially in RM region

 Increasing land demand for electricity generation, wherein particular PV market dynamics indicate
installations are going south closer to the poles of electrical consumption
Since soil is not only the base of agricultural development but also ecological sustainability, clear regulations are
required. Projects with a certain size that involve soil loss or its capacity to sustain biodiversity due to degradation,
erosion, waterproofing, compaction or presence of pollutants must be submitted to SEIA, based on the law 18.755
from 1989. The characterization of the affected soil is described by (SAG, 2011) and projects that generate
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significant adverse effects on the soil, must present measures of mitigation, restoration or recovery and/or
compensation action (SAG, 2019). This is also crucial for the planning of PV projects above 3 MW.
Nevertheless, one solution in order to preserve high qualitative soil for agricultural activities, avoiding
replacement by urbanization and industrialization processes, and simultaneously producing electricity could be
the concept of APV, like described before and results will be shown in the following chapter.

3. APV pilot plant in RM
3.1 Approach Pilot plants in RM, Chile
In this publication, the first results of one of the three APV pilot plants installed within the competitiveness
innovation fund FIC (Fondo de Innovación para la Competitividad) of the RM region in 2017 will be presented.
The pilot plant with a power capacity of 12.48 kWp (48 poly-crystalline modules) has been integrated into the
vegetable fields of an agricultural farm (azimuth of 295° NW) close to Curacaví. The PV modules are fixed
mounted with an inclination of 27°. Moreover, the PV plant is connected to the electrical grid under the 20.571
law using 3x 2.5 kWp and 1x 5 kWp single-phase inverters in order to increase the number of beneficed people.
The PV plant elevation and row spacing has been optimized based on electricity production and light management
under the given scope of the project and the support of Fraunhofer ISE, Freiburg, Germany. The total area is
256 m2 including row spacing after the last PV row, which represents a module/surface ratio of 27%. The
mounting structure for the elevated PV system is made with galvanized metal posts based on concrete with adapted
posts distance and elevation to allow agricultural activities as it can be seen in Figure 3.

Figure 3 Characterization of different agricultural types of machinery as input for APV design (left); Technical drawing of the
modular APV plant (middle); Photography of the 12.48 kWp APV pilot plant in Curacaví with cauliflower (azimuth 295° NW,
inclination 27°) (right)

In addition, electrical output parameters of the PV plant (current and voltage on AC and DC side) have been
registered by the integrated monitoring systems of SMA inverters with a sampling rate of five minutes and
meteorological data by Campbell CR310 datalogger with a sampling rate of 10 seconds (global horizontal
irradiance (GHI) by Apogee SP-110 silicon-cell pyranometer, air temperature (Tair) and relative humidity (RHair)
by DECAGON Devices VP-4, soil temperature (Tsoil) and volumetric water content (Hsoil) measurement by
DECAGON Devices 5TM. The reference station has been installed outside the APV plant in the same crop field
and the station below the APV plant has been installed in a representative location considering edge effects due
to the small size of the pilot plant as can be seen in Figure 4. The measurement was performed for cauliflower
crop (Brassicaceae, var. Skywalker), during Chilean summer (December 2018 to the middle of March 2019) where
the analysis and results of the agricultural sector are not addressed in this publication. Relevant measurement for
this study includes reference measurement (Tair, RHair, GHI and GHI in the Plane of Array (POA) installed next
to the PV modules) and APV measurement (Tair, RHair, and GHI). Shadow profile simulation has been performed
with SketchUp.
The objective of the analysis and ongoing studies is to estimate the effect of partial shading produced by the PV
system on the growth and yield of vegetable crops in order to derive land-use efficiency considering electrical
(kWh/ha/year) and agricultural (kg/ha/year) production.
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3.2 Results
The increased row spacing of the APV pilot implies 50% less electricity production in comparison to a
conventional PV plant with row spacing avoiding shade on the winter solstice at north orientation. Furthermore,
electricity production losses generated by the sub-optimized orientation to the northwest, in order to increase
homogeneity ground shadowing and allow the alignment of the APV plant to the agricultural field, are 7.5%.
Further electrical losses observed during operation can be seen by a decreasing monthly performance ratio (PR)
from 71% in December, over 67% in January to 58% in February.
Performed shadow profile simulation of the affected zone on ground level by the intermittent shadow generated
by the APV plant can be seen in Figure 4 for the first and last day of the cultivation period at different times (UTC3): in the morning (9 o´clock), at noon (13 o´clock) and in the evening (17 o´clock). As can be seen, the
intermittent shadow moves from the upper left corner to the lower right corner with decreasing impact below the
APV plant during the measurement period. The zone below the APV plant is capturing more irradiation in the
cultivation rows on the right in the morning and in the lower part with GHI values up to 500 W/m2 and more
radiation in the afternoon on the left cultivation rows and in the upper part with GHI values up to 700 W/m 2.

Figure 4 Intermittent shadow profile generated by the APV plant (orange rectangle) at 9, 13 and 17 o´clock (UTC-3) at the
beginning (left) and at the end of cultivation (right); the location of the APV measurement of GHI, Tair + RHair is represented by
the green box and soil temperature and humidity is represented by the yellow box

The GHI profile below and outside the APV plant can be seen on the upper left in Figure 5 exemplary for sunny
days at the beginning and at the end of the cultivation period. This profile under the APV plant represents a
reduction of 19.7% up to 25.2% in the monthly sum of irradiation in comparison to the reference measurement.
Furthermore, the graph shows on the upper right an exemplary profile of the air temperature and relative humidity
below and outside the APV plant and on the bottom the development of the averaged minimum and maximum air
temperature and relative humidity. In this context, the monthly average of the minimum temperatures shows
slightly higher temperatures up to 0.6°C, and maximum values present similar or slightly lower temperatures.
Furthermore, average minimum values of the relative humidity have been up to 3% higher below the APV plant.
Average maximum air humidity values show at the beginning of the measurement period slightly lower values
and then slightly higher values in the middle and the end of the measurement period in comparison to the reference
measurement.
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Figure 5 GHI below and outside the APV plant exemplary beginning and at the end of the cultivation period (upper left);
Exemplary profile of Tair and RHair below and outside the APV plant (upper right); Averaged minimum and maximum Tair
(bottom left) and RHair (bottom right) below and outside the APV during the measurement period

3.3 Summary and Discussion
Related to the PV design electrical generation losses, this can be reduced by further optimization considering
location, micro-climate and kind of crops. Related to the operational electrical generation losses, the PR includes
all electrical production losses (maintenance activities, blackouts, etc.). However, the gradual decrease of PR can
be explained by the increasing impact of soiling during the measurement period. In this time, no cleaning activities
have been performed and no rain with significant impact on the PV output has been registered. Considering the
low occurrence of rain in RM, this is where an installation of a cleaning system is recommended in order to
maintain a high electricity output. Here, one solution could be an automatized system that allows the use of water
for cleaning the PV modules and its re-utilization for irrigation in order to save water.
In terms of air temperature and relative humidity, measurements have been conducted in the row between the
posts in order to protect sensors against agricultural activities, and for maintaining equally setup test conditions
for various cultivation periods. In this sense, they do not exactly have the same treatment as the crops. However,
based on this it can be expected that relative humidity could be even higher and maximum temperatures lower if
measurement would have been conducted in-between the cauliflowers. Nonetheless, it is possible to conclude that
air temperature is less extreme below the APV plant (higher minimum air temperatures and lower/similar
maximum air temperatures) and air humidity is higher.
Related to the chosen design (27% module/surface ratio), a reduction in the monthly sum of irradiation on the
ground level of 19.7% up to 25.2% during Chilean summer has been registered. However, as mentioned before,
the shadow simulation performed shows edge effects due to the small size of the pilot plant (width: 8 m; length:
23 m from the first to the last PV row) making a representative micro-climate and crop yield analysis challenging.

4. Summary and Outlook
4.1 Summary
The agroforestry sector is one of the human socio-economic systems with the greatest links to climatic conditions,
making this activity one of the most vulnerable to climate change. In particular, the following main trends in Chile
have been identified as risks for agricultural land-uses: expected movement of climatic zones to the south, in
particular, less availability of water and high qualitative soil throughout Chile; increasing land demand by
population growth and urbanization processes especially in RM region; increasing land demand for electricity
generation, in particular, PV installation going south closer to the poles of electricity consumption.
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This is where APV is proposed as an inter-sectorial solution for simultaneous electricity and food production to
increase the overall land-use efficiency. Furthermore, the following synergy effects with high potential in the
Chilean context have been identified: avoidance of losses of high productive soil; improve competitiveness of
farmers due to usage of solar energy in agriculture; protection for crops against high solar radiation and thermal
stress as well as reducing water consumption especially in arid and semi-arid zones; reducing GHG emissions;
potential to avoid further land-use changes, and providing secured energy supply in rural areas.
Based on the APV pilot plant results and the literature research, the intermittent shadow profile on ground level
generated by the PV system can be homogenized by the PV system design under certain boundaries. A southwest
and/or southeast orientation should be chosen, if a persistent shade behind the module rows wants to be avoided.
First approaches for the specifications of crop requirements have been done in the form of classification of the
crops in positive, neutral and negative groups in respect to their shade tolerance. Literature and in addition to the
results of this study show that advanced APV designs allow to control under certain limits not only light but also
air temperature and humidity which can be used to optimize growing parameters for crops especially in semiarid/arid climate zones.

4.2 Outlook
If APV would be only combined with shade-tolerant crops (e.g. potato and lettuce) expected future electricity
demand could already be covered without losing further land for electricity production (Table 1).
Table 1 APV potential in Chile based on 644 kWp/ha and 1532 kWh/kWp PV output (CNE, 2018), (INE, 2018a)
Parameter

Surface [ha]

PV capacity [GWp]

Electrical energy
[GWh/year]

Additional demand in 2030
Lettuce

6,237

4

22,292
6,128

Potatoes

41,268

27

41,364

As mentioned before, further research is needed in order to determine crop requirements regarding environmental
parameters and especially solar radiation for different crops in different climatic zones in order to optimize technoeconomically APV plants for electricity and crop production.
In this publication, economical consideration has not been included. APV concept makes a PV project more
expensive mainly due to the elevation of PV modules. However, APV allows to develop new kind of business
models not only considering incomes by electricity and food production, but also savings in land costs due to
efficient land use, less usage of water, protection of crops and the opportunity to improve farmers’ competitiveness
by the development of aggregated-value agricultural activities based on solar energy. However, this phenomenon
must be studied under different PV plant scopes and considering the current national regulation, which are:


Self-consumption: 20.571 “Net-Billing” law for PV plants smaller than 300 kW



Commercialization of energy (Watts Casimis & Pérez Odeh, 2018):
o

PMG/PMGD (Pequeños Medios de Generación / Pequeños Medios de Generación
Distribuida): The 244 Supreme Decree allows the development of distributed generation
projects up to 9 MW and access to stabilized prices

o

Larger PV plants are regulated by the general law of electric services and commercialize
their electrical production in the energy spot market

o

In addition, exist the option to close forward positions in public and private tenders
through bilateral power purchase agreements (PPAs)

In conclusion, the economic considerations for the quantitative value of synergy effects should be addressed in
further research work, wherein the development of long-term sustainable solutions could be strongly supported in
the context of taxes and incentives policies for controlling the consumption of natural resources (soil, water, air)
and its externalities. Finally, the aim of this publication is to raise awareness and the necessity for developing
inter-sectoral solutions that consider synergy effects, and its implementation under a circular-use strategy for
natural resources.
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Abstract

In order to economically optimize the grid connection of a hybrid renewable power plant consisting of
photovoltaic (PV) generation and wind turbines, the simultaneity of production from both energy sources should
be taken into account. In this work, high-resolution feed-in data from such a hybrid power plant was recorded
and evaluated. The results allow for an estimation of maximum energy curtailment in case of an undersized
point of common coupling (PCC). Additionally, it is shown how the ratio between the PV and the wind part of a
hybrid power plant influences the required dimensioning of the PCC for determined accepted levels of energy
curtailment. Finally, a cost comparison for a specific curtailment scenario is performed, demonstrating that it
can be economically beneficial to accept curtailment in exchange for a reduced transformer size.
Keywords: Hybrid power plant, wind power, photovoltaics, curtailment, point of common coupling

1.

Economical drivers for co-using grid connection points

Recent years have brought a sharp reduction of investment cost for utility-scale variable renewable energy
power plants (VRE) such as wind or PV power plants, leading to levelized cost of electricity (LCOE) of less
than 4 €ct/kWh for both technologies in Germany (see Kost et al., 2018), and less than 2 €ct/kWh for PV in
specific projects in other countries (see Clover, 2017). In the attempt to even further reduce cost, the attention of
VRE planners and builders is turning towards the connection to the electrical power grid. Several projects use
the presence of an existing power plant’s connection point for a cheaper grid connection of their planned VRE.
An example for this is shown in Enkhardt (2017), while Gerdes et al. (2017) explain the economical boundary
conditions for this reasoning.
In the case that a PV and a wind power plant share the same grid connection point and possibly even the same
feed-in transformer, the state of the art is to dimension the transformer according to the joint rated power of both
VRE parts together. However, it is known from previous investigation (Gerlach et al., 2011) that at least on
regional or national levels, high rates of injection from wind and from PV have a rather low level of
coincidence. If this is also true for individual sites, it might be worthwhile to use smaller-rated feed-in
transformers and connection points while curtailing the feed-in power in the cases where both VRE do work at
high power.
The goal of this investigation is to demonstrate for a realistic study case by how much the capacity of the grid
connection can be reduced, and how big the total energy loss due to curtailment will be. Additionally, the
optimal ratio between installed wind and PV power for obtaining a minimized power rating of the connection
point and least curtailed energy at the same time is evaluated.

2.

Study case and data acquisition
2.1. Description of the hybrid VRE

In order to answer these research questions on the level of an individual site, a combined PV / wind power plant
situated in Eastern Germany was chosen to serve as a study case. This VRE consists of a 10.3 MWp PV park
and 24 MW of wind turbines. A 20 kV switchgear connects the two feeders of the wind park and the two feeders
of the PV power plant to the grid connection feeder. The VRE is connected to the 110 kV power grid via a 35
MW transformer so that the combined peak power of both power plant parts can be fed into the grid. Fig. 1
shows a sketch of the VRE’s layout.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.19.05 Available at http://proceedings.ises.org
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Fig. 1: Layout of the studied hybrid power plant

2.2. Data measurement and treatment
Within the park-internal switchgear, measurement devices were installed and power measurements with a time
resolution of 5 s were recorded over the course of a year from Sep. 2017 to Sep. 2018. The measurement devices
were positioned at all 5 feeders of the switchgear.
In order to handle this large amount of information, the raw data was treated for subsequent evaluation. The
power of the feeders collecting PV and wind power was summed up respectively. That way, the total power
produced by the wind turbines and by the PV power plant could be distinguished easily. Additionally, the
measured data was downsampled to an effective time resolution of 1 min. A comparative sample analysis
showed no relevant statistical difference between the 1 min and the 5 s data.
Afterwards, the resulting data was normalized for the further evaluation steps:

𝑃𝑃𝑟𝑟𝑟𝑟𝑟𝑟 (𝑡𝑡) =

𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 (𝑡𝑡)
𝑃𝑃𝑛𝑛𝑛𝑛𝑛𝑛

(eq. 1)

In this calculation, Pmeas(t) is the measured total power produced by either PV or wind at any given moment of
time, and Pnom is the nominal power of the wind or the PV part of the VRE. An excerpt of the data set Prel after
treatment for April 2018 is shown in Fig. 2.

Fig. 2: Measured and treated power values for March 2018
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3.

Simultaneity of feed-in from wind and PV
3.1. Coincidence of production

In order to determine the simultaneity of feed-in from wind and PV for the study case, the level of coincidence
of production from both parts of the VRE was evaluated.
Fig. 3 shows a graphic representation of the simultaneity of production. The data points for each minute of the
year are positioned according to their wind and PV power and represented with red dots. The black lines in the
upper right mark the limits of 80 % and 90 % of joint capacity respectively. It can clearly be seen that levels of
high production from both VRE parts occur less frequently than other operation scenarios.

Fig. 3: Simultaneity of power production from wind and PV for study case

3.2. Curtailment times and losses
As shown in an earlier study (see Grab et al., 2019), this can be analyzed further by evaluating the relative
curtailment time tcurt when a single wind or PV power plant or a combined wind / PV plant surpass a certain
level of power Pcurt, which is defined as a fraction of the nominal power of the plant.

𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

∑ 𝑡𝑡 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑃𝑃(𝑡𝑡)> 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
∑ 𝑡𝑡

∙ 100 %

(eq. 2)

It was found that the wind power plant surpassed 80 % of its nominal power for 7.1 % of all evaluated time
points. While the same was true for 3.1 % in the case of the PV part, this only occurred for 0.1 % of all time
points for the combined wind / PV power plant.
If a curtailment at a certain fraction of the nominal power was implemented, the time points with the best power
production would be affected. Luckily, not all of the energy harvested at these moments would be lost, but only
the part surpassing the curtailment level. The energy loss can be calculated by using formula (3):

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =

∑(P(t)−𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 ) 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑃𝑃(𝑡𝑡)> 𝑃𝑃𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
∑ 𝑃𝑃(𝑡𝑡)

∙ 100 %

(eq. 3)

In this case, a curtailment at 80 % of the respective nominal power would lead to an energy loss of 3.87 % for
the wind part, 1.23 % for the PV part, and only 0.04 % for the combined power plant.
Tab. 1 sums up the relative time tcurt when curtailing occurs as well as the energy lost through curtailing Ecurt for
the wind part, the PV part and the combined PV / wind power plant for different curtailment levels Pcurt.
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Tab. 1: Curtailment times and curtailed energy for different curtailment powers

Curtailment power Pcurt Wind power plant

PV power plant

Combined power plant

40 %*Pnom

tcurt = 22.0 %
Ecurt = 27.38 %

tcurt = 13.8 %
Ecurt = 27.32 %

tcurt = 11.6 %
Ecurt = 6.67 %

50 %*Pnom

tcurt = 16.8 %
Ecurt = 18.95 %

tcurt = 10.8 %
Ecurt = 17.80 %

tcurt = 4.0 %
Ecurt = 1.98 %

60 %*Pnom

tcurt = 12.8 %
Ecurt = 12.51 %

tcurt = 8.5 %
Ecurt = 10.31 %

tcurt = 1.2 %
Ecurt = 0.63 %

70 %*Pnom

tcurt = 9.8 %
Ecurt = 7.58 %

tcurt = 5.9 %
Ecurt = 4.71 %

tcurt = 0.4 %
Ecurt = 0.18 %

80 %*Pnom

tcurt = 7.1 %
Ecurt = 3.87 %

tcurt = 3.1 %
Ecurt = 1.23 %

tcurt = 0.1 %
Ecurt = 0.04 %

90 %*Pnom

tcurt = 4.3 %
Ecurt = 1.37 %

tcurt = 0.4 %
Ecurt = 0.09 %

tcurt = 0.0 %
Ecurt = 0.00 %

It can be observed that the reduced simultaneity of production from wind and PV reduces the need for
curtailment considerably. For the present study case, even a curtailment at a threshold of 50 % of the combined
nominal power only leads to an energy loss of 1.98 % of the total energy, far less than for a single wind or PV
power plant. This result is consistent with Gerlach et al. (2011), where energy losses of around 2 – 3 % were
forecast due to “critical overlap” (which corresponds to a curtailment power level of 50 % of Pnom in the present
study case) for many regions in the world, including most parts of Europe, the US west and east coasts, and
eastern China.
This result shows that for combined PV / wind power plant, an undersized PCC and subsequent power
curtailment during coinciding high levels of production from both technologies does not necessarily lead to
important energy losses. The study case demonstrates that strong production from the wind part and the solar
part happen very rarely at the same time, and that this is true not only for regions or countries, but also for
individual sites.

4.

Influence of PV and wind ratio on optimal PCC size

In chapter 3, the curtailment losses of the combined power plant were calculated following the assumption that
the wind and the PV part have the same nominal power. However, this might not be the optimal case.
In an earlier study (Grab et al., 2019), it is shown how the relative dimension of the wind part and of the PV part
of a hybrid power plant influence the curtailment losses for different curtailment levels. For the study case, the
optimal ratio between the two VRE parts where the least energy curtailment occurs was calculated for
curtailment thresholds between 40 and 90 % of Pnom. It was found that the ratio of 1:1 between the wind and the
PV part which was analyzed in chapter 3 is already rather close to the optimum.
In this study, the analysis is reversed: For certain acceptable loss levels, the minimum curtailment threshold
(corresponding to the minimum required PCC size) was calculated depending on the ratio between wind and PV
of the hybrid power plant under consideration. With this knowledge, planners and investors of a hybrid power
plant can assess economically which energy loss is acceptable and find the corresponding reduced PCC size for
a given ratio between wind and PV.
4.1. Methodology
In chapter 3 it is described how the original feed-in data measured in the study case plant was treated. For this
evaluation, the treatment was taken one step further and the data was scaled, thus providing different ratios
between wind and PV:
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𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑡𝑡) =
𝑃𝑃𝑃𝑃𝑃𝑃,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (𝑡𝑡) =

𝑟𝑟

1

𝑟𝑟+1

𝑟𝑟+1

∙ 𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,𝑟𝑟𝑟𝑟𝑟𝑟 (𝑡𝑡)

∙ 𝑃𝑃𝑃𝑃𝑃𝑃,𝑟𝑟𝑟𝑟𝑟𝑟 (𝑡𝑡)

(eq. 4)

(eq. 5)

In this context, r is defined as being the ratio between the nominal power of the PV power plant and the wind
park after scaling:

𝑟𝑟 =

𝑃𝑃𝑃𝑃𝑃𝑃,𝑛𝑛𝑛𝑛𝑛𝑛

𝑃𝑃𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊,𝑛𝑛𝑛𝑛𝑛𝑛

(eq. 6)

PWind,rel and PPV,rel are normalized measurement time series as calculated in (eq. 3).
The value of r was varied from 0.1, which represents a combined power plant with 9.1 % PV share and 90.9 %
wind share, and 100, which means a combined power plant with reversed proportions (see Fig. 4). All
intermediate proportions of wind vs. PV are encompassed in this exercise as specific values of r. A value of r =
1 is equivalent with a PV / wind ratio of 1:1.

Fig. 4: Relation between ratio r and nominal powers of wind park and PV plant

In a similar way as performed in chapter 3.2, the curtailed energy was calculated for different values of r and
Pcurt. For Pcurt, this was done in steps of 0.01 p.u. For r, values between 0.1 and 10 with a resolution of 0.01 were
considered. The result is a matrix with curtailed energy values, thus enabling the identification of areas with
equal energy curtailment.
4.1. Results
This evaluation makes it possible to connect points of equal energy curtailment with plot lines. Fig. 5 shows
such a plot where lines of energy losses from 0.5 % to 2.5 % of the total produced energy are represented.
Depending on the ratio r between the nominal power of the wind and the PV part of the hybrid power plant,
determined amounts of lost energy due to curtailment can be reached for different curtailment powers Pcurt. A
ratio of 1 represents a hybrid power plant where the wind and the PV part are equally dimensioned. To the left
and right side of Fig. 5, the ratios of 0.1 and 10 already hint to the situation of non-hybrid wind and PV power
plants. These extremes mirror the scenario that was discussed in chapter 3. It can be observed that the ratio r
between wind and PV strongly influences the value of Pcurt (and thus the required minimum PCC size).
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Fig. 5: Corresponding power curtailment thresholds for determined energy losses and PV / wind ratios

For a closer look, an evaluation was made where only values of r between 0.7 and 1.5 were regarded (Fig. 6).
An optimal PV / wind ratio can be found for each energy loss level. In Fig. 5 as well as in Fig. 6, these points
are marked with a circle. At these points, the smallest possible value for Pcurt leads to a determined energy loss.
It can be observed that optimal r values for all evaluated loss levels are close to 1. For instance, a loss level of
2 % of the total produced energy can be reached with a curtailment threshold of 49.8 % of the nominal power of
the hybrid power plant if the ideal ratio of 1.03 is chosen. Generally speaking, PV / wind ratios between 0.9 and
1.3 give the best result for all evaluated energy loss levels.

Fig. 6: Power curtailment thresholds - detailed view

Tab. 2 summarizes optimal PV / wind ratios r and resulting minimum curtailment thresholds Pcurt for different
curtailed energy levels Eloss.
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Tab. 2: Optimal PV / wind ratios and minimum required curtailment powers Pcurt for different energy losses
𝑷𝑷𝑷𝑷𝑷𝑷,𝒏𝒏𝒏𝒏𝒏𝒏

Energy loss Eloss

Optimal ratio 𝒓𝒓 =

0.5 %*Etotal

1.04

61.9*Pnom

1 %*Etotal

0.98

56.1*Pnom

1.5 %*Etotal

0.98

52.4*Pnom

2 %*Etotal

1.03

49.8*Pnom

2.5 %*Etotal

1.10

47.8*Pnom

5.

𝑷𝑷𝑾𝑾𝑾𝑾𝑾𝑾𝑾𝑾,𝒏𝒏𝒏𝒏𝒏𝒏

Minimum required curtailment power Pcurt

Economical undersizing of hybrid power plant connection points

When the grid connection of a VRE power plant is being planned, there are typically two factors that limit the
maximum power that can be fed into the electrical grid at the connection point. First, there are possible
restrictions imposed by the grid operator due to the specific capacity of the local grid. The second factor is the
nominal power of the park-internal equipment, for example power converters, switchgear, or a power
transformer which is used if the park-internal AC grid has a different voltage level than the outside grid.
The results derived from the study case and presented above show that for hybrid PV / wind power plants, very
few energy is lost if the maximum feed-in power is curtailed at values that are considerably smaller than the
combined nominal power of both VRE parts. It might therefore be economically beneficial to use equipment
with less nominal power for this kind of VRE. The accumulated energy losses over the years can be compared
with the savings that buying smaller equipment brings. Obviously, it must be ensured in this case that the total
feed-in of the combined VRE never exceeds the power limit of the weakest component. A fast and reliable park
controller which regulates the feed-in of the individual generating units should be used.
A possible approach to demonstrate these economical considerations is to reduce the size of the feed-in
transformer and compare the cost savings with the revenue losses that are caused by the energy curtailment. In
this study, the results from chapter 4 were used to perform this exercise.
Several assumptions and cost estimations had to be done for this evaluation. The hybrid power plant was
assumed to have a total nominal power of 2 MW. In accordance with the recorded data from the study case, the
specific yield of the PV power plant was assumed to be 1150 kWh/kWp and the specific yield of the wind park
1670 kWh/kW per year. This leads to a total yield of the hybrid power plant of between 3.25 Gwh and 2.4 GWh,
depending on the share of wind and PV in the park. Energy costs were varied between 7 €ct/kWh and
3 €ct/kWh, which reflects the range of typical LCOE values for the present and the near future. Transformer
customer prices are difficult to estimate since in many cases, custom-built or second-use units with unlisted
prices will be used in commercial projects. In accordance with Testa et al. (2013) and own experience, the
transformer cost was assumed to be 25 €/kVA for transformers in the 2 MVA range. The power plant lifetime
was assumed to be 20 years.
For this evaluation, the scenario with an accepted energy loss of 0.5 % was used. Depending on the PV / wind
ratio, this leads to a possible reduced transformer size of merely 61.9 % of the total nominal power of the VRE
in the best case, translating into cost savings of up to 19050 €. For other PV / wind ratios, the possible
transformer undersizing and the consequent cost savings are less pronounced.
On the other hand, the curtailment losses of 0.5 % lead to reduced revenue from energy sales which accumulate
over the course of 20 years. These losses vary depending on the electricity price. For easier analysis, prices were
assumed to be the same for electricity from PV and from wind power. However, the different specific yield of

1001

R. Grab et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

PV and wind power plants results in slightly higher financial losses for a hybrid power plant with a larger wind
part for an equal relative loss of energy.
Fig. 7 shows the comparison between the savings due to the reduced transformer size (black line) and the lost
revenue due to energy curtailment (colored lines) for the 0.5 % loss level. If the black cost savings line is above
the colored income loss lines, it is economically beneficial to reduce transformer cost and curtail energy. It can
be observed that in the evaluated scenario, this is not the case for energy prices of 7 €ct/kWh. However, for
energy prices of 5 or even 3 €ct/kWh, it does make sense to reduce transformer size and accept curtailment of
0.5 % of the total energy for most PV / wind ratios.

Fig. 7: Comparison of cost savings due to a reduced transformer size and lost revenue from electricity sale over 20 years in the
case of 0.5 % energy curtailment

Understandably, it highly depends on energy prices if transformer undersizing is beneficial or not. As LCOE
values are expected to evolve faster than transformer prices, the case for reducing transformer size will get even
stronger in the future.
In order to put this result into a proper context, it must be taken into consideration that this evaluation only
compares transformer cost and electricity prices. If power curtailment above a certain limit is accepted, other
cost-reducing factors might include cables, switchgear, or even common power converters for wind and PV with
reduced nominal power. Additionally, the benefits of a lower initial investment in terms of interest payment
should be considered. On the other hand, higher expenses for safety measures such as a reliable and fast
common park controller might arise.
The evaluation was only performed for the case of an accepted curtailment level of 0.5 % of the total produced
energy. This is most probably not the cost-ideal scenario. In future studies, it should be evaluated which
transformer rating and which level of curtailment gives the economically optimal results. However, it should not
be forgotten that this kind of exercise will always be site-specific and lead to different results for each renewable
energy project.

6.

Conclusions and Recommendations

High-resolution feed-in data of a combined PV / wind power plant was recorded and evaluated for a timespan of
one year. The evaluation of this data supports former findings that the simultaneity of production is low for most
sites in Europe. Further analysis shows that less than 2 % of energy is lost due to curtailment for an energy cutoff at as low as 50 % of the total nominal power for the combined PV / wind power plant of the study case. The
ideal ratio between PV and wind for minimum required connection power was found to be close to 1 for all
considered curtailment scenarios. Additionally, it was shown that depending on investment cost and energy
prices, it can be economically beneficial to reduce transformer size and accept a certain level of energy
curtailment.
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Future work could include more study cases and different sites. Additionally, economical cost / revenue
comparisons should be done for different transformer ratings and energy curtailment levels.
An interesting consequence of these considerations could be the retrofitting of existing utility-scale VRE power
plants. Planners and investors could specifically look for existing PV power plants and consider adding a certain
amount of wind turbines to it (or the other way around) without increasing the nominal power of the PCC.
Further economical evaluation in the future could focus on this aspect.

7.
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Abstract
According to some recent studies, the development and improvement in Concentrated Solar Power (CSP) –
Photovoltaic (PV) hybrid technology is considered to be an important future research trend in solar energy field.
Its development was accelerated in recent years with the fast technological maturation in both CSP and PV
systems. Recent works inquiries on optimal sizing, long term performance evaluation and technical-economic
analysis of hybrid CSP-PV plants. Otherwise, it is well know that a proper operation of such large scale
complex system relies on a development and implementation of accurate advanced control and real-time
optimization methods. This paper surveys recent works related to Hybrid CSP-PV power plants. Later, some
important issues related to advanced control, integration and real-time optimization are discussed, open
problems are pointed and a roadmap for future research topics is provided.
Keywords: Hybrid CSP-PV, Advanced Control, Real-time Optimization, Game Theory, Deep Learning

1. Introduction
In the last decade, renewable energy sources have experienced significant growth on its rate of deployment and
investments on the development of new efficient generation units, establishing itself as a sustainable alternative
for conventional power sources. In this scenario, the Sun is the most abundant sustainable source of energy. The
irradiance in the Sun is about 63 MWm−2 and on the Earth‟s surface, it is around 1 kWm−2, providing
considerable power when collected by means of different technologies. (Fernández-García et.al. 2010).
Photovoltaic (PV) and Concentrated Solar Power (CSP) plants are being used for generating electricity from the
sun's energy (Cocco, 2015). Some factors such as efficiency, reliability, cost, power quality, and grid integration
decide the future trends of these plants. A solar power plant needs to deal with problems of cloud cover,
humidity, and air transparency. Moreover, the main source of energy cannot be manipulated as in other power
generating processes. In this scenario, scientific research has been developed for improving the efficiency of
solar power plants from the control and optimization viewpoints (Sigarchian et. al. 2016).
CSP plants are used to produce alternating current (AC) energy, which is of high power quality and matches the
frequency and phase of the existing power grid. In addition, the integration with Thermal Energy Storage (TES)
systems allows the successful production of stable and dispatchable energy from intermittent solar energy.
Moreover, the CSP-TES plants provide more flexibility and reliability for power scheduling and it can play an
important role in future energy systems, with high penetration of renewable energy resources (Mehos et. al.
2016).
Concentrated Solar Power systems are represented as a complex grid, where each element has stationary and
transient losses with changing dynamics, nonlinearities, and uncertainties. The use of control can improve the
efficiency and increase the operational hours, reducing the cost per kilowatt-hour produced. There are numerous
examples in the literature, about advanced control techniques in solar fields using Model Predictive Control
(MPC), adaptive control, gain scheduling, time-delay compensation, optimal control, robust control, fuzzy logic
control, and neural network controllers (Camacho et. al. 2007b).
PV units have a low cost which allowed this technology to be converted into a relevant player in renewable
electricity markets. Nonetheless, it presents dispatchability and stochasticity problems in a short period of time.
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These issues can be overcome by the using of suitable energy storage systems. If compared to PV plants, CSP
plants have better conversion efficiency and the possibility of efficient storage of thermal energy to be
subsequently converted into electricity (Andrade et. al. 2013). A promising solution to mitigate the effects of
variability and intermittency of renewable sources is the use of hybrid storage systems. In the case of solar
energy coupled thermal-electrochemical technologies rise as potential candidates (Xing et. al. 2017).
Research efforts have been devoted to techniques that may help to collect, convert, store and utilize solar energy
(Camacho et. al. 2012, Jebasingh 2016, Camacho et. al. 2007a). In order to answer the following question:
“How to manage solar thermal plants to maximize energy production, minimizing losses, production cost and
equipment wear?”, some solutions based on hybrid model predictive control (HMPC) was proposed for the case
of control of solar large scale fields subject to the action of clouds in parts of the field (Elias et. al. 2019a) and
seeking to use the control of solar collector defocusing as a second degree of freedom (Elias et. al. 2018, Elias
et. al. 2019b). Regarding solar collector defocusing application, recent advanced control techniques based in
state-space MPC and event-based MPC was proposed in Sánchez et. al. (2019b) and Sánchez et. al. (2018),
respectively.
Recently, the combination of the CSP and PV systems has been studied in order to offer fully dispatchable
power at lower energy production costs reaping advantages of both technologies (Xing et. al. 2017). As noticed
in Platzer (2016), in the year of 2016 three projects of this kind were announce for Chile combining in one case
a 130 MW CSP project with a 150 MW PV project by Solar Reserve, and in the other, two cases 110 MW CSP
plus 100 MW PV by Abengoa. As mentioned in Starke et. al. (2018a), the hybridization of CSP and PV plants is
a potential solution to reduce the operational and installation costs and increase significantly the capacity factor.
Indeed, a proper integration between photovoltaic systems, characterized by relatively low cost, and CSP
systems, typified by a certain dispatch capability during low insolation periods, could achieve several benefits
for the new hybrid energy system. The purpose of the hybrid CSP-PV systems is to provide a cost-effective and
reliable energy conversion system. According to Xing et. al. (2016), the CSP-PV hybrid system has several
advantages over the PV or CSP standalone system: better power quality, higher electrical efficiency, and lower
cost. In a CSP-PV hybrid system, PV and CSP subsystems can be independently planned and constructed, and
the hybrid system is integrated together by the electric power dispatching and management system. A detailed
technical-economic analysis of the jointly CSP-PV system can be found in Zhai et. al. (2017).
In CSP units, predictive control strategies use the future prediction of solar irradiation and the effect of its future
variance in the field output temperature and/or energy to decide the best control action to take at the present time
to optimize an objective function. Thus, the better the accuracy of the prediction, the more assertive the decision
making will be, which positively impacts the energy utilization and stability of solar field operation. With
respect to photovoltaic units, solar forecasting can assist in the energy management of storage and demand
response plans (in the case of small and medium-sized micro-grid connected units) and in intra-day market
trading (in the case of large generating units). As exposed in IEA (2013), there exist two main techniques in
evidence in the last years: the all-sky camera methods that are suitable to short-term forecasting (Ravinesh
2017) and the satellite-based methods generally used for short-term forecasting (Ravinesh 2017), but recently
applied for long-term forecasting (Ravinesh 2017).
Advanced control and real-time optimization of this complex integrated power plant are essential in order to
guarantee a stable and dispatchable operation to produce high-quality electricity with scheduled profiles and to
reduce energy losses. Additionally, improvements in the solar radiation forecast systems are desirable in order to
provide an accurate prediction, which is indispensable for an adequate intra-day and daily energy
management/trading planning. In this work, a recent literature survey is first performed in order to point out the
last developments and studied topics in the scientific community with respect to CSP-PV Plants. In sequence,
some uttermost relevant future research “hot” topics in the field of advanced control and real-time optimization
of CSP-PV systems are discussed.
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2. Recent Literature Review
Recently, the scientific community has presented several studies on hybrid CSP-PV plants. Topics such as
optimal design, techno-economic analysis, and energy dispatch have been shown to be the main topics of
interest. Some industrial applications of such new technology are addressed in Cocco (2016), Starke et. al.
(2016) and Pan (2017).
In Starke et. al. (2016) a power generation and economic analysis of two hybrid CSP- PV plant models were
carried out considering parabolic trough or central receiver plants, combined with a PV system and the Atacama
Desert (located in Chile) environmental conditions were considered. Parametric analysis and optimization was
performed to determine the storage and power block sizes for the CSP plants taking into account the Levelized
cost of energy (LCOE), considering a constraint on the capacity factor for supplying baseload energy to the
electricity grid and assuming the PV plant with varying nominal capacity. According to the authors, the
combination of both types of CSP with PV plants had shown a high potential to be implemented in the Atacama
Desert due to the high levels of irradiation available in northern Chile. It was concluded that the main advantage
of the hybridization of a CSP plant with a PV array is reducing the size of the CSP solar field while maintaining
a high capacity factor and lowering the LCOE.
Starke et. al. (2018a) and Starke et. al. (2018b) presented a methodology for design and sizing the same CSP-PV
plant located in Atacama Desert, based on the implementation of a transient simulation model coupled to an
evolutionary optimization algorithm, addressing the tradeoff between costs and capacity factor which leads to a
multi-objective optimization problem. As in previous work, the proposed procedure was applied to analyze two
types of CSP systems: parabolic trough collectors (PTC) and a central receiver system (CRS), coupled to a PV
array. Three objective functions were considered in the multi-objective optimization procedure: the Levelized
Cost of Energy (LCOE), total investment and capacity factor, which yield a Pareto frontier. The decision
variables of this problem were the size of the solar field, thermal storage capacity, PV tilt angle and PV power
ratio. As reported by the authors, the obtained capacity factor was higher than 85%, and the LCOE is lower than
the ones observed for single CSP plants.
A concept of a central receiver concentrating solar power plant operating jointly with a PV unit located in South
was approached in Pan (2017). Various simulation studies under different weather conditions were carried out
for single PV and CSP plants and comparison with hybrid CSP-PV was performed. For this specific case, the
LCOE varied in the range of 0.133–0.157 $/kWh for base load-capable configurations. The enthusiastic result is
due by the high solar irradiation levels found in South Africa and presents the hybrid CSP-PV plants as a
sustainable solution capable to replace the old coal-fired power plants reducing emissions and increasing the
share of renewable sources.
Sigarchian et. al. (2016) proposed a Particle Swarm Optimization (PSO) algorithm as a global optimizer applied
to a hybrid PV-CSP-LPG Microgrid optimal design and sizing problem. A comparison with data from an
exhaustive search, presented in previous work, was performed in order to test and validate the proposed
technique. The proposed PSO method rises as an efficient technique determining a high-quality design solution
with a lower computational cost.
The potential improvements of power dispatchability achieved integrating of Concentrating Solar Power and
Concentrating Photovoltaic (CPV) plants in order to mitigate the effects of solar radiance variability and
intermittency was investigated in Cocco (2016). The studied CSP–CPV plant is the Ottana Solar Facility,
located in the industrial district of Ottana (Sardinia, Italy). The facility consists of a CSP plant based on linear
Fresnel collectors using thermal oil as heat transfer fluid, a two-tank thermal energy storage system (capacity of
about 15 MWh), a 600 kWe ORC power plant, a 400 kWe CPV power plant, and an electrochemical storage
system with a capacity of 430 kWh. For this application, the authors assumed a constant daily power demand
(which is not true in most of real-world cases) and compared the usage of two different energy management
strategies, fully and partially integrated. It was shown that the fully integrated strategy obtained better
performance in terms of annual energy production and maximized the operation time.
Cau et. al. (2015) proposed an algorithm for the optimal management of a hybrid CSP-PV plant with thermal
and electrochemical storage systems using weather forecast data to schedule the optimum generation profile by
maximizing the power production of the integrated plant, while different constraints due to equipment limits are
satisfied. It was presented a comparative analysis between deterministic and stochastic (to take into account the
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uncertainties in weather forecast) strategies. As demonstrated, the use of a stochastic approach allowed
generating more robust solutions those results in an improvement of about 3-5% in the yearly power production.
The optimal design of a hybrid CSP-PV plant was investigated in Petrollese (2016a) in order to evaluate the
optimal design parameters that minimize the energy production cost of the hybrid plant while the plant is
constrained to follow a power output curve characterized by a constant power level. For the same plant, a
techno-economic analysis was carried out in Petrollese (2016b) to evaluate the dispatch capabilities of hybrid
CSP-PV. Authors have shown an enhancement in the ability of the hybrid CSP-CPV power plant to provide
fixed power curves with respect to PV power plants, moreover, the presence of two energy storage sections
improves the ability of the hybrid plant to produce power with programmable profiles.
With respect to the CSP role in the energy market, some recent works can be highlighted. A methodology to
build offering curves for a concentrating solar power plant as a price-taker producer that participates in a poolbased electricity market with the aim of maximizing its expected profit was presented in Dominguez et. al.
(2012). In Usaola (2012) an optimization method that aims to maximize CSP plant revenues by taking into
account daily electricity prices was proposed. A general model framework on the optimal offering strategy for
CSP plants in joint day-ahead energy, reserve and regulation markets, which is robust for solar energy
uncertainty and stochastic for market price uncertainty was discussed in He et.al. (2012). Shafiee et. al. (2017)
proposed an information gap decision theory (IGDT)-based risk-constrained bidding/offering strategy for
merchant compressed air energy storage (CAES) plant that participates in the day-ahead energy markets
considering price forecasting errors. In Yuan et. al. (2017), risk-constrained day-ahead (DA) scheduling
strategies for a virtual power plant (VPP) integrating a CSP with some responsive residential and industrial
loads was proposed considering the uncertainties from electricity price, thermal production of the solar field of
the CSP, and participation factor of residential demand response (RDR). Zhao et. al. (2019) introduced a
stochastic mixed-integer linear programming model, where the objective function is the maximization of the
expected profit that can be obtained by selling the energy generated by the CSP plant in the day-ahead
electricity market.
All of the previously cited works consider the CSP unit as a price taker. With respect to the CSP playing price
maker role, the bi-level optimization based on a non-cooperative game method proposed in Nieta et. al. (2018)
can be highlighted. The competitive behavior among power plants was formulated as a non-cooperative game
and the profit of power plant was scheduled by adjusting generation and bidding strategies in both day-ahead
markets and intraday markets. Another recent work depicted a stochastic formulation of a storage owner‟s
arbitrage profit maximization problem under uncertainty in day-ahead (DA) and real-time (RT) market prices
Krishnamurthy et. al. (2018). The proposed model helps storage owners in market bidding and operational
decisions and in the estimation of the economic viability of energy storage.
From up to the author‟s knowledge, none of the previous cited works addressed the problem of integration CSP
and PV plants focused on the spot market. So there exist a gap in this scientific field with many open issues to
be investigated.
With respect to image-based forecasting methods, Cheng et. al. (2014) proposed a short-term solar irradiation
prediction scheme via support vector repressors. Using clarity index conversion and appropriate features,
support vector regression models are capable of generating satisfactory prediction results. In Montesinos et. al.
(2015), a method for predicting Direct Normal Irradiance (DNI), Diffuse Horizontal Irradiance (DHI), and
Global Horizontal Irradiance (GHI) irradiations was proposed. In this method, the digital image captured from
the sky is converted into an irradiance grid and then the maximum cross-correlation method is applied to obtain
future predictions. Cervantes et. al. (2016), presented an intra-hour cloud prediction methodology for distributed
solar generation, predicting irradiance changes at five-minute intervals throughout the day. In Caldas (2019), a
hybrid prediction methodology was proposed to predict average solar irradiation from one minute to ten minutes
in advance. The methodology combined the use of all-sky images and irradiance measurements that are
processed in real-time to produce the forecast.
Recently, in Siddiqui et. al. (2019), a new application of the deep neural network approach to observe and
estimate short-term irradiation from sky videos was presented. Specifically, videos obtained from sky-cameras
were used to directly estimate and predict solar irradiance. Compared to satellite-based approaches, the
proposed deep learning approach significantly reduced the normalized mean absolute percentage error for
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forecasting solar irradiance for a future horizon of up to 4 hours. In Kamadinata et. al. (2019), two
methodologies based on artificial neural networks were used to predict global horizontal irradiance with a
horizon of 1 to 5 minutes in advance from sky images. These methodologies do not require cloud detection
techniques, were able to capture solar irradiance trends with small discrepancies and require much fewer image
data compared to existing techniques.
Regarding satellite forecasting techniques, Perez et. al. (2014) presented and evaluated a new operational solar
radiation forecast model to be deployed on a prototype basis as part of the SolarAnywhere (SA) data service.
The proposed forecast model consisted of an optimum mix of satellite-derived cloud motion forecasts, the
National Digital Forecast Database‟s (NDFD) cloud cover-derived irradiance forecasts, and several operational
numerical weather prediction (NWP) models. The authors reported forecast time horizon ranges from one hour
to five days ahead, with spatial and temporal resolution data of 10 km and 1 h, respectively.. Miller et. al. (2018)
described the use of geostationary satellite observations jointly with operational cloud masking and retrieval
algorithms, wind field data from Numerical Weather Prediction (NWP), and radioactive transfer calculations to
produce short-term forecasts of solar insolation for applications in solar power generation. Watanabe (2019)
depicted a method for predicting time series of the surface solar irradiance (SSI) from one-granule cloud
properties data obtained by satellite observation. The proposed method is divided into two parts: the prediction
of time series features from cloud properties and the prediction of a time series from time-series features.
Srivastava (2018) applied Long Short Term Memory (LSTM) neural networks in forecasting day-ahead global
horizontal irradiance with satellite data and compares its forecasting accuracy to alternative methods with a
proven track record in solar energy forecasting. The results suggested that LSTM outperforms a large number of
alternative methods with substantial margin and average forecast skill of 52.2% over the persistence model.
Cornejo-Buenoa et. al. (2019) evaluated the performance of several Machine Learning regression techniques in
a problem of global solar radiation estimation from geostationary satellite data. The work analyzed different
types of neural networks, support vector regression and Gaussian processes. Wang et. al. (2019) proposed a
convolutional neural network, long short-term memory network, and hybrid model based on convolutional
neural network and long short-term memory network models for the solar radiation forecast problem applied to
the data from DKASC, Alice Springs photovoltaic system. The authors depicted that when the input sequence is
increased, the prediction effect of the hybrid model is the best, followed by that of the convolutional neural
network and LSTM model.
As noted in the previous paragraphs, the topic of short/long-term solar radiation prediction is an open research
topic in the academic world with great importance for practical application to improve solar power plant
performance. Of the most promising existing technologies is the prediction through sky imagery. As deep
learning techniques are the most indicated and currently used for image processing, there is great potential to
use deep neural networks for solar irradiance prediction through images. Of all the studies cited above only the
recent works Siddiqui et. al. (2019), Kamadinata et. al. (2019), Srivastava (2018), Cornejo-Buenoa et. al. (2019)
and Wang et. al. (2019) used deep learning techniques, which makes this field few explored and with great
potential for future research and development.

3. Open Fields and Future Research
The effect of passing clouds, load variability, voltage unbalancing, frequency stability, short, medium and long
term dispatch, CSP operating modes, coordination among hybrid storage systems (electrochemical and thermal),
stochasticity of irradiation predictions, and integrated energy management in a hierarchical framework are of
great importance to provide an optimized real-time operation and improve reliability of CSP-PV systems. From
up the author‟s knowledge, there is no published work addressing advanced control, integration and real-time
optimization of Hybrid CSP-PV plants taking into account the related topics.
The frequency stability and power factor characteristics of the CSP can be used as a reference for the PV
subsystem, while its DC/AC converters can be used to correct the voltage unbalance among the phases in the
AC bus, usually caused by different load values in each phase of the system. A voltage unbalance correction
algorithm can be used in conjunction with the short-term Energy Management System (EMS) to improve the
quality of energy delivered by the hybrid plant. This way the CSP-PV system can provide ancillary services to
the grid.
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With respect to energy management systems, Model Predictive Control (MPC) appears as a powerful technique
that can deal with system constraints, nonlinear dynamics, CSP operating modes and stochasticity of predicted
data. Hybrid and Stochastic MPC approaches can treat properly the issues from different time scales, providing
an optimized and reliable operation of the CSP-PV system. MPC based EMS can be applied both in secondary
local and tertiary levels for short and long-term management taking advantage of problem distributed
hierarchical natural structure. Although there exist many publications in this area, jointly hybrid stochastic
distributed and hierarchical formulations lack theoretical stability and convergence guarantees, which configures
itself as an important challenge and open research topic with real-world application.
Once the system dispatchability and reliability are achieved, the most important research focus is to study the
capability of high power Hybrid CSP-PV plants in negotiating the energy price in future renewable energy
markets (day-ahead and intraday), becoming a price maker actor (not only price taker). At this point two main
questions arise: “How to integrate several CSP and PV units in order to improve the resilience, dispatchability
and energy quality of the units array?” and “How to improve CSP trading‟s in SPOT Energy Market?”.
To answer the first question, the use of Game Theory techniques applied to advanced control of networked
systems can be investigated. In this case, a scenario with several geographically spaced CSP and PV units
operating in an integrated manner can be explored. It is essential for the generation units to be capable of
meeting the expected energy values determined by previous market transactions. Individual features of each unit
such as response time, storage capacity, available instantaneous power, cloud covering, voltage unbalance
correction capability and reactive generation shall be taken into account by the integrated operation management
system. One potential way is to explore cooperative games to show that users can always benefit from
cooperating with one another. This is the main idea behind coalitional control (Fele et.al. 2018), a novel theory
inspired by cooperative games, where the control strategy adapts to the varying coupling conditions among the
agents (CSP and PV units), promoting the formation of coalitions, clusters of controllers that cooperate to
benefit from a jointly optimized control action.
Regarding the second question, a good possibility is to investigate the use of Game Theory techniques applied to
peer-to-peer (P2P) energy trading. One potential way is to investigate the use of Stackelberg games to manage
to trade among the Distribution Network Operator (DNO), consumers and several CSP and/or CSP-PV units
(leader-follower game) (Pilz 2017). The problem can be considered as a constrained dynamic pricing
Stackelberg game taking into account finite energy resources as constraints. Thus, game-theoretical approaches
can be investigated to determine an agreement of dynamic energy prices among the players. On the one hand,
we have the generating units seeking to maximize the profit and the time of supplying energy. And, on the other
hand, we have the consumers making demand bids aiming at reducing the energy cost. As an intermediary, we
have the DNO managing the transaction rules and seeking to guarantee a feasible and advantageous operation
for the large scale networked system.
Another important issue is the coordination of the hybrid electrochemical and thermal storage units in order to
avoid the short term fluctuations of solar irradiation and demand, and provide a long-term dispatchability of the
hybrid CSP-PV plant. As depicted previously deep learning techniques can play an important role in order to
forecast solar irradiation. One promising strategy for solar irradiation nowcasting, convolutional neural
networks can be used to generate direct and global irradiation maps from images obtained with all-sky cameras
and satellites. The goal is to create a new method for generating these maps based on deep networks and
validated based on recognized methods. Once in possession of the irradiation maps generated by the
convolutional network, the next step is the training and validation of recurrent neural networks for direct and
global irradiation prediction. These networks can use the maps generated in the last Np time steps to predict Nf
time steps ahead, with Np and Nf parameters to be determined during the project. Another important research
line is to design hybrid convolutional recurrent deep neural networks to perform the nowcast and forecast with
one jointly structure. The challenge here is to propose new deep learning topologies to improve the accuracy of
image-based solar radiation forecast systems.

4. Conclusions
The main goal of this work is to survey the recent existing literature, discuss the open issues and point out the
open research trends in the field of advanced control and real-time optimization of CSP-PV units. Most of the
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existing works focused on designing and sizing of such hybrid units and few authors explored the integrated
operation from the control point of view. In advanced control systems based in MPC, solar radiation forecasts
can be useful for better decisions using feedforward action, and to achieve this purpose different research lines
are being carried out highlighting deep learning techniques. The insertion of CSP-PV units in spot markets is
still an unexplored field with potential game-theoretic solutions to be proposed. Finally, it can be concluded that
the integration of CSP and PV power plants trough advanced control and real-time optimization is a complex
research topic with several open points, involving hybrid, stochastic, distributed, hierarchical MPC approaches,
game theory techniques and deep learning algorithms.
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Abstract

Smart grid energy systems and off-grid systems, which involve renewable energy, have become of a great interest
worldwide. These eco-friendly technologies lead to reductions in waste production, which are the on-going
priorities of the European Union. In this study, a smart energy system installed in the Technology Centre Ostrava
(TCO) at VŠB- Technical University of Ostrava is described. On the grounds of our previous research, a prediction
model of operation of a smart grid system is presented. The smart grid combines a solar photovoltaic system, fuel
cell technology, pyrolysis unit, cogeneration unit, power converters, and battery packs. These subsystems can
operate separately but the goal of this study is to demonstrate their cooperation for the purpose of energy
production.

Keywords: Renewable energy, solar system, smart grid, energy storage

1. Introduction
In smart energy systems, various energy sources and energy storing devices are interconnected to supply electric
energy to existing facilities or to the electric grid (Singh and Baredar, 2016). Energy storage is an important part
of such systems because solar energy is an intermittent source of energy. It supplies energy only during the day
and the energy supplied varies with changes in weather conditions (Hegedus and Luque, 2011; Perna et al., 2018).
Rechargeable batteries with high energy density are widely used in many fields such as electronic equipment,
electrical vehicles, aerospace, etc. (Li et al., 2017).

2. Smart-grid system components
The Technology Centre Ostrava (TCO) in the Czech Republic was established within the project ENET - Energy
units for the exploitation of unconventional energy sources in 2010 (Vaculik et al., 2016). The smart energy system
at TCO consists of a solar photovoltaic system, fuel cell technology, pyrolysis unit, cogeneration unit, and battery
packs that are all parts of the Research and Technology Centre Ostrava (Fig. 1).

© 2019. The Authors. Published by International Solar Energy Society
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Fig. 1: Smart energy system placed in TCO at VŠB- Technical University of Ostrava

2.1. Solar photovoltaic system
The solar photovoltaic system consists of three types of photovoltaic panels (Fig. 2). The installed total power
output is 22.5 kWp.


Section 1: 60 pcs of polycrystalic photovoltaic panels Trina Solar TSM PC05 210Wp (static panels
installed on a sloping roof)



Section 2: 18 pcs polycrystalic photovoltaic panels EcoDuoAUO PM220P00, 230 Wp (panels installed
on electrically driven trackers)



Section 3: 10 pcs amorphous photovoltaic cells Fatrasol Model 576 (8 x 68 W), 576 Wp (cells sheets
installed on a flat roof of the hall)

Each section has its own DC/AC On Grid inverter for supply to the power grid and a DC/DC inverter to charge
the batteries. This solution enables improved charging efficiency, since dual DC/AC and AC/DC conversion is
not required.

Fig. 2: Three types of photovoltaic panel on the roof of TCO - static panel, tracker and amorphous cells
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2.2. Fuel cell system
Fuel cell system consists of a station of technical gases (outside installation), electrolyzers and fuel cells (Fig. 3).
Station of technical gasses is formed with 30 pcs of gas cylinders (124 m3 of hydrogen, water volume 4440 dm3,
and working pressure 2800 kPa). As electrolyzers 4 pcs of type AEM (Alkaline Exchange Membrane)
electrolyzers are used (maximum hydrogen production 1009 NL h -1, input power 4200 W). Total hydrogen
production is 4000 dm3 h-1 and total input power is 16.8 kW. Used fuel cells are type PEM (Proton Exchange
Membrane) NEDSTACK FCS 8-XXL, output power 8 kWe (230 A), max. hydrogen consumption 102 dm 3 min1
, total power output 40 kW.

Fig. 3: Fuel cell system (left- electrolyzers, right- fuel cells)

2.3. Pyrolysis unit
Pyrolysis unit PYROMATIC 250 (Fig. 4) allows for thermochemical conversion of biomass, processed waste and
other materials. The device has a continuous reactor which can reach temperatures up to 700 °C and processing
speed from 30 to 250 kg h -1. The unit is equipped with thermal, pressure and flow sensors which enables controlled
operation. It also allows sampling of pyrolysis gases, liquid and solid products. The reactor is heated by natural
gas combustion. Pyrolysis unit has the following main parameters: 600 kW power of main burner type Eclipse,
dimension 4400 x 14800 x 4950 mm and weight 5800 kg [6].

Fig. 4: Pyrolysis unit PYROMATIC 250

2.4. Cogeneration unit
Cogeneration unit uses the pyrolysis gases to generate electric energy and heat. It consists of two main parts, the
combustion engine (Fig. 5), and electricity generator. The heat from the cogeneration unit is distributed by water
circuit and can be used as a heat source in an island mode/off-grid operation. Similarly, the electricity can be used
in an island /off-grid mode, but it can also be distributed to the power grid with financial profits.
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Fig. 5: Combustion engine of the cogeneration unit

2.5. Battery system
Battery system consists of three types of accumulators. The batteries are LiFePo4, Lead Acid Traction
accumulators (Fig. 6), and Valve Regulated Lead Acid accumulators. The lithium batteries were chosen
considering the frequent cycling, and lead acid batteries with regard to the accumulation of a higher amount of
energy.
Accumulators LiFePo4:

- two sections with nominal voltage 320V, capacity 100Ah
- total storage capacity 64 kWh (usable 57 kWh).

Lead acid traction accumulators:

- two sections with nominal voltage 400 V, capacity 930 Ah
- total storage capacity 744 kWh (usable 600 kWh).

Valve Regulated Lead Acid accumulators:

- nominal voltage 408 V, capacity 100 Ah
- total storage capacity 41 kWh (usable 33 kWh).

Fig. 6: Accumulators

2.6. Underground gas storage tanks
There are two underground gas storage tanks located at the Technology Centre Ostrava. The first has a volume of
15 m3 and working pressure 60 kPa, while the second has a volume of 15 m3 and working pressure 700 kPa.
Under such conditions, they can store up to 142.48 m3 of produced gas to be used as required.
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2.7. Description of the Control System
The TCO control system has a distributed hierarchical structure, that is, the whole center control is divided among
multiple programmable logic controllers (PLCs) that are connected to the parent PLC by an Ethernet network. It
is connected to a server running OPC (Open Process Control) server, to which the visualization system is
connected.
The PLCs of the individual technologies are located in the control room in the distribution boxes, where a switch
and a disk-based server are also located. Together with these main devices, two Transmitters from the Profibus
interface to the RS485 interface are also found in the distribution boxes. The designation of each PLC is consistent
with the names stored in the control program.
The communication between individual PLCs, provided by block-oriented S7 (Siemens), is carried out by sending
datablocks using the BSEND and BRCV functions, using the S7-300 and S7-400 central processing units. These
blocks are used for PLC communication of individual technologies with the superior PLC. PLCs with the Pyrolysis
System, Operating Technology, Synthetic Gas Converter, Photovoltaic, Fuel Cells, Heat Processes and
Accumulation are linked to the PLC Accumulation and Power Generation PLC and are subsequently connected
to the OPC server. It "runs" on the physical TCO server.
The communication protocol of the OPC server creates a common communication interface between HW and SW
resources. The OPC server is not a physical server but a software program installed on a physical TCO server.
This program provides communication with a superior control and visualization system, ie it reads data from a
PLC that subsequently mediates visualization in the OPC format.
The visualization system consists of two basic parts - server and client visualization. This is a server-client network
architecture. Both parts communicate through the computer network. The server part mediates communication
between the OPC server and the client part of the visualization that "runs" on multiple TCO computers while also
communicating with power semiconductor converters using the MODBUS and PROFIBUS communication
protocol drivers.

3. Experimental
In the experimental part of this paper, a model situation of continuous cooperation is described. The goal is to
evaluate possibility of electricity production. Produced electricity should cover the energy demands for system
operation plus energy, which can be supplied to a power grid with financial benefits.

3.1. Solar photovoltaic and fuel cell system operation
For the purpose of this research, a 24-hour operation mode of photovoltaic system was recorded in summer day
(Fig. 7). It was recorded that in summer day the produced energy was 342 MJ (95 kWh).

Figure 7: Summer day power production of photovoltaic system
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The estimated total accumulation efficiency, which includes the phase of charging and discharging
electrochemical accumulators, is 69 %. The efficiency of the electrolyzers is 85 % and the efficiency of the fuel
cells is 45 %. Considering the entire accumulation cycle, including the efficiency of the necessary semiconductor
converters, the overall efficiency of the hydrogen system accumulation is 29.2 %. During operation, part of the
energy is accumulated with hydrogen and a part with batteries, so simplification has been introduced, where the
charging takes place with an efficiency of 80 % and discharge with efficiency of 65 %.

3.2. Pyrolysis unit operation
For evaluation of electricity production, the data from our previous research has been used. Ground tires were
pyrolyzed in temperature 600 °C. Since our research centre can process only pyrolytic gas, characterization of
pyrolytic liquid and coke is not described. Average pyrolytic gas composition is listed in Tab. 1. Pyrolytic gas
was characterized by continuous type of devices. In CALOMAT 6 analyzer we determined the hydrogen content,
and for methane an ULTRAMAT 6 analyzer was used for the carbon monoxide and carbon dioxide content.
FIDAMAT 6 analyzer was used to measure the TOC (total organic carbon) but the result was reduced by methane
content so it represents only the sum of high hydrocarbons.

Operating conditions of the test are:
 Feeding speed:
 Average electricity consumption:
 Average pyrolytic gas production:
 Average natural gas consumption:

45 kg h-1
1.08 kW
18.915 m3 h-1
14.65 m3 h-1

Tab. 1: Pyrolytic gas composition

Compound

H2

CH4

CO2

CO

TOC

Sum

Volume (%)

11.1

45.4

8.2

4.5

29.3

98.54

The net calorific value of the pyrolytic gas was calculated on the basis of chemical composition to be 36.16 MJ
m-3. This net calorific value is consistent with other research (Czajczyńska et al., 2017; González et al., 2001;
Leung et al., 2002; Martínez et al., 2013). In hour operation the pyrolysis unit will produce gas containing 684 MJ
of chemical energy.

3.3. Cogeneration unit operation
Efficiency of the cogeneration unit was calculated on the basis of data from the manufacturer and net calorific
value of the pyrolysis gas. In the case of ground tires, the pyrolysis gas has the net calorific value 36.16 MJ m-3
and with the chemical hourly energy input from pyrolytic gas 684 MJ we can get an hourly output 252 MJ of
electricity and 361.4 MJ of heat energy. The pyrolysis unit and cogeneration unit are connected by underground
gas tanks, which serves as buffer. However, cogeneration unit can combust up to 45.7 m 3 h-1 of pyrolytic gas.

3.4. Prediction of smart system performance in continuous mode operation
Based on the results from the pyrolysis of grounnd tires, the production of pyrolytic gas is 18.91 m3 h-1, which
contains 684 MJ of chemical energy. In 24-hour-operation 454 m3 of pyrolytic gas would be produced, thus
corresponding to 16416.64 MJ. The subject of interest is the electricity production, which would be 5976 MJ.
Efficiency of the cogeneration unit for electricity production is therefore 36.4 %.
From the amount of natural gas (351,5 m 3) needed for heating the reactor of pyrolysis unit and its calorific value
(33.48 MJ m-3) has been calculated that in 24 hours operation mode the energy used for heating was 11768.22 MJ.
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Electricity consumption was 93.3 MJ and chemical energy of the fuel was 38804.4 MJ. Total energy inputs of the
pyrolysis unit were 50665.92 MJ. Energy outputs were calculated as sum of chemical energy from pyrolytic gas,
liquid and coke to be 35101.48 MJ.
From the results of energy inputs and outputs it’s clear that the energy efficiency of pyrolysis unit in continuous
24 hours operation mode is 69.2 %. This low value of efficiency is mostly caused by wasting the energy in form
of flue gas from natural gas combustion in reactor heating process.
It was recorded that photovoltaic system produces 342 MJ of electricity in summer day. This energy can be stored
in battery packs and directly used for pyrolysis unit operation, control room operation or it can be supplied to the
power grid if there is demand.
In total, the electric energy outputs from the smart grid system in summer day with continuous operation of
pyrolysis unit could be 6318 MJ per day. This corresponds to a daily electricity production. The electricity demand
for pyrolysis unit operation is 93.3 MJ per day and for control room about 216 MJ per day. If we consider all
energy inputs into the smart grid system (51223.92 MJ) and only electric energy supplied to the power grid (6318
MJ), the efficiency would be 12.3 %. This low value is caused by losses in form of flue gas but mostly because it
does not include heat energy from cogeneration unit operation and chemical energy of pyrolytic liquid and coke.
That gives us a considerable amount of daily energy, which can be stored in battery packs or used in electrolyzers,
then stored in the form of hydrogen and transferred to electricity in fuel cells if needed. In addition, pyrolysis gas
can be stored in underground tanks and used according to demand. This composition of smart grid system offers
many possibilities in energy management. It can operate as an off-grid system or react on power grid fluctuations
and supply electricity in peak hours when the demand is growing.

4. Conclusions
In this study, the smart grid system installed in Technology Centre Ostrava (TCO) at VŠB- Technical University
of Ostrava was presented. From our previous research, the model situation of summer day continuous operation
was described. It has been calculated that the produced electricity considerably exceeds demand for operation.
This system offers many possibilities to deal with excess energy. It can work as an off-grid system or react on
energy demand and supply it to the power grid with financials benefits. In addition, a large part of the energy
outputs would be heat from cogeneration which has not been considered in this research. This heat could be used
for building heating or drying of biomass fuels and other applications. If we consider all energy inputs into the
smart grid system in 24-hour operation mode (51223.92 MJ) and only electric energy supplied to the power grid
(6318 MJ), the efficiency was calculated to be 12.3 %. The most important aspect is that in daily operation of this
system, 1080 kg of ground tires would be processed with energy gains. This bring the environmental view since
normally waste tires would end in a landfill. Naturally, the other pyrolysis products (liquid and solid residue)
would have to be processed environmentally as well. The amount of natural gas for pyrolysis unit heating is
considerable and energy consumed would significantly shift the balance. Additional research on the subject is
needed and real continuous 24 hour operation testing with recording of energy flow into every part of smart grid
system will be conducted in the next study. It will include the total calculation of energy inputs (fuel, solar and
natural gas energy) and outputs (pyrolysis gas, liquid and solid) with energy conversion and energy losses.
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Abstract

The Atacama Desert is one of the world’s top places for the development of photovoltaic (PV) projects due to the
abundant sunlight available for conversion into electricity. The desert environment, however, adversely affects the
optimal performance of PV systems. These effects can be caused by high temperatures, ultraviolet radiation, or
concentration of dust in the atmosphere. This study evaluates the soiling effects on the energy production of PV
systems at the Atacama Desert Solar Platform (PSDA), and attempts to determine their possible relationships with
local atmospheric variables. In particular, the research focuses on the cementation processes that typically occur on
glass panels during a typical day, as influenced by solar radiation, humidity, ambient temperature and wind speed,
and on quantifying their effects on the optical properties of PV panels as well as their energy production. X-ray
diffraction (XRD) revealed the presence of hygroscopic particles (gypsum) that interact with humidity, promoting
the adhesion of insoluble substances onto the glass cover of PV modules. This effect is intensified due to the
prolonged exposure times to local environmental conditions, reaching an average deposition density of 0.7 mg cm -2
during four weeks of exposure. In terms of glass transmittance effects, typical optical losses of 38% relative to the
clean condition were also measured, while the PV current density dropped at a rate of 21 mA cm-2/mg cm-2.
Keywords: Soiling, Dust, Transmittance loss, Photovoltaics, Atacama Desert

1. Introduction
The Atacama Desert has one of the highest solar irradiation levels on the planet. Values above 8 kWh/m2 per day or
2920 kWh/m2 per year have been recorded in some areas (Escobar et al., 2014). This excellent solar resource has
allowed the proliferation of solar projects and the increase of public policies (Marzo et al., 2017; Zurita et al., 2018).
This growth has also brought with it challenges related to the local geography, because the northern zone of Chile
experiences an extreme aridity, high salinity, shortages of rain, the influence of the Pacific ocean, the presence of a
strong mining industry, and local specific humidity phenomena called “Camanchaca” (Olivares et al., 2017). One of
the direct consequences of Atacama’s desert environment is the effect of soiling on photovoltaic (PV) systems. The
soiling is defined as layers of dirt that are deposited on the glass surface of PV modules, thus increasing their optical
losses (Sarver et al., 2013).
The dust accumulation processes depend mainly on three factors: meteorological conditions, type of dust, and PV
installation characteristics (Sarver et al., 2013). The meteorological variables to consider are: temperature, solar
radiation, humidity, wind speed, and wind direction. Regarding dust, its chemical composition has an important role,
and involves contaminants that can be inorganic (salt, silicates, etc.) or organic (e.g., bird dropping) (Sayyah et al.,
2014). In addition, other characteristics, such as solubility, pH, chemical composition, or particle size, interact in the
accumulation processes (Javed et al., 2017). Finally, the PV installation factors include effects from the surroundings
(mining, industrial, coastal, desert, etc.) and the installation’s geometry (tilt and azimuth) (Mussard and Amara,

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.19.08 Available at http://proceedings.ises.org

1021

D. Olivares Soza et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2018). All the variables mentioned above interact to dynamically create and alter various possible mechanisms of
deposition, which are divided into five stages:
(i) Deposition: It is the process through which the airborne particles are transported from the environment to the
glass surface of a PV module. More specifically, some atmospheric variables, such as wind speed, wind direction, or
humidity, interact with physical parameters such as particle size, electrical charges of the particles, or module
geometry. This constitutes the first stage of deposition (Taylor et al., 2014; Figgis et al., 2017a).
(ii) Initial adhesion: At this stage the particles adhere to the surface of the PV module. The particles are already
stable on the glass surface in spite of disturbances created by, e.g., wind interactions with the module’s tilt angle or
orientation. A few atmospheric variables (particularly humidity and temperature) affect various dust properties, such
as particle size, chemical composition, or electrical charges of the particles (Tomas, 2004; Kazmerski et al., 2017).
(iii) Particle-particle interaction: This is the interaction that takes place between particles deposited on the surface
of a PV module. This interaction is strongly influenced by Van der Waals forces, capillarity, physicochemical
properties, and related electric charges. These parameters also interact directly with atmospheric variables such as
humidity or temperature. This mechanism is increased in the cementing process discussed below (Figgis and Brophy,
2015; Figgis et al., 2017a; Kazmerski et al., 2016).
(iv) Cementation: This is the stage during which the soluble and hygroscopic particles are able to attract water and
convert the mix into a chemical solution. Consequently, at the time of recrystallization, this substance becomes a
kind of cement that glues together the soluble and insoluble particles to the glass cover. In this process, atmospheric
variables such as humidity and temperature are important because they interact with the chemical composition and
the size and electrical charges of all particles (Cuddihy, 1980, 1988).
(v) Re-entrainment: At that final stage, some (or nearly all) particles are removed from the PV panel through the
natural cleaning action of a fluid (such as rain drops) that is created or affected by humidity, dew, wind speed, and
wind direction. The physicochemical properties of the deposited material, which directly influence this mechanism,
are the size, shape, chemical composition, electrical charges at the module surface, electrical charges of the particles,
as well as installation factors such as geometry (relative to the dominant wind direction) or type of structure (modules
with or without frame) (Figgis and Brophy, 2015; Figgis et al., 2017b).
The first four processes are illustrated in Fig. 1. The particles are transposed and deposited (1), some particles may
have enough energy to bounce off (2) and others not (3). The particles that remain deposited on the PV module’s
cover then undergo solubilization and recrystallization processes that occur during the day. This means that the
greater the exposure time, the greater the dirt layer that will be generated (3). Finally, if the soiling particles are
exposed to the natural cleaning fluid being developed with enough energy, they can be removed from the surface (4).

2.Rebound
1.Deposit

4.Re-entrainment

3.Acumulation of dirt
Fig. 1: Stages of the soiling process for PV modules. (1) Initial deposition and movement of airborne particles; (2) Bouncing of
particles that do not have the ability to adhere to a surface; (3) Accumulation process of the particles that adhere to the surface of a
module by action of the soluble material and electric charges; and (4) Re-entrainment, whereby adhering dirt is removed from the
surface (image based on Figgis et al., 2017) .

Different authors have quantified the negative effects of soiling on PV power generation. Some extreme cases, with
daily output power losses of ≈1.5%, have been reported in Abu Dhabi (UAE), Kuwait City (Kuwait), and Dhaka
(Bangladesh) (Al Hanai et al., 2011; Sayyah et al., 2014; Rahman et al., 2012). In the case of Chile, a study of the
high potential of PV energy in the Atacama Desert (Ferrada et al., 2015) indicated that there are no long-term
scientific data to help understand the local behavior of soiling. This lack of precise data is a source of uncertainty,
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which translates into a larger risk for investors. The authors of the aforementioned study concluded that optical losses
due to dirt are expected to vary depending on the location and weather conditions, with negative impacts that may
be widely variable.
The present study focuses on the cementation process by analyzing the local atmospheric variables and
physicochemical properties of soiling. The goal is to obtain a deeper understanding on how these factors interact.
For this purpose, the chemical composition of the soiling particles has been determined, while the wind
characteristics, the relative humidity, and the density of deposited particles were also monitored. As a result, the
impact of the cementation process is evaluated in terms of optical response and generated output current.

2. Material and methods

Fig. 2: Top left: localization of Plataforma Solar del Desierto de Atacama (PSDA). Bottom left: cross section of the Antofagasta
Region and climate classification according to Köppen (Image based on Marzo et al., 2018). Right: picture taken by the MODIS-Terra
instrument from space, April 30th 2019 (http://aeronet.gsfc.nasa.gov). The orange circle highlights the PSDA location and the orange
line marks the satellite transit on that day.

Plataforma Solar del Desierto de Atacama (PSDA) belongs to the Universidad de Antofagasta, Chile. It is located at
an elevation of 1000 m in the inner part of the Atacama Desert (24.09°S, 69.93°W). It is characterized by a BWK
climate, according to the Köppen climate classification (Kotter et al., 2007), which corresponds to an arid zone (Fig.
2). At PSDA, many atmospheric variables are routinely monitored and analyzed, while experimental installations are
set up to measure soiling-related quantities, including chemical composition of particles, rate of dust surface density
deposition, and transmittance losses of standard glass.
An important experimental activity involves the physical-chemical characterization of the soiling particles. Dust
samples from the material deposited on the surface of PV modules are analyzed in the laboratory. For this purpose,
the samples are collected using a hard filament brush to collect any form of sedimented and deposited dust. The
samples are stored in plastic bags and taken to the laboratory. These samples are then processed in a rotating micro
riffler of Quantachrome, in order to improve the statistical representativeness of the samples. This device uses
mechanical (vibratory) energy that provides a constant flow of material from its support. The material passes through
a divider head that rotates at a constant speed, minimizing segregation. The amplitude of the vibratory motion and
the velocity of the circular motion can be controlled separately. These specifications are essential to correctly
subdivide the different flow variables and obtain representative samples. Once the samples are collected and
processed, they are submitted to two types of analysis for their physical-chemical characterization.
First, samples are analyzed in a Powder X-ray diffraction (PXRD), using a Bruker AXS D8 advanced diffractometer
in the range 2–60°, with CuKα radiation (λ = 1.5045 Å) at 40 kV and 30 mA. These measurements are made at room
temperature. The qualitative analysis is performed using the PDF-4 powder diffraction file in relational database
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format (Kabekkodu et al., 2002). For the quantification of samples deposited on the surface of PV modules, the
TOPAS program is used, applied to the diffractograms obtained by X-ray diffraction. TOPAS is specialized software
used here to analyze crystalline profiles and structures by means of the Rietveld method, providing analytical results.
Another type of analysis is conducted using scanning electron microscopy (SEM) and energy dispersive X-ray
spectrometry (EDX) microanalysis. These tests are performed to analyze the morphology of the smallest particles
and determine the chemical composition of soiling as a whole. A Jeol JSM-6360 LV scanning electron microscope
is used together with an energy dispersive spectrometer (Oxford Inca C200).
To better understand the deposition and adhesion processes of the airborne material deposited on PV surfaces, various
key atmospheric variables are obtained from the PSDA meteorological station. The Global Horizontal Irradiance
(GHI) is measured with a CMP21 Kipp & Zonen pyranometer, while ambient temperature (Tamb) and relative
humidity (RH) are recorded with a thermometer and hygrometer (Young models CS215-L11 and HMP60-L11,
respectively). Wind speed (WS) and direction are measured by an anemometer (Young 05103-5). Measurements are
taken at a frequency of 1 Hz and recorded as an average value per minute. The surface dust density deposition rate
was measured by exposing samples over periods of one month and recording their mass changes each week. This
process was repeated until reaching 7 months of measurements. The campaign consisted of placing the objects in
triplicate with a size of (5 × 9 cm2) on the surface of PV modules fixed at a tilt of 20°. The method used was
gravimetric for mass gain.
Changes in optical properties (such as glass transmittance) caused by soiling of the glass cover of PV modules were
monitored with reference silicon cells under natural light at normal incidence. Transmittance measurements were
performed on standard PV glass samples exposed to outdoor conditions with different surface densities. The
measured PV glass samples size was 4.7 x 6.5 cm, with a thickness of 3.2 mm.

3. Results and Discussions
3.1 Physicochemical characterization
The chemical characterization of the soiling particles was carried out by XRD of samples taken from an entire PV
string, as shown in Fig. 3. It can be observed that, at PSDA, the natural dust accumulated on the surface of the PV
modules is composed mainly of clays and silicates, which correspond to the geology of that location, as reported
recently (Olivares et al., 2017; Ferrada et al., 2019). The minerals found correspond to (a) Anorthite (CaAl2Si2O8),
(b) Muscovite (KAl2(AlSi3O10) (OH)2), (c) Orthoclase (KAlSi3O8), (d) Illite (K,H3O)(Al, Mg, Fe)2(Si, Al)4O10, (e)
Quartz (SiO2), (f) Albite (NaAlSi3O), and (g) Gypsum. In Fig. 3, the letters (a) to (g) refer to the mineral species used
in the diffractograms, as just described.

Fig. 2: XRD for soiling samples deposited on a string of PV modules installed at PSDA.

After this qualitative step, the presence of each species was evaluated with the TOPAS software program. This
process was actually just a partial quantification, because the concentration of some materials was below the detection
threshold of the equipment. As a result, low signals can lead to confusion due to overlapping. The analysis revealed
the following material fractions (from highest to lowest, on average): Quartz (27%), Anorthite (20%), Albite (19%),
Orthoclase (11%), Muscovite (11%), Illite (6%), and Gypsum (6%).
These results are consistent with the diffractograms in the sense that the most pronounced signals correspond to
quartz, which is the main compound, closely followed by the signals of anorthite and albite. By means of the
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characterization explained above, the presence of a soluble salt (gypsum, CaSO4) was found in low quantity in
comparison with the other species. Despite its low quantity, gypsum appears responsible for the process of
cementation, generating crusts of a mixture of insoluble and soluble materials on the glass surface. In order to obtain
a deeper view of the deposited material, an SEM analysis was performed. Particles with predominantly prismatic
shapes were found, thus seemingly confirming the presence of gypsum—considering that the latter has a crystalline
monoclinic structure (Fig. 3b). This is observed with elemental mapping through EDX, where the existence of
calcium and sulfur confirms the presence of gypsum (Fig. 3c). Figure 3a also reveals that most of the particles have
a spherical or prismatic geometry, according to previous studies carried out at the same location (Ferrada et al., 2019).
This result can be explained by the Akinobu-Otsuka model (Otsuka et al., 1988), which states that the first particles
deposited on a clean surface are those with a random morphology and size less than 100 µm (Biryukov, 1996; Figgis
et al., 2017a). Over time, the spaces available on the glass surface tend to decrease. At this point, the smaller particles
(mostly spherical) begin to fill these available spaces, mainly because these particles contain a contact point, which
facilitates their interaction with the glass, unlike particles with other geometries.

A

B

C

Fig. 3: Scanning electron microscopy of dust samples deposited on the surface of PV modules. (A) Particles with prismatic and
spherical shape; (B) Prismatic particle; and (C) Elemental mapping of two prismatic particles: a sulfur particle (orange) and a
calcium particle encapsulating the deposited material (green).

3.2 Atmospheric variables and their interaction in the sedimentation process
Regions with high concentrations of dust in the air and high humidity conditions can support the cementation
processes by increasing the adhesion of the particles onto the glass surface (Ilse et al., 2016). In desert and semiarid
zones, like Atacama, the diurnal variations of temperature and humidity are substantial. This phenomenon explains
why surfaces are typically wet in the morning (because condensation during the night is intense), and why dry stains
of dirty moisture appear because of the high temperatures experienced in the morning. This overall effect can be seen
in Fig. 4, exemplifying modules of two different technologies installed on PSDA: thin film and polysilicon. Dry
droplet stains contain soluble material that evaporates at some point, leaving a characteristic whitish color. The
difference in appearance and soiling losses between the two types of PV module appears important and will be
investigated in a subsequent contribution.

Fig. 3: Stains produced by dew, drizzle and high humidity, and their interaction with high temperatures in the morning, for two
different PV technologies installed at PSDA: thin film and polysilicon.

Cementing processes are strictly linked to the region where PV plants are installed, since the pollutants and
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environmental conditions vary locally. These conditions may result in more or less intense soiling rates. In highly
humid locations, such as Singapore for instance, the accumulation of dust and the soiling effect of dirt are not a
problem (Hee et al., 2012), because precipitations are frequent and intense. Wherever rain is only occasional and/or
of low intensity, however, it does not have the expected beneficial cleaning effect and conversely accelerates the
cementing processes.
Using data from the PSDA meteorological station, all measurements were analyzed to generate a “typical soiling
day”, summarizing the combined behavior of the main environmental variables. The diurnal variation of all key
variables is taken into account, and their values are normalized. This “typical day” concept is facilitated by the low
latitude of PSDA, which makes daylength relatively constant during the year. The time is reported in true solar time
to obtain the maximum irradiance at solar noon. For such a day, the behavior of the key atmospheric variables is
shown in Fig. 4. The wind begins to blow near solar noon (maximum value of GHI), increasing in the afternoon, and
decreasing near sunset. Relative humidity increases at night up to a maximum at sunrise and decreases to minimum
values during periods of insolation. In contrast, temperature increases with solar radiation and reaches its minimum
just after sunrise. This behavior is repeated every day of the year in the Atacama Desert, except for a few days when
adverse meteorological phenomena occur (e.g., rain or thunderstorms, which are scarce).
Based on this analysis, it is possible to identify those periods when deposition and cementation occur. Three such
moments have been characterized during the typical day. The first one corresponds to the actual deposition of dust:
particles are raised and transported to be deposited on the surface of the PV modules, as explained elsewhere (Sayyah
et al., 2014). This phenomenon occurs between 14:00 and 18:00 solar time. The second event corresponds to the
inertial deposition and solubilization of soluble compounds, when the hygroscopic components are able to interact
with the humidity or water contained in the air. This process occurs at night when the relative humidity is high, as
also explained by Figgis et al. (2017). The third stage consists of the recrystallization process, during which the
soluble particles start to crystallize, generating a kind of cement between the insoluble material and the surface of
the PV module. This phenomenon happens during the late morning when both temperature and solar radiation levels
are high. The soluble compound identified in section 3.1 is gypsum. Even though its relative concentration is low in
comparison with the other salts, it is sufficient to generate crusts that stick onto glass surfaces. The soiling cycle just
described repeats every day, affecting the deposition and sedimentation ratios.

Fig. 4. Evolution of atmospheric variables during a typical day and factors that affect the sedimentation of soiling.

Figure 5 shows the density of deposited dust over time, during a 7-month exposure period. The glass samples were
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exposed to outdoor conditions in different one-month measurement campaigns. During each campaign, soiling
samples were collected each week to evaluate changes in their weight, until the period of exposure was completed
(at the end of March 2019). Figure 5 shows that the density of cemented soil increases with the exposure time. For
normal months (months #1, #2 and #3), it is found that the dirt density does not exceed 0.05 mg cm-2, with a temporal
pattern suggesting an asymptotic behavior, at least in some cases. However, Fig. 5 also shows that, during months
#4 and #5, the amount of cemented material in the samples abruptly increased to values reaching 0.65 mg cm-2, i.e.,
13 times larger or more. This anomaly was apparently caused by intensive groundwork performed from midDecember 2018 to January 2019, in relation with the construction of a new PV plant in the area. This generated
considerable amounts of suspended dust. During months #6 and #7, the amount of cemented powder decreased
progressively. This closely follows the building activity, which ended in the middle of the 5th month. Soiling levels
clearly decreased and stabilized.
Wind transport is another important factor, which has a significant local component. Wind-induced soiling can be
explained by two variables: wind erosion and transport, both of which being also dependent on terrain factors. Each
region is dynamically and differently affected by superficial soil particles and by wind: dust starts to rise when wind
starts to blow or is highly variable. The entrainment of ground particles starts when the friction velocity (u*) of the
wind exceeds the friction threshold velocity (u*t) (Torres Hugues and Cruz Nardo, 2014). The latter is defined as the
minimum velocity to mobilize a particle of given size, shape, and density (Flores et al., 2006). During the first three
months of the experiment (weeks 0–11 in Fig. 5), the soiling process maintained a consistent behavior (equilibrium).
When the groundwork started in mid-December 2018 (week 13), however, a strong disturbance occurred that altered
the stability of the soil particles. This changed the drag parameters. Finally, at the end of the groundwork (week 18,
month #5), a stabilizing trend started, showing a slow and progressive trend back toward normal undisturbed
conditions.

Fig. 5. Soiling ratio cemented during 7 months of exposure. An increase in deposited dust is observed as exposure time increases.
Vertical dotted lines delimit the time period of the groundwork for the installation of a nearby PV plant.

3.3 Effects of soiling
The measured transmittance of PV glass samples exposed to outdoor conditions at PSDA is shown in Fig. 6. The
surface dust density of the exposed glass panes reached 0.66 mg cm-2. This value corresponds to a measured
transmittance of 0.65, comparatively to a normal transmittance of 0.92 under clean conditions. This has been the
maximum loss of transmittance for the period of exposure of the samples, corresponding to a relative loss of
approximately 29%. As shown in Fig. 6 (left), the glass transmittance linearly decreased with increasing soiling dust
density. Alternatively using a linear fit to describe the progressive transmittance loss (Fig. 6), the minimum glass
transmittance at the end of the experiment would now be 0.57, corresponding to a relative transmittance loss of 38%.
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The soiling effects can be quantified in terms of PV power using a spectral electrical model (Ferrada et al., 2017).
The model evaluates the photo-generated current density (Jph) in terms of solar spectral irradiance (F), external
quantum efficiency of a specific PV technology (EQE), and experimental optical transmittance of the cover (), and
can be described by the following equation:
𝑞

𝜆

𝐽𝑝ℎ (𝑇) = ℎ𝑐 𝑇 ∫𝜆 2 𝐹𝐴𝑀1.5 (𝜆) 𝐸𝑄𝐸(𝜆)𝜆𝑑𝜆.
1

(eq.1)

For the present study, the global solar spectral irradiance at air mass 1.5 is obtained from the ASTM G173 standard—
although it might not be perfectly representative of the Atacama conditions (Marzo et al., 2018). Additionally, the
quantum efficiency of a standard monocrystalline silicon solar cell is used (see Ferrada et al., 2017 for details). The
decrease of photo-generated current with surface dust density is shown in Fig. 7. Because the glass transmittance is
determined experimentally by using silicon photocells, its value is representative of the spectral range and spectral
response of each PV technology considered. This range extends approximately from 300 to 1200 nm for polysilicon,
for instance. Considering that glass transmittance is almost spectrally invariant,  is obtained over the whole
wavelength range as a broadband value. Jph is obtained through Eq. 1. It is found that the current density drops at a
rate of 21 mA cm-2/mg cm-2, thus showing a behavior similar to that of the transmittance, as clearly appears when
comparing Figs. 6 and 7.

Fig. 6. Measured transmittance of outdoor exposed PV glass
covers versus surface dust density.

Fig. 7. Estimated photo-generated current density of outdoor
exposed glass covers versus surface dust density of samples.

4. Conclusions
During a 7-month experimental study conducted at the Plataforma Solar del Desierto de Atacama (PSDA) in Chile,
a detailed analysis of the atmospheric variables and chemical composition of the material deposited in glass samples
resulted in the evaluation of the characteristics of dirt during a typical day. The concept of typical day simplifies the
study of dirt deposition and cementation on photovoltaic surfaces. The outdoor experiment and laboratory
measurements revealed at what exact times (always in the evening) dust is transported from the environment and
adheres to the surface of the PV modules. During the night, the physical-chemical interactions between moisture,
dew and deposited particles convert the gypsum particles into a soluble state. Other reactions occur in the morning:
the progressive increase in temperature causes the soluble material to recrystallize, thus triggering a cementation
cycle that repeats itself over time. In addition, it was observed that some nearby intensive groundwork that lasted 6
weeks triggered a considerable increase in the amount of cemented dust, negatively affecting PV performance. After
the end of that perturbing period, the level of soiling was found to decrease progressively, while taking an estimated
17 weeks to stabilize back to its original background level. The effects of dirt on optical transmittance losses were
measured according to the amount of dirt present on the PV glass. It was found that, for a surface dust density of
0.65 mg cm-2, the transmittance of dirty glass was 57%, which is equivalent to a current density of 21 mA cm-2.
These values mean that the relative losses of transmittance and current density were 38.2% and 39.4%, respectively,
with respect to clean surfaces. These results will contribute to the development of efficient cleaning and dirtmitigation processes in the future. It was also found that the appearance and accumulation rate of soiling was
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somewhat dependent on the type of PV technology (thin film vs. polysilicon). Further research will be needed to
better explain and predict such effects.
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Abstract
This work evaluates the instantaneous active power supplied by a grid-connected photovoltaic system by
means of a comparison between the data acquired in the AC bus via a datalogger system developed by the
inverter manufacturer, and the data obtained from a high-precision wattmeter. It also presents the measured
energy and the active power estimates at the AC side using a theoretical model. The methodology employed
in the analysis of solar irradiance and cell temperature parameters presented results which are consistent with
the data available from a solar station in the vicinity of the installation, which are also used as input for the
developed theoretical model. It is shown that the theoretical model of the system is in good agreement with
the experimental data, making it suitable for application as a complementary tool to monitor operational
performance of photovoltaic systems.
Keywords: Grid-connected photovoltaic systems, solar irradiance, temperature of PV cell, electric power, ongrid inverter

1. Introduction
The concept of distributed generation has received widespread attention at all levels of society in the last few
years, and the number of such initiatives has been growing rapidly. In this context, solar photovoltaic energy
has been gaining prominence as an alternative to commonly used energy sources, such as thermoelectric and
hydroelectric power plants, mainly due to its easy implementation and maintenance, as well as the availability
of solar resource.
In Brazil, the number of grid-connected photovoltaic system (GCPVS) installations in buildings, in the context
of mini and micro-distributed generation, has seen significant growth since the publication of the Normative
Resolution 482/2012 by the National Electric Energy Agency (ANEEL), later updated via NR 687/2015 and
NR 786/2015. Currently, over 91,720 photovoltaic (PV) plants supply the demand of about 114,741 consumer
units (980.59 MW net installed power).
Proper monitoring of GCPVS operation is indispensable not only for performance evaluation of these devices
but also to estimate the system’s electrical energy production based on theoretical models adjusted to its
specific operational conditions and supported by the literature. Such estimates can thus be compared to other
means of power production quantification, such as, for example, the one performed by a data acquisition
system within the installation or by a bidirectional meter.
The present work is being carried out in the test area of the Group of Studies and Development of Energy
Alternatives (Grupo de Estudos e Desenvolvimento de Alternativas Energéticas – GEDAE), located at the main
campus of the Federal University of Pará (Universidade Federal do Pará – UFPA), in the city of Belém, Brazil.
In a GCPVS therein installed, it was noticed that there was a significant divergence between the AC power
data measured by a high-precision wattmeter and the information shown in the display of the inverter in
operation. Since the information about the AC power supplied to the grid by the inverter is collected, stored
and made available on-line for user consultation through a monitoring system developed by the inverter
manufacturer, it was decided to investigate the extent to which such data and the data provided by theoretical
modelling differed from the wattmeter measurements.
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2. Methodology
The studied GCPVS is a PV generator with 2.45 kWp nominal power, composed of 10 PV modules in series
connection, installed with a 10° inclination and oriented towards the magnetic North (oriented to – 20° from
the true North). The PV generator has the following nominal characteristics: 14.6 % module efficiency,
Pmp = 2.45 kW, Vmp = 308 V, I mp = 7.96 A , Voc = 375 V , and I sc = 8.49 A. The system inverter has a nominal
0
output power ( PInv
) of 3.0 kW and is connected to a 220 Vrms / 60 Hz distribution grid. Fig. 1 shows the studied

GCPVS and the monitoring system used in the performance evaluation.
PV generator

Wattmeter

USB

Energy meter

PV inverter

=

M

~
DC Bus

AC Bus
RS485

LM35DZ

Internet

PV cell ref
USB

Inverter manufacturer
system datalogger

Arduino Nano (ATmega328)

Fig. 1: Single-line diagram of the GCPVS with a monitoring system

In order to obtain estimates of active power supplied by the generator over time, the GCPVS modelling uses
Eq. 1, since it takes into account solar irradiance data ( Gavg ) as well as PV cell temperature ( Tc ), maximum
power point tracking efficiency ( mppt ), and maximum power temperature coefficient ( mp). The latter was
estimated based on data provided by the modules manufacturer.

PPV = Pmp

Gavg
1 +  mp (Tc − TSTC )  mppt
GSTC 

(Eq. 1)

The determination of the output power ( Pout ) of the inverter considering its self-consumption and system
loading losses (k0 , k1 e k2) is achieved by solving Eq. 2 (Macêdo, 2007).
0
k2 Pout2 + (1 + k1 ) Pout + k0 PInv
− PPV = 0

(Eq. 2)

Based on this equation, it is possible to estimate the AC power ( PAC ) injected by the inverter into the grid, also
max
considering the maximum output power of the inverter ( PInv
), by using Eq. 3.

PAC

0
 0 , if PPV  k0 PInv

0
max
=  Pout , if k0 PInv
 Pout  PInv
max
max
 P , if P  P
out
Inv
 Inv

(Eq. 3)

This set of equations led to the development of a MATLAB routine capable of calculating the AC power
injected by the inverter into the grid from the electrical parameters of both the PV generator and the inverter,
as well as the measured values of Gavg and Tc , so as to compare such results with those acquired from the
GCPVS AC bus, and with those provided by the inverter manufacturer system.
The Gavg and Tc parameters measurement was performed by an Arduino-based datalogger comprised of a
Spektron 210 irradiance sensor and a LM35DZ temperature sensor located on the back of one of the PV
modules. The GCPVS AC power was also measured with a digital wattmeter, which presents a power
measurement error of approximatively ± 0.1% for low-frequency systems (47 Hz to 63 Hz).
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3. Results and discussions
Fig. 2 shows the measured Gavg and Tc parameters over 10 days of monitoring during the months of July and
August 2017. According to INPE (2017), these are among the months with the highest solar radiation incidence
in the city of Belém, with average solar irradiation of 5.1 kWh/m2 /day in July and 5.3 kWh/m2 /day on a
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Fig. 2: Measured Gavg and Tc

Over the period of monitoring, the average Tc was in the range of 31 °C and 57 °C, and the solar irradiance
incident on the PV generator surface peaked at 1.075 kW/m2 on 08/07/2017 with daily irradiation of
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5.37 kWh/m2, whereas on 07/27/2017 the irradiance peaked at 0.954 kW/m2, even though daily irradiation
reached 6.46 kWh/m2. As a means of verifying the precision of the measured Tc values, a comparison was
made between such data and the estimated PV cell temperature (Tc*) values obtained from Eq. 4, which provides
a good estimate for the PV cell temperature by representing it as a function of ambient temperature (Ta ),
nominal operation cell temperature ( NOCT = 46 C), and Gavg incident on the surface of the PV modules.

 NOCT − 20 
Tc* = Ta + 0.9  Gavg 

800



(Eq. 4)

Data regarding Ta were gathered from a solar station located in the vicinity of the GCPVS installation, whose
temperature sensor presents a measurement error of ± 0.21 °C for Ta ranging from 0 °C to 50 °C. Fig. 3
compares Tc and Tc* values on July 27th and 31st, and August 3rd.
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Fig. 3: Tc and Tc*

It can be observed that the Tc and Tc* curves are quite similar, exhibiting a coherent pattern as the Gavg level on
the surface of the PV modules varies. With respect to Tc, the mean squared error of Tc* is ± 6.09 °C throughout
the three measurement days.
The estimated and measured values of PAC are shown in Figs. 4 and 5. PAC ,1, PAC ,2 and PAC ,3 are electrical energy
estimates which represent the calculated values from Eq. 3, the wattmeter data, and the inverter manufacturer
system data, respectively.
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Fig. 4: PAC and electrical energy estimates and measurements for low Gavg variability days

1035

J.A. Rodrigues Neto et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2.4

07/17/2017

PAC,1
PAC,2
PAC,3

2.1
1.8
1.5
1.2
0.9
0.6
0.3

Energy (kWh): 12.464 10.994 11.869

0.0
2.4

07/24/2017

2.1
1.8
1.5
1.2
0.9
0.6
0.3

Energy (kWh): 10.364 10.535 11.972

0.0
2.4

07/26/2017

2.1

PAC (kW)

1.8
1.5
1.2
0.9
0.6
0.3

Energy (kWh): 12.148 11.467 12.398

0.0
2.4

07/31/2017

2.1
1.8
1.5
1.2
0.9
0.6
0.3

Energy (kWh): 13.467 12.691 13.898

0.0
2.4

08/07/2017

2.1
1.8
1.5
1.2
0.9
0.6
0.3

Energy (kWh): 12.464 10.994 11.869
9:
40
10
:1
0
10
:4
0
11
:1
0
11
:4
0
12
:1
0
12
:4
0
13
:1
0
13
:4
0
14
:1
0
14
:4
0
15
:1
0
15
:4
0
16
:1
0
16
:4
0
17
:1
0
17
:4
0
18
:1
0

9:
10

8:
40

8:
10

0.0

Time (h)
Fig. 5: PAC and electrical energy estimates and measurements for high Gavg variability days
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Comparing the PAC ,3 curves, it can be seen that in some situations the data obtained from the inverter datalogger
are closer to PAC ,1 and in others to PAC ,2, as previously explained. It can also be seen that these discrepancies
between data usually happen when the generator operates under high Gavg variability. This behavior can be
observed for all measurements carried out on July 24th and 26th, and August 7th, for example, which were quite
cloudy days. However, it is also noticeable that the differences between PAC ,1, PAC ,2, and PAC ,3 values were
practically negligible both at the beginning and at the end of each measurement day, when Gavg was low.
Analyzing Fig. 4, it can be seen that the PAC ,3 values are closer to those of PAC ,1 at times when the PV generator
is not subjected to shading. At other times, the PAC ,3 values collected by the inverter manufacturer’s system
were very different from the rest, as on July 31st, and August 2nd and 3rd.
Considering all analyses, the maximum relative errors of 61.79 % and 32.69 % were verified for PAC ,3 and PAC ,1,
respectively, when compared to PAC ,2 on July 24th, and minimum relative errors of 7.91 % and 3.3 % on July
27th, as summarized in Fig. 6. This happens mainly because of the Gavg variability throughout the
measurements, as well as inaccuracies inherent to the acquisition process of Gavg and Tc for the theoretical
model.
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Fig. 6: Dispersion of PAC ,1 and PAC ,3 values with respect to PAC ,2

On the other hand, since one does not have access to the PAC ,3 acquisition process carried out by the
manufacturer’s system (hardware information, data sampling rate, etc.), it is not possible to precisely pinpoint
the reasons for the divergence between these values and the others.
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Fig. 7 shows the estimated ( Inv ,1) and measured (Inv ,2) efficiencies for the inverter’s DC/AC conversion
process. It is noticeable that  Inv ,1 and Inv ,2 hardly varied over the course of the measurements, with the
exception of July 24th and 26th and August 7th. On average,  Inv ,1 was roughly 97.5 %, whereas Inv ,2 was in the
region of 95 % during the measuring period. The overall mean squared error between  Inv ,1 and Inv ,2 was 4 %.
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Fig. 7: Estimated and measured DC/AC conversion efficiencies
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Fig. 8 shows the inverter loading parameters pAC ,1 and p AC ,2 ( PAC ,1 and PAC ,2 normalized with respect to PInv
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Fig. 8: Estimated and measured loading parameters during inverter operation
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respectively) of the conducted experiments. Their respective average values were approximately 47.4 % and
45.2 % of the inverter’s nominal output power, with standard deviations of 20.1 % and 18.2 %. Maximum
loading was estimated at 87.7 % and measured at 72.9 %.
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Considering that, according to the inverter manufacturer, a loading parameter of 50 % corresponds to a DC/AC
conversion efficiency of 97.5 %, it is possible to state that 95 % denotes satisfactory inverter performance
under operational conditions quite unlike those of the manufacturer’s efficiency tests. However, another
possible explanation for such difference relates to the error associated with the losses coefficients k0 , k1 and k 2 .
As experimentally demonstrated by Teles (2017), the losses associated solely with the inverter’s selfconsumption (k 0 ), seen in Fig. 9, amounted to 18.94 W. Wattmeter measurements were used to estimate losses
as a function of the inverter loading parameter p AC . On the other hand, by applying the theoretical model to
estimate PAC ,1, it was observed that these same losses would amount to roughly 12.44 W.
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Fig. 9: Electrical losses versus inverter loading

Conversely, since neither the PPV values nor the DC current and voltage parameters are made available by the
inverter manufacturer’s data acquisition system, it was not possible to assess the inverter’s DC/AC conversion
efficiency based on PAC ,2 measurements.

4. Conclusions
This work’s starting point consisted in evaluating AC instantaneous active power supplied to the grid by a
GCPVS through comparison of mathematical estimates, high-precision wattmeter measurements, and data
acquired by the inverter manufacturer’s datalogger system, which are available on-line for user consultation.
Solar irradiance and PV cell temperature data obtained from the Arduino-based datalogger developed for this
work led to coherent results. Similarly, the theoretical model estimates of PV and AC power data were also
quite coherent when compared to wattmeter measurements, with the exception of very cloudy days in which
abrupt variations in the measured power data were observed due to accuracy-decreasing issues of the irradiance
and PV cell temperature sensors.
Comparing the AC power results obtained from the theoretical model to those measured via the inverter
manufacturer’s datalogger and via wattmeter, it was noticeable that the datalogger’s measurements were closer
to the mathematical estimates than to the wattmeter data under certain operational conditions. However,
circumstances such as high irradiance variability days could make those measurements to greatly differ from
the other two.
The divergences observed arise not only from the sensors’ measurement inaccuracies, a consequence of high
irradiance variability, but also from the data acquisition algorithm embedded in the manufacturer’s datalogger.
The monitoring system might also have been affected by irradiance level variations as well as by low inverter
loading, since this device operated under 50 % loading during all measurement days.
Finally, it was found that the inverter’s DC/AC conversion efficiency was below its nominal value as informed
by the equipment’s nameplate, even considering the mean squared error of up to 4 % that was obtained during
measurements. Nevertheless, it is worth pointing out that the manufacturer’s data information were acquired
under specific testing conditions, which are different from real operational conditions, as well as under low
inverter loading. Such reasons might explain the visible difference between the estimated and the measured
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efficiency values. In spite of that, the inverter carries out the DC/AC conversion process with good
performance, even with operational loading below its nominal power during the monitoring period.
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Abstract

Soiling is one of the most important problems that affect the performance of photovoltaic panels in desert areas.
Although several models have been proposed to predict its evolution, a model that considers the thickness of the
dust layer accumulated in the panel is yet to be proposed. The model proposed in this article manages to estimate
that value and obtain results based on the days of accumulation and the angle of inclination of the panel,
considering the change of wind velocity over time. From the results obtained, a thicker dust layer is expected as
the angle of inclination of the panel approaches 0 °.
Keywords: Soiling, accumulation model, thickness.

1. Introduction
Soiling estimation has received much attention in recent years in the photovoltaic community due to its high
impact in the performance of photovoltaic panels. Roughly speaking, soiling is the accumulation of dust on the
panels in photovoltaic power plants (Syed and Ghassan, 2018). Such accumulation depends upon both weather
conditions (like wind and humidity) and the chemical composition of the dust. Given its characteristics, soiling
has been found to be one of the main sources of energy yield reduction in photovoltaic panels. In fact, in (Paudyal,
2016) if a solar panel was exposed for just 5 months, the output energy decreases by 29.76%. Other authors
reported performance is reduced by about 32% in 8 months, as reported in (Ghazi, 2014). Thus, the estimation of
soiling (dust deposition rate and thickness of the dust layer) is being investigated as a potential solution to
overcome the associated performance reduction of photovoltaic panels.
However, it has been found that the estimation of soiling requires to (partially) account for the interaction between
dust and the panel. In order to deal with this challenge, indoor and outdoor experiments are performed to
understand how particle size, wind speed, humidity, chemical composition and panel inclination affect the soiling
in a photovoltaic panel (Burton, Boyle, Griego and King, 2015; Burton and King, 2014; Lorenz, Klimm, Weiss,
2014; El-Shobokshy and Hussein,1994; El-SHobokshy and Hussein 1993; Ilse, 2018; Ilse, Werner, Naumann,
Figgis, 2016). These experiments are performed directly in photovoltaic panels (El-Shobokshy and Hussein,1994;
El-SHobokshy and Hussein 1993; Olivares,2017), or by using mirrors or other similar less expensive materials
(Burton and King, 2014; Lorenz, Klimm, Weiss, 2014; Ilse, Werner, Naumann, Figgis, 2016; Klimm and
Köhl,2016; Burton and King, 2014) to determine the density of the accumulated dust (Lorenz, Klimm, Weiss,
2014; El-Shobokshy and Hussein,1994; El-SHobokshy and Hussein 1993; Ilse, 2018; Ilse, Werner, Naumann,
Figgis, 2016; Klimm and Köhl,2016; Burton and King, 2014; Elminir and Ghitas, 2006; Burton and King, 2014)
and/or the expected distribution of the particle sizes over the surface of the panel (El-Shobokshy and
Hussein,1994; El-SHobokshy and Hussein 1993; Ilse, 2018). In some cases, the results obtained from the
experiments are also used to determine the relationship between the soiling and the loss of energy yield ((Burton,
Boyle, Griego and King, 2015; Burton and King, 2014; El-Shobokshy and Hussein,1994; El-SHobokshy and
Hussein 1993; Ilse, 2018). However, performing these experiments is not always feasible, and therefore other
alternatives have been developed to estimate the soiling.
In the literature, different mathematical models have been reported. For example, in (Alnaser, 2018; Gholami and
Khazaee, 2018) exponential models were adjusted to real data in order to estimate how a fixed angle panel output
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decreased due to soiling accumulation. The input of the models is the number of exposure days. In (Darwish,
Kasem 2015) the same idea is implemented, but it considered how the output decreases depending on the pollutant
type. Further in (Kaldellis, 2011) experimental measurements in a fixed angle panel were used for an adjusted
model that predicts soiling density based on the area (g/m2). In (Ketjoy and Konyu, 2014) actual data is adjusted
for a linear model that predicted soil accumulation in milligrams in function of exposure days. Another linear
model using actual data considered soiling accumulation as a function of many factors such as humidity,
temperature and inclination is reported in (Paudyal, 2016). These models have been widely used due to their
simplicity and because of their accurate hit rate, but the principal disadvantage is that the models obtained are just
valid for a specific location. In (Hao and Wenjun, 2019), a model for the soiling of a panel was derived assuming
that the air is a fluid full of dust particles of different sizes. This model uses CFD simulations, requiring a high
computational cost. Although is very precise, the problem is that for new environmental conditions a new
simulation shall be run, therefore it is not an economic tool in reality. In the same way, in (Wolfertstetter, 2018)
analytical approaches for the solution of fluid dynamics of a panel were proposed and validated in a mirror.
Notwithstanding foregoing efforts, so far the relationships taken from experimental results and the models
proposed in the literature to estimate the soiling are highly dependent on local conditions and require a large
amount of information for parameter identification. Furthermore, the estimation of the thickness of the dust layer
on the panel has not been widely studied. It is worth mentioning that the thickness of the dust layer significantly
affects the optical and thermal properties of the panel, which derive in a loss of energy yield. For instance, as the
thickness of the dust layer increases the temperature of the panel also increases reducing its performance due to a
loss in the heat transfer capability of the panel.
In this paper, a model to estimate the thickness of the dust layer accumulated over time in a panel is proposed. For
this purpose, the model described in (Wolfertstetter, 2018) was taken as a reference. The proposed model was
tested in a single panel assuming a fixed environmental temperature and variable wind speed. It is assumed that
both wind speed and wind direction change hour by hour. A sensitivity analysis with respect to the angle of the
panel was performed. In order to study the model performance, a computational simulation was run, using actual
data of temperature and wind from the Atacama Desert. The simulation gives information of how the thickness
evolve in time, day by day, according to the environmental inputs. This result is specified for every inclination
angle.
The remainder of this paper is organized as follows: section 2 presents the proposed model for estimating the dust
layer of soiling; section 3 sets out the results obtained using the proposed model to estimate the soiling of a panel
under the Atacama Desert conditions; and finally, section 4 gathers the concluding remarks.

2. Proposed Model
In this section, a general model for predicted dust accumulation is described. The advantage of this model is that
inputs can be modified to adapt to the actual condition for any location, by computing algebraic equations that
can be easily solved, with a low computational cost. In that sense, this model may be used for operation.
The base model adapted is focused in dust accumulation on the frontal face. It is assumed that the contamination
source is the air, full of dust particles, which travel with the wind. By using the model cited in (Wolferstetter,
2018) which describes the atmospheric dust transport (ADTM), the particle deposition on the floor can be
described as a particle flux F, according to equation 1.
𝐹(𝑑𝑝 ) = 𝑉𝐷 (𝑑𝑝 ) ∙ 𝐶(𝑑𝑝 )

(eq.1)

Where dp is particle diameter, C is particles concentration in [1/m3] and VD is accumulation speed in [m/s]. So
that the flux F has units of [1/m2s].
Vd integrates the physical phenomena caused by environmental conditions and it is the linear sum of 3 velocities,
representing 3 different effects that explain the accumulation of dust on a surface: Sedimentation, Brownian
motion and impaction.
Sedimentation refers to dust fall caused by gravity. The model formula is for a horizontal surface, but it can be
adapted to a surface with an inclination angle α. Then an expression for VS, or sedimentation speed, is obtained as
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shown in equation 2. The symbol ρ is used for density and η represents dynamic viscosity.
𝑉𝑆 = cos(𝛼) ∙

𝑔∙𝑑𝑝 2 ∙(𝜌𝑎𝑒𝑟𝑜−𝜌𝑎𝑖𝑟 )

(eq. 2)

18∙𝜂𝑎𝑖𝑟

The Brownian motion refers to random particle motion in the air, caused by their impacts and the influence of
other factors, producing an unpredicted movement. The best way to model this random nature is by applying the
Brownian motion principles, which are summarized in equation 3. In this case, ν represents the kinetic viscosity
and abrown is an adjustable parameter to represent the contribution of Brownian motion.
𝑉𝐵 = 𝑎𝑏𝑟𝑜𝑤𝑛 ∙ 𝑣𝑤𝑖𝑛𝑑 ∙ (

𝜈𝑎𝑖𝑟∙3∙𝜋∙𝜂𝑎𝑖𝑟 ∙𝑑𝑝 −0,667
𝜎∙𝑇𝑎𝑖𝑟

)



(eq. 3)

On the other hand, impaction represents particles accumulation caused by the movement gained by wind speed in
respect to panel position. Thus, when the wind faces an obstacle, such as a solar panel, it may change its direction
violently. Small particles can follow this change, but the others cannot and eventually will fall onto panel surface.
The expression for this phenomena is shown in equation 4. Note that fim is an adjustable parameter which
represents the contribution of impaction in accumulation speed.
𝜖

∙𝑣

𝑤𝑖𝑛𝑑
𝑉𝑖𝑚 = 1+exp𝑜𝑟
 (eq. 4)
(−𝑓 (𝑆𝑡−1))
𝑖𝑚

Some modifications were made to the original model equations; thus, the photovoltaic solar panel can be studied
instead of the solar mirror. These modifications were made in the auxiliary functions used in equation 4 and are
defined as follow. St is used for stokes' number, which quantifies how capable are dust particles to adapt to wind
direction changes. It is shown in equation 5.
𝑆𝑡 =

𝜌𝑎𝑒𝑟𝑜
18∙𝜂𝑎𝑖𝑟

∙ 𝑑𝑝 2 ∙ (

𝑣𝑤𝑖𝑛𝑑
𝐷𝑖𝑚

) (eq. 5)

At the same time, Dim is defined as dim/𝜖𝑜𝑟 , where dim is a free parameter used to represent the curvature diameter
in wind direction change and 𝜖𝑜𝑟 is defined in equation 6. ∆𝜃 is the azimuthal angle difference between the panel
and wind direction.
0𝑖𝑓 cos(∆𝜃) ∙ cos(𝛼 ) < 0
𝜖𝑜𝑟 = {
 (eq. 6)
cos(∆𝜃) ∙ cos(𝛼 ) 𝑖𝑓 cos(∆𝜃) ∙ cos(𝛼 ) ≥ 0
Finally, the sum of each of these defined speeds results in VD and with different parts of particles, the general
expression shown in equation 7 can be achieved, therefore realizing that the accumulation of dust occurs with
particles of all sizes for 1 second.
𝑑𝑝=32𝜇𝑚

𝜋

𝐶𝑅 = ∑𝑑𝑝=0,25𝜇𝑚 𝑉𝐷 ∙ 𝐶 ∙ 𝑑𝑝 2 ∙ 4 (eq. 7)

It is worth considering that the model assumes a uniform accumulation, meaning that the soiling´s coat is the same
on every part of the surface. This idea is an accurate approximation of what really happens on a soiled panel.
Essentially, each particle that arrives to the surface is subdued to many forces, which determines whether the
particle stays in the panel. The main force that tries to move the particle is gravity, but on the other hand, friction
force and viscous rubbing force opposes to that movement. In that situation, it is logical to think that the wind
could remove the soiling, but in most cases it cannot. The reason is that particles interact with the glass surface
generating electro-chemical forces which, over time, become more relevant than mechanical friction forces. The
interaction is demonstrated in (Cuddihy and Willis,1984).
In order to extend this model to a quasi-static method over time, it is enough to multiply it by the amount of time
required, in seconds. As the model calculates the accumulation at every second, if there is wind speed information
for every hour of a year, it is possible to considerer that if wind velocity (speed and direction) was constant for an
hour, the accumulation rate is constant. The following hour, this rate can change as wind velocity changes. The
calculation can be repeated for each inclination angle.
In order to calculate the thickness of a layer (T1) a uniform accumulation is considered. The thickness of the layer
corresponds to the weighted average of each type of particle and its correspondent thickness dpi in μm that can
range from 0.25 to 32 μm. The expression is reflected in equation 8.
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𝑇1 =

∑𝑛
𝑖=1 𝐶𝑖 ∙𝑑𝑝𝑖
∑𝑛
𝑖=1 𝐶𝑖

(eq. 8)

Unlike the base model, when CR>1, it means that a new layer is being formed uniformly. Thus, when CR=2
means there are exactly two layers formed on the panel and the thickness is the simple sum of each layer calculated
with equation 8. In case of non-integer numbers, it is interpreted as if only a fraction of the panel was dirty. Finally,
the expression for the total thickness (TT) is shown in equation 9.
𝑇𝑇 = 𝑇1 ∙ 𝐶𝑅 (eq. 9)
TT represents the thickness of a soiling uniform coat in the entire surface.
The methodology used was implemented through the equations in a software, introducing the necessary
parameters such as numerical constants and vectors with actual information of climate conditions such as wind
speed. Then, the results were plotted to understand how accumulation evolves.
The difficulty is that some conditions associated to equations, cannot be modified to consider different chemical
species of pollutant. As described in (Darwish and kasem, 2015) different chemical properties imply different
interaction forces between a particle and the surface. Thus, the accumulation rate could be different depending on
that characteristic. This model considers an average type to describe the accumulation process.

3. Results
Different models reported that soiling accumulation increases over time for low inclination angles (Ghazi, 2014).
On the other hand, in (Hao and Wenjun, 2019) it is reported that the more wind speed, the more accumulation.
As a case study, it is assumed a north oriented panel subject to a fixed environmental temperature, a variable wind
speed, using actual data from the Atacama Desert in Chile (Ministerio de Energía Chile, 2019) and the same
number of particles of all sizes. It was processed to vary the number of days during which the panel is subject to
the environment and the angle of inclination to assess the evolution of the thickness of the dust layer.

Fig. 1: Thickness of the layer in um, depending on the days of exposure and the angle of inclination, for the proposed study case.

Figure 1 shows the results of the virtual experiment performed, where it is appreciated that all the information for
a number of days and 90 different inclination angles is summarized in just one image. This is actually an advantage
because it can provide a good perspective of the situation to an operator. The graphic can be moved for a detailed
observation.
For example, in figure 2 below, it can be appreciated that, as expected, the more days of exposure the thicker the
layer. This increase is neither linear nor exponential, as there it is an important dependence on wind speed. As it
can be seen, thickness growing does not follow a constant rate, which is explained by wind velocity changes. In
this case, accumulation can change dramatically due wind direction. If the wind has a direction toward the panel,
all the flux of particles can end up on the surface, but if not, the particles simply impact the side or the back of the
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structure. Accumulation is possible only when wind direction is between 0° and 90°. Thus, the increasing
thickness between day 300 and 350 can be explained due to wind direction impacting the solar panel more
frequently over that period.

Fig. 2: Thickness of the layer in um, depending on the days of exposure

Similarly, if the panel has an angle closer to 0°, the soiling will become much more accelerated than when the
angle is closer to 90°, which is explained because the particles have no possibility of rolling if the panel was
completely horizontal (α=0), as it can be seen in figure 3. Accumulation depending on the angle evolves in a
sinusoidal shape, according to equation 6.

Fig. 3: Thickness of the layer in um, depending on the inclination angle

As thickness can be predicted, a relationship between this information and how temperature and transmittance
changes may be described. Thus, it may be possible to predict the future output of solar panels to create an
economic and convenient cleaning schedule.
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4. Conclusions
In this article a model capable of estimating the thickness of a dust layer that accumulates on a solar panel is
proposed under a number of environmental conditions. The model meets the expectations as the thickness
increases with the number of days and this increase is higher for inclination angles closer to 0 °. The model can
be adapted to different wind speeds by using actual data over a year, with hour by hour changes.
This model can predict at low computational costs how soiling accumulates in quasi-static environmental
conditions on an accurate basis, by calculating a very relevant variable such as thickness, which may be related to
temperature and transmittance, to then calculate the changes in performance.
For future research, the purpose is to study the effects of layer thickness on performance, in order to be able to
quantify more accurately the performance evolution of the panel. The other idea is developing a model for an
entire plant, considering that there is another kind of phenomena in fluid flux, and soiling impact is different for
each panel depending on its position within the array.
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Abstract
Population spread, energy demand growth, and water consumption will impose new challenges and constraints to
water resources. The impact of climate change will modify the current rainfall pattern in Latin America altering
the availability of water resources, where near 70% of freshwater withdrawals are used for agriculture. A strong
interdependence of energy and water is recognized but current tools for conducting an integrated analysis are not
addressing the complexity of the problem. This paper is aimed at identifying the effects of high solar energy
penetration in the context of Latin America interconnections under climate change scenarios. For this purpose, a
novel co-optimization model of energy and water is proposed, considering water use for irrigation and climate
change effects for the year 2040. The results show that planning a system based on solar energy will modify water
and energy allocations. Several scenarios and sensitivities show the impact of considering climate change, water
use, and specific social impacts. A realistic assessment on high solar energy penetration at regional level requires
the simulation of short-term operating conditions in the planning exercises.
Keywords: Water-Energy nexus, co-optimization, irrigation agriculture, climate change

1. Introduction
1.1 Motivation
According to World Bank and International Energy Agency (IEA) projections, world population will grow by
almost 20% in 2040 in relation to 2018, and primary energy demand will also increase by 43% compared to the
current policies stage. By 2040, water consumption in the energy sector is expected to grow about 85% compared
to 2014, even though the agriculture sector will continue being the main consumer. Additionally, this increase in
energy demand may result in an increment of greenhouse gases (GHG) emission and a deterioration in water
quality. The impact of climate change will completely modify the intensity, frequency, seasonality and rainfall
amount in Latin America (LATAM), altering the current scenario, and consequently, the availability of water
resources. Chile and Argentina will particularly be affected in their hydroelectric potential, not only in the rainfall
profile, but also in the glacial retreat in the Andes.
Hydroelectricity had 56% of LATAM electricity generation during year 2015, and 71% of freshwater withdrawals
were used for agricultural purposes. In addition, agriculture is a key economic activity in the region. It is a land
intensive/water user and supports social welfare in many countries. The relevance of the Water-Energy nexus is
widely recognized, however analysis framework and current models are not able to cover all these aspects (IEA
2016, Ferroukhi et al. (2015) and Flammini 2014).
The relevance to face this issue from a regional perspective responds to the possibility of introducing large-scale
solar energy power, promoted by decarbonization incentives and a decrease in electricity costs related to solar
solutions. Thus, a fast increase of its relevance in power generation mix is expected. Therefore, energy systems
shall become more flexible due to the variability and uncertainty this kind of technology delivers, in order to
guarantee energy security. As mentioned before, this trend will be affected by changes in water availability in
LATAM.
Electric interconnection in LATAM is a possible techno-economical strategy to deal with these challenges. It has
the capability to increase the strength of the system and receive benefits from the resources on a complementary
basis. However, beyond the benefits detailed by the interconnections at regional level, this strategy brings
substantial political challenges that entail several difficulties in its implementation.
In brief, the aim is to move towards an integrated management of Water-Energy resources, identifying and
incorporating variables of water use for irrigation, but also considering the impact of a greater development of
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solar energy in the region and interconnections towards a clean and renewable power system.
1.2 Current status
In recent years different entities such as the International Energy Agency (IEA 2016) , the World Bank (Rodriguez
et al. 2013), the International Renewable Energy Agency (Ferroukhi et al. (2015)) and the United Nations
(Flammini 2014) have made emphasis on the growth of the world population projected by 2040, which will result
in an increase of the demand for energy and water resources, coupled with a growth in the demand for food, as
well as economic, industrial activity and technological development.
The concern is that the availability of fresh water will be affected by the increasing pollution and climate change
effects, which will add pressure in the energy sector due to a high interconnection between water and energy (IEA
2016).
In this context, the joint management and planning of energy systems and water resources is proposed as the best
option to manage the water-energy nexus in a future context. However, it is not a simple task given the current
separation between the management and planning of each sector. So, it is important to analyze how decisions
made in one sector would affect others, in order to support decision-making (Ferroukhi et al. (2015), Flammini
2014).
Additionally, an uncoupled approach has been proposed, by diversifying the energy matrix with sources that do
not have an intensive use of water, such as wind and photovoltaic generators. Concurrently, the interconnection
of the regional electrical systems has been proposed, given that climate change will affect water availability in
several ways depending on the geographical location, and this interconnection shall allow a better use of resources
(IEA 2016).
Although the option of interconnecting electrical systems is interesting, experience says that it is a political
challenge, despite several studies ensuring the feasibility and benefits at technical and economic levels of a largescale interconnection.
IRENA (Ferroukhi et al. (2015)) mentions that in order a nexus-based approach to be embraced by the
managements of sectors, there is a wide range of quantitative and qualitative tools and methods for decisionmaking, depending on the purpose of the analysis and the access to data. Within the quantitative tools, IRENA
defines two possible approaches: a fully integrated one, where all the linkages between water and energy are
represented; and another that considers the link but with an entry point, i.e. the influence of one sector on the
other. An example of the latter approach is the methodological proposal provided by the United Nations (Flammini
2014). Its entry point is food, and its influence is estimated in the energy and water sectors. On the other hand, the
MARKAL/TIMES model uses energy (Loulou 2005) as its entry point.
On the other hand, (Khan et al. 2017, Shannak et al. 2018, Dai et al. 2018) review models and methodologies,
proposed in the literature, for the integration of water and energy sectors. These models and methodologies have
been carried out from a systemic perspective (i.e. without considering specific issues on processes and
technologies), so that the main challenge of this integration will be to match the temporal (second, hours, days,
months, years) and spatial scales (by basin, city, region or international) (Dai et al. 2018) of each sector. Another
challenge highlighted in (Khan et al. 2017) for the integration of both sectors is the way in which multi-purpose
reservoirs of the systems are managed.
A recurrent way to manage this nexus in the literature, is to modify energy models in order to integrate water
systems. This integration can be through constraints or an addition to the objective function. Also, there are
methodologies where single energy and water models are connected through explicit links in order to model
linkages. Despite the advantage of having simulation models such as WEAP (water), LEAP (energy) and
optimization models such as IWROM (water), MARKAL/TIMES (energy), interconnecting them have a high
level of complexity regarding computing resources (Khan et al. 2017).
Among the oldest operating models mentioned, the hydrothermal coordination stands out, which is an energy
model with water system constraints. In that model, the reservoirs operation is optimized through a multi-year and
stochastic approach, for example with SDP and SDDP techniques. In the models proposed by (Pereira-Cardenal
et al. 2016) and (Rojas 2018), a long-term hydrothermal coordination model is modified, including the benefit (or
associated cost) related to irrigation supply (or unmet supply) in the objective function.
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On the other hand, in (Bouckaert et al. 2014) and (Cohen et al. 2014) the TIMES and ReEDS, the energy
optimization model is modified accordingly, in order to represent the demand for water in the cooling of thermal
plants. In (Rodriguez et al. 2013) the TIMES model is also modified but without a representation of the physical
water system. Whereas, the Stockholm Environment Institute (Welsch et al. 2014), integrates the WEAP water
analysis module and the LEAP energy planning model, both simulation models, and includes the use of water in
agriculture and human consumption.
Out of the reviewed models, there is no model that optimizes the operation and planning of the water-energy nexus
including all the linkages identified. Some models consider transboundary systems, being the application in the
watersheds of Spain (Pereira-Cardenal et al. 2016) the largest one territorially speaking.
Based on the literature reviewed, the types of modeling can be analyzed through seven dimensions:
 Type of study: Qualitative and/or quantitative approaches.
 Model type: If the type of study is quantitative, it can be developed through a simulation model or by an
optimization model.
 Type of integration of the nexus: The literature shows that the nexus has been modeled through energy
models that incorporate water constraints. Also, energy and water models linked to each other have been used.
And finally, integrated models have been proposed through multi-objective functions.
 Time scale: One of the greatest challenges for modeling the nexus has been to make the time scales of
both sectors match, so that this choice has a major importance on the modeling.
 Spatial scale: Most of the studies that consider, for example, irrigation of agriculture, have used a spatial
scale at basin level. However, at the electrical level, the spatial scale is usually regional or even cross-border.
Matching both is a challenge for modeling.
 Aggregation level of reservoirs: (Pereira-Cardenal et al. 2016) shows the differences when changing the
aggregation level of reservoirs for hydroelectricity and irrigation. On the other hand, in studies of regional
electrical integration such as the IDB (Paredes 2017), reservoirs and hydroelectric power plants are modeled
in cascade.
 Modeled links: There are several links between the energy sector and water resources that can be studied.
According to the literature review, the most common is the water consumption by energy processes, energy
consumption by water processes and the modeling of multipurpose reservoirs.
This taxonomy in modeling will work as the basis for the co-optimization model proposed in this work.
1.3 Paper contribution and structure
This research develops a novel decision-making tool, based on the analysis in the context of regional energy
integration, regarding the opportunities offered by the co-optimization of water resources and electrical power
systems. Several scenarios and sensitivities show the impact of considering climate change and the use of water
in agriculture.
Sections 2 and 3 present the proposed model and methodologies required in each of the stages. Then, Section 4
and 5 detail the implementation of the proposed model and its application in the case of the regional integration
of LATAM, presenting the results and discussion. Section 6 presents the main conclusions of this research and
future work.

2. Proposed Co-optimization Model
The proposed Water-Energy co-optimization model incorporates the economic value and constraints of water
resources and their uses alternative, in an existing energy model based on hydrothermal coordination. For a better
representation of the dynamics between both resources, a deterministic, perfect-foresight, linear and hourly
centralized operation model is proposed. The time horizon used is one year.
The minimization is subject to reliability and security constraints, reservoir energy balances, demand side
management constraints and generation limits for solar photovoltaic and wind plants, given by primary resource
availability, introduced in a deterministic way.
Given the research scope, the aggregation level of power and irrigation systems shall be at country level. Although
there is not stochastic treatment and therefore the operation decisions will have a degree of uncertainty, the time
treatment would account for systemic effects, which is the main purpose of this research.
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2.1 Objective function
The objective function minimizes the sum of the total operating costs associated to power generation units and
unserved energy, and the total cost of unmet irrigation in system basins.
𝑚𝑖𝑛 ∑ ∑

𝐶 𝑃,

,

∑ 𝑐 𝑝,

,

∑ 𝐶𝐼

𝑤,

(eq. 1)

2.2 Constraints
Power balance: In each node n of the system for all time period t, the total power generated plus discharge or
charge energy from energy storage system, potential unserved and net injected power to the node, shall be equal
to the real load. Transmission losses are not being considered.
∑ 𝑃,

∑ 𝑝

,

𝑝

, ,

𝑃

, ,

∑

,

/

𝑝

,

Δ𝐿𝑜𝑎𝑑

,

Δ𝐿𝑜𝑎𝑑

,

𝐷

,

(eq. 2)

Flow constraint: The value of the flow is limited by the maximum capacity of the line, whose value will depend
on the technical, thermal and service safety limits. As for now, flow limits are imposed symmetrically in both
directions.
𝑝 ,
𝑝
(eq. 3)
𝑝
Reserves: After a contingency, the power system must continue operating. Against that, the ISO will take
corrective and preventive actions to meet the load requirement. An example of these actions is the reserve
capability of the system.
 Fast reserve: It is used when the system has an unexpected loss of a generation unit or load. The value of
fast reserve for all system will be equal to the size of the largest generation unit of the system.
𝑃

𝑓𝑅𝑒𝑠

(eq. 4)

On other, each generation unit contributes with a specific amount for fast reserve, characterized by a factor
𝜂 , according to the type of technology of the unit.
∑

𝑓𝑅𝑒𝑠

,

𝜂

𝑓𝑅𝑒𝑠 ,

,

(eq. 5)

,

 Operational reserves: It corrects the forecast mistakes on an hourly basis, given by variable renewable
5%
units and load. The value of the operational reserves for all systems will be given by a percentage α
3% of the real load in hour t
of dispatched power from variable renewable units and by a percentage α
𝑜𝑅𝑒𝑠

∑

𝛼

∈ VR ,

𝑃,

∑ 𝐷,

𝛼

,

𝛥𝐿𝑜𝑎𝑑

,

𝛥𝐿𝑜𝑎𝑑

,

(eq. 6)

Kindred to fast reserve, each generation unit will contribute an amount of operational reserve to the system.
This contribution will be determined by the technology type by the factor 𝜂 , .
∑

𝑜𝑅𝑒𝑠

,

𝜂

𝑜𝑅𝑒𝑠 ,

,

(eq. 7)

,

Thermic and hydroelectric technical limits: The sum of the power generated, the operational and fast reserve
amount of the unit, shall be equal to or lower than the installed capacity of the unit.
0

𝑃,

𝑜𝑅𝑒𝑠 ,

,

𝑓𝑅𝑒𝑠 ,

,

,

𝑃 , ∀𝑗 ∈ TH

(eq. 8)

Technical and resource limits of variable renewable energy: Analogous to thermic and hydroelectric generation,
the sum of generated power and the reserve amount, shall be limited by the installed capacity of the unit.
𝑃,

,

𝑜𝑅𝑒𝑠 ,

𝑓𝑅𝑒𝑠 ,

,

,

𝑃 , ∀𝑗 ∈ VR

(eq. 9)

However, in this case, with wind and photovoltaics generators, the installed capacity will be constrained by the
availability of the natural resource.
𝑃,

,

𝑜𝑅𝑒𝑠 ,

𝑓𝑅𝑒𝑠 ,

,

,

𝑃 , 𝑃𝑟𝑜𝑓𝑖𝑙𝑒 ,

,

∀𝑗 ∈ VR

(eq. 10)

Hydroelectric resource limit: The power generated by each hydroelectric plant in the system shall depend on the
associated with a particular dam and its production coefficient or efficiency 𝑘 .
turbinated flow 𝑞 ,
𝑃

,

𝑘 𝑞

(eq. 11)

,

Energy balance of the dam: The value of 𝑞
𝑉

,

𝑞

,

𝑉
𝑞

,

,

𝑞
𝑞

,
,

𝑞

,

3600Δ𝑡

,

shall depend on the location of the irrigation intake.

(eq. 12)

(eq. 13)
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If the irrigation intake is upstream, the irrigation 𝑤
𝑞

𝑖𝑛𝑓𝑙𝑜𝑤

,

𝑤

,

shall affect the inflow to the dam 𝑞 , .

(eq. 14)

,

On other hand, when the irrigation intake is upstream and the irrigation 𝑤 , is not rival to the hydroelectricity,
the value of 𝑞 , shall be equal to the natural inflow. Also, the irrigation shall reconcile water usage with
hydroelectricity, where 𝑞 , is the difference between the discharge waterflow from dam 𝑞 , and the irrigation
supplied 𝑤 , .
𝑞

𝑞

,

𝑤

,

(eq. 15)

,

Fig. 1 Upstream Irrigation Intake

Fig. 2 Downstream Irrigation Intake

Dam level: The dam state is constrained by its minimum and maximum capacity, given by physical and
operational limits.
𝑉

𝑉

𝑉

,

(eq. 16)

Irrigation requirement: At first, the irrigation decision is strictly limited by the seasonal profile of irrigation
requirements. However, due to the limitation given by the temporal disaggregation of the irrigation demand, where
the whole season has an economic sense, the decision made in the period t shall not be independent of the decision
made in the period t+1, since the decision is not only economical, but also shall meet the crop physiology. Hence,
a restriction to the variation in irrigation between two consecutive months is proposed, thus capturing the
temporary coupling and consistency with the profile of the season.
Additionally, a flexibility parameter α is considered to determine the way irrigation is supplied along the season,
i.e. the magnitude of how much of the irrigation unmet in the previous month t-1 can be recovered in month t,
without affecting the physiology of the crop.


Months of increasing requirements
0



𝑤

𝑤

∗,

𝑤

∗,

𝑤

∗,

α 𝑤

∗,

∗,

𝑡

𝑚𝑜𝑛𝑡ℎ

(eq. 17)

Months of decreasing requirements
𝑤

𝑤

∗,

α 𝑤

∗,

∗,

𝑤

∗,

𝑤

∗,

α 𝑤

∗,

𝑡

𝑚𝑜𝑛𝑡ℎ

(eq. 18)

Where is the sum of the contributions of different dams h to the basin h *:
𝑤

∗,

∑ 𝑤

,

(eq. 19)

Battery Energy Storage System constraints:
 Charge and discharge capacity: The power of charging (removed from the network) and discharging
(injected into the network) shall be limited by the maximum battery capacity 𝑃 , . Illustratively, the binary
variable 𝑏 , , is used to ensure that the battery is exclusively in charging or discharging mode and not both
simultaneously.
𝑝
𝑝
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(eq. 20)
𝑃,

(eq. 21)
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 Energy stored: Analogous to the border constraints of the dam, the battery shall have a minimum and
maximum state of charge.
𝑠𝑡𝑜𝑟𝑒𝑑

,

𝑠𝑡𝑜𝑟𝑒𝑑

𝑠𝑡𝑜𝑟𝑒𝑑

, ,

(eq. 22)

,

 Energy balance: The state of charge of the energy storage is coupled over time, so that the state of charge
𝑠𝑡𝑜𝑟𝑒𝑑 , ,
will be determined by the state of charge in the period t, plus the stored energy η
𝑝 , , ,
𝑝 , ,
. Note that losses due to conversion systems are considered.
less the discharged energy 1/η
𝑠𝑡𝑜𝑟𝑒𝑑

, ,

𝑠𝑡𝑜𝑟𝑒𝑑

η

, ,

𝑝

, ,

1/η

𝑝

, ,

Δ𝑡

(eq. 23)

Demand side management (DSM): DSM shall be understood as the load answer to several system situations. For
example, DSM may reduce electricity consumption in peaking hours or increase it in low load hours. The
important thing is that the total load will not change, so that the net changed load in the month is zero.
∑month Δ𝐿𝑜𝑎𝑑

,

∑month Δ𝐿𝑜𝑎𝑑

(eq. 24)

,

On other, hourly load change shall be limited by a percentage β
Δ𝐿𝑜𝑎𝑑

β

,

𝐿𝑜𝑎𝑑

,

or Δ𝐿𝑜𝑎𝑑

,

β 𝐿𝑜𝑎𝑑

,

or β

of the original load.

(eq. 25)

3. Estimation of unmet irrigation cost
In order to integrate irrigation into the co-optimization model, it is necessary to know the variable cost due to the
unmet supply of total irrigation requirement. It should be noted that the dimensions of food safety were not
considered in the calculation of this parameter.
One of the most used methods to obtain irrigation demand curves is the Positive Mathematical Programming
(PMP) (Howitt 1995), which is focused on characterizing the crops of a given basin with its costs and benefits in
a determined season. On the other hand, in order to calculate the monthly requirements for irrigation water using
the FAO methodology, it is necessary to know the available water in form of rainfall, soil moisture, etc., in addition
to the physiological processes of the crop and weather conditions (FAO-AQUASTAT).
As a result, given the geographical scale considered in this research and the lack of official data about agricultural
water resources from some countries, the execution of the above methodology becomes complex. For this reason,
a methodology based on the curves obtained through PMP is proposed, in order to estimate the economic impact
of agriculture irrigation in each country of the region.
In this way, in order to estimate the unmet irrigation cost and the monthly irrigation requirement of each country,
the following data, obtained from the FAO database (FAO-AQUASTAT), is used in the proposed methodology:






Net production value of the different agricultural crops.
Annual water withdrawn by agriculture.
Area actually irrigated.
Harvested area.
Crop irrigation calendars by country.

3.1 Irrigation Demand Function
Under the assumption that the unmet irrigation/benefit curves obtained through PMP are quadratic (Rojas 2018,
Howitt 1995), the procedure to estimate the irrigation demand function by country is shown in Fig. 3 and is
detailed below.
 Given the total area harvested (𝐴 , the total area cropping from irrigated crops (𝐴 and the total net
), the net value corresponding to the area harvested irrigated (𝑁𝑃𝑉 )
production value of the country (𝑁𝑃𝑉
is calculated according to the equation 26. The main assumption is that the production yield of the irrigated
area is two times the yield of the non-irrigated area (FAO 2011), and the non-irrigated area corresponds to
𝐴
𝐴 .
𝐴
𝑁𝑃𝑉

. ⋅

⋅ 𝑁𝑃𝑉

(eq. 26)

𝑁𝑃𝑉 for the maximum flow of irrigation
This value is considered as the maximum net benefit (𝐵
), derived from the available value of water withdrawn annually by agriculture. In this case, it
demand (𝑄
is assumed that in the year of registration there was no irrigation deficit. Because the demand curve is
quadratically shaped, as shown in Fig. 3(a), the parameters that characterize it can be calculated as:
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Be a benefit curve based on the irrigation flow supplied, in the form:
𝐵 𝑄

𝑎𝑄

𝑏𝑄

𝑐

(eq. 27)

With the assumptions, the parameters that characterize the function can be obtained, such as:
, 𝑏

𝑎

2

,𝑐

0

(eq. 28)

 Once the irrigation supplied/benefit curve is known, the irrigation supplied/marginal-benefit curve can be
obtained from its derivative, as shown in Fig. 3(b).
 Once the monthly requirement has been calculated, the irrigation supplied/marginal-benefit curve can be
disaggregated under the assumption of equi-marginality, which considers that “the increase in profit produced
by the increase of 1 % of the irrigation inflow supplied for every month, is equivalent to the increase in profit
produced by the increase of 1 % of the irrigation inflow supplied in the whole season” (Toro 2017)( Fig. 3(c))

Given the irrigation supplied/marginal-benefit curves for each month, functions are integrated from right
to left in order to obtain the unmet irrigation/cost curves (Fig. 3(d)).

(a)

(b)

(c)

(d)
Fig. 3 Estimation of irrigation demand curves

In order to calculate the monthly irrigation requirements, it is assumed that the total area actually irrigated (𝐴 )
corresponds to the total water withdrawn by agriculture (𝑄
). Given that, the water requirement per crop (𝑄 )
will be assumed proportional to its actually irrigated area (𝐴 ) as shown in the equation 29. It shall not be
considered that some crops are more water-intensive than others.
𝑄

𝑄

(eq. 29)

Finally, regarding the monthly disaggregation of the annual water requirement of each crop, it shall be assumed
that the monthly water requirement of the crop (𝑄
) is proportional to its crop coefficient (𝐾
)
according to its growth stage (equation 30). Since there are 4 stages of growth (FAO-AQUASTAT) per season,
the irrigation season is divided into 4 and in this way, the related coefficient is assigned.
𝑄 ∝∑
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4. Generation and transmission planning data
Two planning scenarios are considered, with a large proportion of the international interconnection simulated
from the database of the project "Grid of the Future - Development of a Clean and Sustainable Grid in Latin
America" of the Inter-American Development Bank (Paredes 2017) extended to 2042. This exercise was
computed with Plexos software.
Planning is carried out with a duration curve that considers 6 monthly blocks over the entire study horizon as a
mechanism of computational simplification, given the size of the system. The implemented scenarios have the
following considerations:
 Business as Usual (BAU): Considers adequacy constraints for each country, with percentages indicated
in Tab. 1.
 Solar: In this case, adequacy constraints for each country are not considered and the objective is to reach
100 GW of solar generation by 2040.
Tab. 1 Adequacy constraints for each country.

Countries
Argentina
Bolivia
Brazil
Belize
Chile
Colombia
Costa Rica
Ecuador
El Salvador
French Guiana

Adequacy [%]
17
40
40
12
40
37.7
40
17.7
40
40

Countries
Guatemala
Guyana
Honduras
Mexico
Nicaragua
Panama
Peru
Suriname
Uruguay
Venezuela

Adequacy [%]
40
40
40
40
40
40
28.8
40
40
40

It is worth mentioning that only the results obtained for the year 2040 were used in this study, in order to capture
the dynamics and coupling between the electrical power systems and the use of the water resources in 2040, a
strategic year according to climate change mitigation policies and according projections.
The installed capacity per scenario is shown in Fig. 4.

Fig. 4 Installed Capacity by Planning Scenario

5. Climate Change Scenarios
In order to study the impact of climate change in the year 2040, the "water supply" indicator from Luck et al.
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(2015) was used (
Fig. 6). This indicator is the projected change in total blue water (renewable surface water) for three combinations
of climates (RCP4.5/RCP8.5) and socio-economic scenarios (SSP2/SSP3). Pessimistic (SSP3-RCP 8.5) and
optimistic (SSP2-RCP 4.5) scenarios were used in this study.

Fig. 5 Agricultural area actually irrigated in
LATAM

Fig. 6 Projected Change in Water Supply, to 2040

6. Implementation and Results
With the purpose of showing the impact of climate change and water consumption in agriculture behind several
scenarios and sensitivities while knowing the possible impacts of the joint management of mentioned resources,
a proposed co-optimization model is applied to the case of LATAM interconnection for year 2040 in order to
quantify the impact of a larger development of solar energy in Chile, in the context of regional and sectorial energy
integration. The model was implemented on Google Cloud Virtual Machine, 12 cores and 52 GB RAM,
programmed in Julia and solved using CPLEX 12.8. Feasibility and optimality tolerance were set equal to 10 ,
the default value.
The use of scenarios to analyze the impacts of the different input parameters of the model and its interrelations
seeks to represent decisions and/or states of the system in the year 2040 and to be able to analyze how the model
responses to these changes through the sensibilization of certain variables. Fig. 7 shows an overview of the
scenario building procedure.
In this way, different scenarios will be characterized by a specific set of parameters such as the location of
irrigation intakes, the level of flexibility and cost assigned to irrigation requirements, presence of demand-side
management and changes in water availability in different geographical zones given by climate change effects
(see Fig. 8).
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Fig. 7 Methodology Study Case

Fig. 8 Scenario Parameters

The following figures summarize the results of four specific scenarios, attempting to show the main tradeoffs
observed based on the main indicators (Energy mix, costs, and irrigation supply).
1) BAU would be a good scenario if it does not promote the rivalry between hydroelectricity and irrigation, for
example through the downstream location of the intake. In this case the solar penetration corresponds to 15%
of the installed capacity.

2) The upstream location of the intake in this scenario and the flexibility of irrigation, are partially responsible
for a 30% decrease in irrigation compared to BAU. Solar energy generation is not affected by the location of
the intake.
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3) No rivalry and inflexible irrigation plus demand-side management, results in a high water supply in a solar
scenario. In this case, the solar capacity resulting from the planning exercise corresponds to 24%. It is important
to note that short-term operational constraints inhibit full deployment of solar energy which promotes higher
operational costs.

4) If the amount of solar capacity of scenario 3 is maintained, but the rest of the parameters change to a more
inflexible situation, a rise of the total cost is observed as well as a high impact in irrigation supply. These results
confirm the need of a holistic approach for the study of solar penetration at a LATAM level.

7. Conclusions
The state-of-the-art of models and methodologies to face the challenges stemming from the water-energy nexus,
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climate change, and population growth is presented. There are no sufficient models able to describe all the
interactions of these links.
Also, the proposed co-optimization model is implemented and validated. It addresses the complexity of water
availability driven by climate change in the year 2040 for the LATAM region. Additionally, results show the need
to incorporate short-term effects in planning exercises.
Co-optimization model results allow to realize that the knowledge of irrigation intakes location intakes with
respect to the power plant is a key information for the analysis. When irrigation and hydropower are not rivals,
the development of a solar matrix implies an increase in irrigation, promoting food security. A high value of
irrigation costs may ensure water requirements for food production, by considering the alternative use of hydro
resources. The proposed model also allows for an estimate of the cost of unserved irrigation requirements. The
different sensitivities explored in the case study are the basis of a supporting tool for decision-making. Hence,
integrating food security parameters into the co-optimization model remains to be a challenge, and future
developments shall be focused on safeguarding both, energy and food security.
In summary, an increase in generation costs in the scenario with a larger solar capacity, compared to other
scenarios, is due to the fact that although the installed solar capacity is equal to 100 GW in Chile (an increase of
52 GW of total solar capacity in the continent with respect to the BAU scenario), solar generation in Chile has a
64% of curtailments during some time periods, since the planned transmission capacity is not enough to export to
other areas of the system large amounts of solar energy from Chile. The latter has the consequence that the
maximum planned solar potential cannot be exploited, therefore having to generate it through thermal sources,
increasing the generation costs of the system (previously, the other areas of the system had a higher renewable
potential, given that the increase in the solar capacity installed in Chile is compensated by installing 48 GW less
of wind capacity than in a BAU planning scenario). The reason for this is the way the planning model addresses
the solar generation profile (as it simplifies it to 6 blocks per month), giving erratic signals in the planning because
short-term effects cannot be visualized. This major finding of the study can explain the origin of the conflicting
positions about solar energy penetration expressed by different stakeholders. Global energy planning tools may
show an optimistic long-term penetration of solar energy while power system operation specialists will become
more sceptic. The proposed approach can bring these two positions together by showing a more realistic global
impact regarding solar penetration. In fact, this work also contributes to a conceptual framework that would work
as an initial reference to understand the challenges of co-optimization of water, solar energy, and food at regional
levels, a topic of increasing relevance in planning analysis.
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Abstract
Northern Chile has the best worldwide solar energy potential to produce energy. Chile can consider this huge
potential and meet the demand of energy-intensive industry sector, especially mining, due to having important
mining activities in the north of the country. This paper aims to analyze the energy and electricity demand
forecasting of mining industry and asses the related policy instruments to stimulate renewable energy in the
mining sector. Key findings of the research are as follows: the expected total energy demand value for the
mining sector is obtained as 405.12 PJ, which means the demand will almost double in 20 years. The main
energy demand share in mining sector belongs to the copper sector with 78.9%. The forecasting results show
that this share will increase gradually and reach 81.6% in 2035. The demand for electricity and diesel in the
copper sector will double in 20 years and reach 171.38 PJ and 138.20 PJ, respectively. Electricity has the most
significant share with 51.9% in copper energy demand between all fuels, and it is followed by diesel (41.8%),
natural gas (3.6%), and oil (2.3%), accordingly. When energy policy instruments used in the world and Chile
are compared to promote renewable energy, Chile has implemented some of them successfully, particularly
renewable electricity production without fiscal incentives or FITs. However, Chile should also consider the
following obligatory regulations in the mining industry: priority or guaranteed access to networks, priority
dispatch, tax credits, production-based incentives and soft loans.

Keywords: Energy Planning, Scenario Development, Industry Sector, Solar Energy.

1. Introduction
Chile ratified the Paris Agreement in 2017 and committed to develop policies to face climate change and to
transition to a more sustainable energy system. Besides international promises on the environment, Chile has
ambitious targets for the development of renewable energy (RE) technologies, which are described in the latest
long-term energy planning report of the government (Comité Consultivo de Energía 2050, 2015; Ministerio de
Energía, 2018). The current national goal is for at least 70% of the electricity in Chile to be generated from
renewable energy sources by 2050. The share of RE in electricity generation is expected to grow from 15% in
2015 to 65% in 2035 (Ministry of Energy, 2015). To meet these national and international goals, Chile has
considered its significant renewable energy potential. The north of Chile has the best worldwide solar energy
potential for energy generation, on account of dryness and clear sky (Escobar et al., 2015, 2014). Also, the
industry in the north of Chile is based on highly energy-intensive mining activities (Del Sol and Sauma, 2013).
Promoting renewable energy and energy efficiency became an essential strategy for Chile to reduce emissions
and reach its energy and environmental goals, which are addressed in various governmental studies (Ministerio
de Energía, 2018). Also, the significant solar potential of the northern region can be the solution to meet high
energy-intensive industry activities in Chile.
Additionally, the industry sector has an essential share in Chile's gross domestic product (GDP) as listed the
historical shares in Table1. Between the years 2007 and 2016, industry sector contribution of GDP changed
from 39.94% to 28.93%, respectively. Moreover, mining as a sub-sector of the industry has also an important
contribution to GDP, as shown in the table with a 14.9% average contribution in the last ten years.
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Tab. 1: The share of the industry sector in Chile's gross domestic product (GDP)
(“The share of economic sectors in GDP Chile,” n.d.)

2007
All industry GDP
Share

39.94%

Mining GDP Share

14.50%

Other Industry GDP
Share (except mining
sector)

25.44%

2008

2009

2010

2011

2012

2013

2014

2015

2016

34.24
%
20.70
%

34.44
%
20.50
%

35.70
%
14.00
%

34.70
%
13.10
%

32.54
%
16.00
%

31.19
%
14.90
%

30.85
%
12.80
%

29.67
%
11.30
%

28.93
%
11.20
%

13.54
%

13.94
%

21.70
%

21.60
%

16.54
%

16.29
%

18.05
%

18.37
%

17.73
%

Chilean industry sector includes several subsectors such as paper and cellulose, agroindustry, fishing, cement,
construction, iron and steel, sugar, petrochemistry etc. Figure 1 shows energy demand share based on subclasses of industry sector. Mining has the highest share in this sub-sector by including copper, iron, saltpetre
and other mining activities. Between the mining sub-sectors, copper is the most energy demanding sector,
which requires 34.65% of the total energy demand of the mining sector. In addition to mining, paper and
cellulose industry consumes a large amount of energy, which is 20.73 % of total industry demand as shown in
the figure.

Fig. 1: Industry sector energy demand share based on sub-sectors (Ministerio de Energía, 2015a)

Besides sub-sectors, the industry sector energy demand by fuels should also be analyzed. Figure 2 presents the
historical share of the industry sector (except mining) demand based on fuels. It can be seen from the figure
that the majority of sources come from fossil fuels. Diesel, natural gas and LPG have an important share in the
demand as presented in the figure. Only biomass has significant share between approximately 30% of total
demand between the years 2010 and 2017.
Also, the electricity demand has a significant share in the energy demand of the industry sector, with an average
share of 24.3% in the last seven years. It can be slightly seen that solar energy contribution appears in the years
2012 and 2013. However, due to the huge overall demand, this share is almost negligible.
Besides, copper is the main industry in Chile. Thus, energy demand plays an essential role in the national
energy balance. Cooper sector requires mostly electricity and diesel to meet the demand. On the other hand,
the contribution of biomass can be seen slightly when no solar energy exists in the energy balance (Ministerio
de Energía, 2015a).
In order to reach short- and long-term energy/electricity targets in Chile, current and future energy demand
analysis is required in sectoral bases. Also, the assessment of essential policy instruments by comparing the
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worldwide used policies and Chile will help to promote renewable energy in the industry sector. Therefore,
this paper aims to analyze energy and electricity demand of the mining sector by 2035 and define the required
renewable energy promotion instruments to achieve targets.
This article is organized as follows. Section 1 contains the introduction section and the objectives of the
research. Section 2 presents the methodological approach followed in the research. Section 3 includes analysis
results and discussion for Chile. Finally, section 4 concludes the paper and includes suggestions for future
research.

Solar

The share of fuel in industry sector

100%
90%

Biomass

80%

Others**

70%

Natural Gas

60%

Coal

50%

Electricity

40%

Coke

30%

LPG

20%
Kerosene
10%
Diesel
0%
2010

2011

2012

2013

2014

2015

2016

2017

Oil

Fig. 2: Historical share of Industry sector (except mining) demand based on fuels (Ministerio de Energía, 2015a)

2. Methodology
The first step of the methodology is to search the database of National Energy Balance of Chile. The detailed
energy balance data for Chile is obtained between 2008 and 2017 from the national databases (Comision
Nacional de Energia, n.d.). After obtaining available datasets, the compound annual growth rate (CAGR) is
calculated from equation (1) to see the growth between the years 2008 and 2017:
𝐶𝐴𝐺𝑅(𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑) = (

𝐼_𝑣𝑎𝑙𝑢𝑒_𝑒𝑛𝑑𝑖𝑛𝑔 𝑎𝑡 𝑇2
𝐼_𝑣𝑎𝑙𝑢𝑒_𝑏𝑒𝑔𝑖𝑛𝑛𝑖𝑛𝑔 𝑎𝑡 𝑇1

1
(𝑇2−𝑇1)

)

−1

(1)

I_value_beginning at T1 = The value for year T1
I_value_ending at T2 = The value for year T2
T1: the year for the beginning value
T2: the year for ending value
After obtaining the growth rate from equation (1), the expected energy and electricity demands for 2035 are
calculated as presented in equation (2):
2035−𝑇2

𝐼_𝑣𝑎𝑙𝑢𝑒_2035 = 𝐼_𝑣𝑎𝑙𝑢𝑒_𝑒𝑛𝑑𝑖𝑛𝑔 𝑎𝑡 𝑇2 ∗ (1 + 𝐶𝐴𝐺𝑅(𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑) )
I_value_2035 = The calculated value for 2035 based on growth rate.
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These calculations are applied to total energy demand of mining, total copper energy demand by fuel and total
electricity demand for the mining sector until 2035. The results and discussions are presented in the following
section.

3. Results and Discussion
In the first part of this section, the result of the Chilean mining industry demand analysis is presented. After
that, the results of total copper energy demand by fuel, electricity demand of the mining sector by 2035, and
the comparative analysis of energy policy instruments to promote renewable energy are given, respectively.
3.1. Energy Demand of Mining Industry by 2035
In Figure 4, total energy demand forecasting for the mining sector is presented for every five years until 2035.
The demand was 199.63 PJ in 2015, and when the forecasting is realized for 2035, the expected energy
demand value for the mining sector is obtained as 405.12 PJ, which means the demand will almost double in
20 years.
As it can be seen in 2015, the main energy demand share in mining sector belongs to the copper sector with
78.9%. The forecasting results show that this share will increase gradually and reach 81.6% in 2035. Besides
copper, iron sector energy demand share is also expected to increase from 4.0% to 6.7% between 2015 and
2035. On the other hand, based on the forecasting results, saltpeter and other mining sectors energy demand
share will decrease in the mining sector.
Finally, energy demand is expected to reach 330.46 PJ for copper, 8.06 PJ for saltpeter, 26.95 PJ for iron and
39.67 PJ for other mining sectors by 2035.

450.00

Total energy demand of mining sectors (PJ)

400.00
350.00
300.00
250.00
200.00
150.00
100.00
50.00
0.00

2015

2020
Copper

2025
Saltpeter

2030
Iron

2035
Various mining

Fig. 4: Total energy demand forecasting for mining sector until 2035

3.2. Total Copper Energy Demand by Fuel by 2035
In addition to total demand forecasting for each mining sub-sectors, it is necessary to analyse the demand by
fuels. Figure 5 presents the total copper energy demand by fuel in 2015 and 2035. In 2015, it can be seen that
electricity demand has the most significant share between all fuels, with 51.9% share value. It was followed
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by diesel with a 41.8% share in the demand profile by fuels in 2015. The rest of the demand which is 6.3% of
total demand is met by natural gas (3.6%), oil (2.3%) and biomass, coke, LPG, kerosene (total 0.5%).
When it is assumed that the same shares of fuels are expected to be the same in the future, the demand of
electricity and diesel will double in 20 years and reach 171.38 PJ and 138.20 PJ, respectively. This huge amount
of energy demand in the copper industry should be supplied by more renewable energies. Especially, processes
which require heat should be supplied by cleaner heat production technologies such as solar thermal and
geothermal power plants instead of diesel generators. Also, electricity demand should be met by generation
from renewables based on the renewable energy potential of the mine region.

350.00

Total copper energy demand by fuel (PJ)

300.00

250.00
Biomass
Natural Gas
200.00

Electricity
Coke
LPG

150.00

Kerosene
Diesel
Oil

100.00

50.00

0.00
2015

2035

Fig. 5: Total copper energy demand by fuel in 2015 and 2035

3.3. Electricity Demand for Mining Sector by 2035
The total electricity demand forecasting in the mining sector is important due to two aspects: for the benefits
of the mining company and electricity generators. Mining sector should have a continuous, sustainable and
reliable energy source due to non-stop 7/24 hours activities, and most of them are depended on energy
suppliers. Also, electricity planning is important for generators to understand their distribution by years.
Figure 6 shows the total electricity demand forecasting for the mining sector between 2015 and 2035. As
presented in the figure, the total electricity demand was 24,507.52 GWh in 2015, and it is expected to reach
42,902.62 GWh for 2035 with a 75% increase in 20 years. When we look at the sub-sectoral level, although
electricity demands of copper and iron show an increasing trend, saltpetre electricity demand is decreasing
significantly. Copper electricity demand is expected to reach 39,751.03 GWh by 2035 when iron increases to
2,362.54 GWh. Otherwise, saltpetre electricity demand will decrease to 112.51 in 2035 GWh from 371.93
GWh in 2015.
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Fig. 6: Total electricity demand forecasting for mining sector until 2035

3.4. The Comparative Analysis of Energy Policy Instruments to Promote Renewable Energy
The energy demand of mining industry by 2035 will almost double in 20 years and is expected to reach 405.12
PJ. The major energy demand share in mining sector belongs to the copper sector with 78.9%, and it will reach
330.46 PJ. Electricity has the most significant share with 51.9% in copper energy demand between all fuels,
and it is followed by diesel (41.8%), natural gas (3.6%), and oil (2.3%), accordingly.
When the business as usual scenario is considered for Chile, fossil fuel dependency will continue increasingly.
Therefore, Chile should promote renewable energy to reduce the dependency of fossil fuels in the mining
sector and to fight against climate change worldwide. Political and scientific committees agree that renewable
energy has to perform an essential role in the pathway to a low-carbon economy (Löschel and Zew, 2012).
Besides developed countries like Germany, Spain, and the United States, developing countries such as India
and China have recently started to significantly support renewable energy (Thapar et al., 2016).
In different studies, various classifications can be found for energy policy instruments (Benitez, 2012; IRENA,
2012; Oikonomou and Jepma, 2008; Park, 2006; Perrels, 2001; Regulation Body of Knowledge, n.d.; Thapar
et al., 2016; Warbroek, 2013). The key energy policy instruments used worldwide in support of the deployment
of renewable power are these: fiscal incentives, public finance, and regulations as shown in Table 2 (Benitez,
2012; Elizondo Azuela and Barroso, 2011; IRENA, 2012; Thapar et al., 2016).
FITs, tax incentives, and tradable green certificates are support mechanisms commonly used by governments
to promote renewable energy (Abolhosseini and Heshmati, 2014; Thapar et al., 2016). FITs, quotas, tendering,
and tax measures are especially being utilized by European countries to increase the share of electricity
produced from renewable energy sources (Löschel and Zew, 2012; Ragwitz et al., 2006). However, it has been
shown that although FITs are more effective (Warbroek, 2013), they can be relatively expensive when
compared to quota mechanisms (Elizondo Azuela and Barroso, 2011). Further, renewable energy deployment
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has accelerated considerably in various Latin America countries such as Mexico, Chile, and Brazil (IRENA,
2015a).
In contrast to the EU countries, Chile is one of the countries that have been successful in the promotion of
renewable electricity production without fiscal incentives or FITs. The development of renewable energy
capacity in Chile without any incentives is remarkable. As presented in Table 2, Chile currently has a
renewable energy target, quota obligation, auctions, net metering, certificate system, and grid access, as well
as some fiscal incentives for rural areas in electricity production (IRENA, 2015a, 2015b). Chile has a new
long-term target, which was set in Energy 2050 study (Ministerio de Energía, 2015b): at least 70% of the
electricity generated in Chile will come from renewable energy sources by 2050. Based on its targets, Chile
has a quota obligation as the main policy instrument. In the Chilean Renewable Energy Law signed in 2013
(Ministerio de Economía, 2013), renewable energy quotas were defined as 12% in 2020, 18% in 2024, and
20% in 2025 (excluding large hydro). Auctions for electricity production are another important support
mechanism for Chile. They allow all types of renewable energy generators to have 10-year power purchase
agreements with distribution companies. Also, Chile uses net metering, which permits consumers to produce
their own electricity from renewable energy sources and inject extra generation into the grid. Additionally, the
current law allows renewable energy generators under 9 MW to be exempt from grid access fees. Moreover,
Chile provides technology-specific support and regulations especially for biomass, geothermal (exploration
and exploitation of resources), concentrated solar power, solar roof application, and small hydro (IRENA,
2015b, 2015a).

Tab. 2. Energy policy instruments used in the world and in Chile to promote renewable energy

Instruments to
consider for energy
sectors

Energy policy instruments used in the
world to promote renewable energy

Energy policy instruments status quo in
Chile

Fiscal incentives
•
Grants
•
Energy production payments
•
Rebates
•
Tax credits
•
Tax concessions/exemptions

•

Renewable energy target

•

Quota obligation

•

Auctions

•

Net metering

Public finance
•
Investments
•
Guarantees
•
Loans
•
Public procurement

•

Certificate system

•

Priority grid access

•

Fiscal incentives for rural areas in
electricity production

Regulations
•
Renewable portfolio standards
•
Quota obligations or mandates
•
Auctions
•
Tendering, bidding
•
Feed-in-tariffs (FITs)
•
Premium payment FITs
•
Green energy purchasing
•
Green labelling, net metering
•
Priority or guaranteed access
to networks
•
Priority dispatch

•

Carbon tax

o Tax credits

•

Subsidies for disaster-affected regions

•

Tax-exempt fiscal incentives for
biodiesel and bioethanol

o Production-based
incentives

•

Regulations for mixing bioethanol and
biodiesel

•

Direct support for electricity access in
rural and indigenous regions and
agriculture

Mining and Industry:
o Priority or
guaranteed access
to networks
o Priority dispatch

o Soft loans

As mentioned above, Table 2 summarizes the comparison of energy policy instruments used in the world and
in Chile to promote renewable energy. In order to encourage renewable energy usage in mining and industry
sector, Chile should consider priority or guaranteed access to networks, priority dispatch, tax credits,
production-based incentives and soft loans.
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4. Conclusion
Chile mostly depends on imports for its domestic energy supply, almost 65% in the most recent years, although
it has noteworthy renewable energy potential for sources. Based on the latest targets, the share of RE in
electricity generation is expected to grow from 15% in 2015 to 65% in 2035 (Ministry of Energy, 2015). In
order to meet these national and international goals, Chile should analyze its energy and electricity demand in
several sectors, especially for mining sector due to having a significant share in the GDP.
This study has investigated the energy and electricity demand for the mining sector by 2035 for Chile and
required energy policy instruments to promote renewable energy to meet the increased demand in the mining
industry. The main findings of the research are as follows: the energy demand of the mining industry by 2035
will almost double in 20 years and is expected to reach 405.12 PJ. The most important energy demand share
in mining sector belongs to the copper sector with 78.9%, and it will reach 330.46 PJ. Electricity has the most
significant share with 51.9% in copper energy demand between all fuels, and it is followed by diesel (41.8%),
natural gas (3.6%), and oil (2.3%), accordingly. When energy policy instruments used in the world and Chile
are compared to promote renewable energy, Chile has implemented some of them successfully, particularly
renewable electricity production without fiscal incentives or FITs. However, Chile should also consider the
following obligatory regulations in the future: priority or guaranteed access to networks, priority dispatch, tax
credits, production-based incentives and soft loans.
Further studies are planned to investigate alternative scenarios to meet the calculated demands with renewable
energy sources for the mining sector in Chile. Finally, the research in this paper can support the provision of
particular recommendations and insights for energy researchers working on long term energy demand
forecasting of developing countries.
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Abstract
The PERC solar cell family is manufactured by the industry because the passivation of both faces can improve
the efficiency. The passivation and anti-reflective (AR) coating is usually performed using silicon nitride.
However, the silicon dioxide may produce a good passivation in the emitter and in the boron BSF. The goal of
this paper is to present the analysis of the TiO2 AR coating in PERT solar cells passivated with SiO2. Based on
previous studies, the dry oxidation was performed at 800 °C and 860 °C, growing the SiO2 layer on the
phosphorus emitter of 50 nm and 60 nm, respectively. The thickness of the TiO2 AR coating evaporated by ebeam technique was optimized and the SiO2/TiO2 double layer was analyzed by the comparison of the electrical
parameters and internal quantum efficiency of the PERT solar cells and the reflectance of the double layer. The
efficiency of 16.8 % was achieved with 37 nm TiO2 coating and SiO2 layer grown at 800 ºC. The firing of the
conductive pastes reduced the thickness of the SiO2/TiO2 layer and the lowest weighted average reflectance was
2.8 %. The solar cells with thinner TiO2 coat presented low internal quantum efficiency in wavelengths higher
than 700 nm.
Key-words: silicon solar cells, titanium dioxide anti-reflective coating, silicon dioxide passivation.

1. Introduction
In the last decade, the industrial process to manufacture silicon solar cells was based on the aluminum back
surface field (Al-BSF), formed with conductive paste screen-printed on the rear face of p-type silicon wafers and
fired in a belt furnace. During the firing process, the solar cells bowed and the devices could break during the
module assembling. Moreover, the passivation of the full area Al-BSF is limited. Nowadays, the PERC
(passivated emitter and rear cell) structures, such as PERT (passivated emitter, rear totally-diffused), PERL
(passivated emitter, rear locally-doped), PERD (passivated emitter, rear directly-contacted) and PERF
(passivated emitter, rear floating-junction) cells, are gaining the market share, dominated by the aluminum back
surface field technology (Colville, 2017; Green, 2015; ITRPV, 2019). The main advantages of PERC structure
with boron back surface field (B-BSF) are 1) to avoid the bowing of the monocrystalline Czochralski
silicon (Cz-Si) wafers and the multicrystalline silicon wafers and 2) to allow the passivation of the BSF surface,
besides of the front emitter, that reduces the minority charge carrier recombination and improves the internal
reflectance of the rear face. This structure of solar cell presents one of the best potential to achieve high
efficiency and, consequently, to manufacture photovoltaic modules at competitive prices. The PERT cell is one
structure of the PERC family and can be manufactured with a cost-effective process. In this paper, the TiO2 antireflective coating of the PERT cell with boron BSF and SiO2 passivation was evaluated.
The industry has been manufactured silicon solar cells with silicon nitride as anti-reflective (AR) coating and
passivation layer, deposited on the phosphorus emitter by plasma-enhanced chemical vapor (PECVD) method.
This material provides low surface recombination velocity because the presence of positive interface charges,
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that produces a field effect passivation (Lelièvre et al., 2019; Liu et al., 2018; Rahman and Khan, 2012).
Nevertheless, the thermally grown SiO2 is the most effective dielectric layer to passivate the n+ emitter as well as
the boron doped back surface field (Glunz and Feldmann, 2018). A SiO2 layer of only 10 nm is enough to
passivate the phosphorus emitter (Zanesco and Moehlecke, 2015). The SiO2 layer can be simultaneously grown
in both faces of the silicon wafer by dry oxidation. However, silicon dioxide has a low refractive index and,
consequently, it is not a good material to form the AR coating. Then, the silicon dioxide is usually combined
with other materials to reduce the reflectance (Chen et al., 2017; Huang et al., 2018; Preissler et al., 2018). On
the other hand, titanium dioxide may not provide effective surface passivation, but this material is used to form
the AR coating because presents low absorption at short wavelengths and has a high refractive index. The
passivation with titanium dioxide depends on the technique used to deposit the layer and new methods have been
developed. For instance, the chemical ultrasonic spray deposition was used to produce a single layer of TiO2 and
the reflectance of textured silicon wafers was 5 % (Sali et al., 2017). The spin coating procedure was applied to
deposit a TiO2/SiO2 thin film. Solar cells with the TiO2/SiO2 stack coating achieved the efficiency of 18.2 %
(Lee et al., 2015). Using the sputtering technique, a TiO2/SiO2 stack layer was deposited on non-textured surface
of p-type silicon wafers and the average reflectance was 7 % (Ali et al., 2014). The TiO2 film was also combined
with Al2O3 (Suh, 2019). This double layer was formed by low cost spray pyrolysis on silicon solar cells. The
average efficiency obtained was 15.5% (Kanda et al., 2016).
Bearing in mind the need to passivate both faces of the PERC solar cells, the effective passivation provided by
silicon dioxide in n+ and p+ heavily doped regions, the growth of the SiO2 in both faces during the dry oxidation
process and the features of titanium dioxide like the AR coating material, the goal of this paper is to present the
evaluation of the TiO2 AR coating deposited over the SiO2 passivation layer on the front phosphorus emitter of
PERT solar cells by the analysis of the electrical parameters and internal quantum efficiency of the solar cells
and the reflectance of the TiO2/SiO2 double layer. Based on previous studies (Zanesco et al., 2018a), the dry
oxidation was performed with two temperatures and, for each SiO2 thickness, the TiO2 AR coating deposited by
electron beam evaporation technique (e-beam) was experimentally optimized.

2. Silicon solar cells process and development of the anti-reflective coating
The Fig. 1 presents the structure of the PERT solar cell developed using solar grade p-type Cz-Si wafers with
thickness of 200 µm and base resistivity from 1 Ω.cm to 20 Ω.cm. The process sequence was optimized in a
previous work (Zanesco et al. 2018b) and is summarized in the following steps: texture etching, RCA wetchemical cleaning, deposition of the liquid with boron by spin coating technique, boron diffusion and oxidation
in a quartz tube furnace, oxide etching in the front face and RCA chemical cleaning, phosphorus diffusion,
boron and phosphorus silicate glass etching and RCA chemical cleaning, dry oxidation to passivate both
surfaces with SiO2, TiO2 anti-reflective coating deposition, screen-printing process to form the silver and
aluminum/silver metal grids on front and rear face, respectively, firing of the conductive pastes and edge
isolation with laser irradiation.

Fig. 1: Configuration of the PERT solar cell developed with boron back surface field and TiO2/SiO2 double layer on the phosphorus
emitter.

The boron BSF was formed by the deposition of the PBF20 boron solution (Filmtronics) using the spin coating
technique. This procedure is used to deposit the uniform thin films and consists in to apply a small amount of the
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liquid with boron on the center of the wafer, which is spun at high speed. The boron diffusion was carried out in
a quartz tube furnace at 970 °C. In the same thermal step of boron diffusion, the silicon dioxide layer to protect
the boron-doped region of the phosphorus diffusion was grown, based on the patent BR1020120306069
(Zanesco and Moehlecke, 2012). The phosphorus n+ emitter with the sheet resistance of (63 ± 4) Ω/ was
produced using POCl3. In the boron BSF the sheet resistance was (42 ± 2) Ω/ .
Based on previous studies (Zanesco et al., 2018a), the dry oxidation to passivate the surfaces of the solar cells
was performed with two processes: 1) temperature of 800 °C during 45 minutes and 2) temperature of 860 °C
and time of 30 minutes. The thickness of the SiO2 layer was higher in the phosphorus emitter than in the boron
BSF (Ho and Plummer, 1979). The SiO2 passivation layer grown at 800 °C, was around 50 nm and 10 nm thick
in the phosphorus emitter and boron BSF, respectively. The silicon oxide growth at 860 °C resulted in a slightly
thicker SiO2 films. The thickness of SiO2 passivation layers were approximately 60 nm in the emitter and 14 nm
in and BSF (Zanesco et al., 2018a).
After the oxidation process, the TiO2 AR layer was deposited taking into account the thickness of the SiO2
passivation layer. Specifically, the thickness of the TiO2 AR coating deposited by electron-beam technique on
the front emitter was experimentally optimized. For this reason, the TiO2 AR coating was ranged from 5 nm to
60 nm. In addition to the solar cells, samples were also prepared and processed together with the solar cells to
characterize the TiO2/SiO2 double layer.
Then, the silver metal grid, with two busbars, was screen-printed on the front face. The area covered with silver
paste was of around 8 %. On the rear face the aluminum/silver paste was screen-printed and the metal grid with
two busbar coated about 14.5 % of the total area. The conductive pastes were fired at 860 °C (Zanesco et al.,
2018b).
Batches with 3 – 6 silicon solar cells with the area of 61.58 cm2 were processed. All the solar cells were
characterized under standard conditions (100 mW/cm2, AM1.5G and 25°C) in a solar simulator and the average
electrical parameters were calculated. The reflectance was measured in five regions of samples prepared in the
same process of the solar cells with a spectrophotometer with integrating sphere. The thickness of the TiO2 and
TiO2/SiO2 layer was measured with an ellipsometer. The internal quantum efficiency of the solar cells with the
highest efficiency, manufactured in each process, was obtained by the measurement of the spectral response and
reflectance. Then, the thickness of the layer was optimized comparing the electrical characteristics and the
weighted average reflectance (Zhao and Green, 1991) taking into account the spectral response of the solar cell.
The TiO2/SiO2 double layer was analyzed by the thickness, weighted average reflectance and reflectance before
and after the firing process of the conductive pastes in the belt furnace and by the internal quantum efficiency of
the solar cells.

3. Results and discussion
3.1. Anti-reflective coating optimization
3.1.1

SiO2 passivation layer grown at 800 °C

The Tab. 1 presents the average values of the open circuit voltage (Voc), short-circuit current density (Jsc), fill
factor (FF) and efficiency (η) of the PERT solar cells with the SiO2 layer grown in dry oxidation at 800 °C
during 45 minutes as a function of the thickness of the TiO2 AR coating (dTiO2). In Tab. 1 and Tab. 2, dTiO2
represents the value of the AR coating before the process to fire the silver and aluminum/silver pastes. The AR
coating affects mainly the JSC. Then, considering this effect, the selected values of dTiO2 were in the range from
33 nm to 42 nm. The average efficiency of 16.3 % was achieved with dTiO2 = 42 nm. The fill factor tends to
decrease with the increasing of the TiO2 thickness and reduces the efficiency.
In Tab. 2, the PERC solar cells with the highest efficiency of each process are compared. The JSC of 36.0
mA/cm2 was obtained with dTiO2 = 42 nm, and the efficiency of 16.8 % was achieved with this TiO2 thickness.
The results presented in Tab. 2 confirms that fill factor and also open circuit voltage tend to decrease with the
increasing of dTiO2. Then, the dTiO2 that leads to the higher short-circuit current density and efficiency was 42 nm.
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Tab. 1: Average open circuit voltage (Voc), short-circuit current density (Jsc), fill factor (FF) and efficiency (η
η) of the PERT silicon
solar cells with the SiO2 passivation layer grown in dry oxidation at 800 °C as a function of the thickness of the TiO2 AR coating
(dTiO2). dTiO2 represents the value of the AR coating before the process to fire the silver and aluminum/silver pastes in the belt
furnace.

Process
PO800-10
PO800-15
PO800-20
PO800-25
PO800-30
PO800-35

Number of cells
03
04
05
03
03
03

dTiO2 (nm)
13
21
33
42
52
60

Voc (mV)
606.3 ± 0.8
604.9 ± 0.3
596 ± 3
597 ± 2
601 ± 2
601 ± 4

Jsc (mA/cm2)
33.7 ± 0.3
33.5 ± 0.1
35.2 ± 0.3
35.0 ± 1.5
34.9 ± 0.8
34.9 ± 0.7

FF
0.785 ± 0.002
0.783 ± 0.002
0.770 ± 0.007
0.779 ± 0.002
0.759 ± 0.011
0.768 ± 0.012

η (%)
16.1 ± 0.2
15.9 ± 0.1
16.1 ± 0.2
16.3 ± 0.7
15.9 ± 0.5
16.1 ± 0.3

Tab. 2: Electrical characteristics of the silicon solar cells with the highest efficiency achieved in each process as a function of the
thickness of the TiO2 AR coating (dTiO2) and passivated with SiO2 grown at 800 °C.

Process
PO800-10
PO800-15
PO800-20
PO800-25
PO800-30
PO800-35

3.1.2

dTiO2 (nm)
13
21
33
42
52
60

Voc (mV)
607.1
605.3
597.4
598.6
598.8
596.7

Jsc (mA/cm2)
34.1
33.6
35.6
36.0
35.9
35.7

FF
0.786
0.784
0.775
0.777
0.771
0.766

η (%)
16.3
15.9
16.5
16.8
16.6
16.3

SiO2 passivation layer grown at 860 °C

The Tab. 3 shows the average electrical parameters of the solar cells with the SiO2 layer grown with dry
oxidation at 860 °C during 30 minutes and Tab. 4 summarizes the results of the solar cells with the highest
efficiency as a function of dTiO2 (before the firing process). The average efficiency of 15.7 % was lower than that
obtained in solar cells with oxidation process at 800 °C.
Taking into account the short-circuit current density, the optimized dTiO2 can be in the range from 15 nm to 48
nm. The higher efficiencies were obtained with dTiO2 around 13 - 15 nm because the fill factor and open circuit
voltage were slightly affected by the increasing of the TiO2 thickness. This behavior was also observed in the
solar cells processed at 800 °C. Then, the dTiO2 that resulted in the higher efficiencies was around 13 – 15 nm.
Tab. 3: Average electrical characteristics of the silicon solar cells with the SiO2 passivation layer grown in dry oxidation at 860 °C
as a function of the thickness of the TiO2 AR coating (dTiO2). dTiO2 represents the value of the AR coating before the process to fire
the silver and aluminum/silver pastes in the belt furnace.

Process
PO860-05
PO860-10
PO860-15
PO860-20
PO860-30

Number of cells
03
03
06
06
03

dTiO2 (nm)
4
13
15
22
48

Voc (mV)
596 ± 2
599 ± 3
592 ± 4
578 ± 14
572 ± 6

Jsc (mA/cm2)
33.3 ± 0.1
33.5 ± 0.1
33.7 ± 0.4
33.8 ± 0.4
33.7 ± 0.2

FF
0.775 ± 0.003
0.783 ± 0.002
0.778 ± 0.003
0.772 ± 0.003
0.773 ± 0.002

η (%)
15.4
15.7 ± 0.1
15.5 ± 0.3
15.1 ± 0.6
14.9 ± 0.2

Tab. 4: Electrical characteristics of the silicon solar cells with the highest efficiency as a function of the thickness of the TiO2 AR
coating (dTiO2) and passivated with SiO2 grown at 860 °C.

Process
PO860-5
PO860-10
PO860-15
PO860-20
PO860-30

dTiO2 (nm)
4
13
15
22
48

Voc (mV)
597.4
601.1
596.4
592.9
575.2

Jsc (mA/cm2)
33.2
33.5
34.0
34.3
33.9

FF
0.777
0.785
0.780
0.775
0.771

η (%)
15.4
15.8
15.8
15.8
15.0

3.2. Evaluation of the TiO2 and TiO2/SiO2 layer
The Tab. 5 and Tab. 6 show the thickness of the TiO2 AR coating, thickness of the TiO2/SiO2 double layer (dTiO2SiO2) and weighted average reflectance (ρW) of the TiO2/SiO2 stack, before and after the firing of the conductive
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pastes. In Tab. 5, the results are compared for solar cells with SiO2 passivation layer processed at 800 °C. After
the firing process, the thickness of the TiO2 layer and TiO2/SiO2 stack diminished. The reduction of the
TiO2/SiO2 double layer ranged from 3 nm to 7 nm and was caused by the reduction of the TiO2 layer. After the
firing process, the lowest weighted average reflectance of 2.8 % occurred in the range of dTiO2 from 37 nm to 45
nm and was similar to the value obtained before the thermal process. Taking into account the efficiency
presented in Tab. 1, the value of dTiO2, that decreased from 42 nm to 37 nm with the firing process, lead to higher
efficiency and lower reflectance. The thickness of the double layer was of 89 nm, after the firing of the
conductive pastes.
When the SiO2 layer was thermally grown at 860 °C, the weighted average reflectance after the firing of the
conductive pastes was the same, but ρW = 2.8 % was found in the range of dTiO2 from 18 nm to 43 nm, as Tab. 6
summarizes. In this case, the reduction of the TiO2/SiO2 layer with firing process was similar to the results
presented in Tab. 5, if the value obtained for dTiO2 = 14 nm is not taking into account. Comparing the electrical
parameters showed in Tab. 3 and the ρW in Tab. 6, we can notice that low weighted average reflectance
corresponds to the high short-circuit current density. On the other hand, the greater efficiencies were obtained
for dTiO2 of 11 - 14 nm, due to the trends of the decreasing of the fill factor and open circuit voltage with the
increasing of the AR layer. Then, the selected thickness of the TiO2 layer was 14 nm (after firing process), that
results in the double layer of 71 nm, taking into account the higher JSC and efficiency.
Tab. 5: Thickness of the TiO2 AR coating (dTiO2), thickness of the TiO2/SiO2 double layer (dTiO2-SiO2) and weighted average reflectance
(ρW) of the TiO2/SiO2 stack before and after the firing of the Ag and Al/Ag pastes and reduction of the TiO2/SiO2 thickness (∆
∆dTiO2SiO2) after the firing process. The SiO2 passivation layer was grown at 800 °C.

Process
PO800-10
PO800-15
PO800-20
PO800-25
PO800-30
PO800-35

Before firing process
dTiO2
dTiO2-SiO2
(nm)
(nm)
13
65
21
73
33
85
42
94
52
103
60
112

ρW (%)
3.7
3.0
2.7
2.8
2.9
3.4

dTiO2
(nm)
10
15
28
37
45
53

After firing process
dTiO2-SiO2
ρW (%)
(nm)
62
3.8
67
3.3
80
2.9
89
2.8
97
2.8
105
3.0

Reduction
∆dTiO2-SiO2
(nm)
3
6
5
5
6
7

Tab. 6: Thickness of the TiO2 AR coating (dTiO2), thickness of the TiO2/SiO2 double layer (dTiO2-SiO2) and weighted average reflectance
(ρW) of the TiO2/SiO2 stack before and after the firing of the Ag and Al/Ag pastes and reduction of the TiO2 (∆
∆dTiO2) and TiO2/SiO2
(∆
∆dTiO2-SiO2) thickness after the firing process. The SiO2 passivation layer was grown at 860 °C.

Before firing process
Process
PO860-5
PO860-10
PO860-15
PO860-20
PO860-30

dTiO2
(nm)
4
13
15
22
48

dTiO2-SiO2 (nm)

ρW (%)

61
70
72
82
105

4.3
3.1
3.1
2.6
3.0

dTiO2
(nm)
3
11
14
18
43

After firing process
dTiO2-SiO2
ρW (%)
(nm)
58
4.5
66
3.5
71
3.3
75
2.8
100
2.8

Reduction
∆dTiO2-SiO2
(nm)
3
4
1
7
5

The reflectance of the TiO2/SiO2 layer measured in five regions of the sample without metal grid and with SiO2
grown at 800 °C and TiO2 thickness of 37 nm (after the firing process) is compared in Fig. 2 with the reflectance
of sample processed at 860 °C and TiO2 thickness of 14 nm. The reflectance was measured after the firing of the
conductive pastes. The uniformity of the AR layer is higher in Fig. 2-a, when the SiO2 was grown at 800 °C,
than in Fig. 2-b. The oxidation at temperature of 860 °C produced a SiO2 layer with more variation of the
thickness in the same silicon wafer than the other oxidation process. The Fig. 2-a indicates that the minimum
reflectance of around 0.8 % occurred in the range of wavelength from 580 to 630 nm. Meanwhile, in samples
with silicon oxide grown at 860 °C, the minimum reflectance occurred in shorter wavelengths. In this case, the
minimum reflectance of about 1 % is observed in the range of wavelengths from 500 to 550 nm.
The Fig. 3-a shows the reflectance of the TiO2/SiO2 layer measured in the center of the silicon wafer after the
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firing process and SiO2 growth at 800 °C as a function of the thickness of the AR coating and the Fig. 3-b
presents the results obtained in samples processed at 860 °C. For the two oxidation temperatures, with the
increasing of the TiO2 thickness, that increased the TiO2/SiO2 layer, the minimum reflectance shifted to larger
wavelengths, rising the reflectance in shorter wavelengths. The lower reflectances were observed for
wavelengths longer than 650 nm and high TiO2 thickness.
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Fig. 2: Reflectance of the TiO2/SiO2 layer measured in five regions of the sample without metal grid, after the firing of the conductive
pastes, with SiO2 grown (a) at 800 °C and TiO2 thickness of 37 nm and (b) at 860 °C and TiO2 thickness of 14 nm.
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Fig. 3: Reflectance of the TiO2/SiO2 layer after the firing of the silver and aluminum/silver pastes with SiO2 grown (a) at 800 °C and
(b) at 860 °C as a function of the thickness of the TiO2 layer. The reflectance was measured in samples without metal grid.

The influence of the firing process in the SiO2/TiO2 double layer is shown in Fig. 4. The behavior of the
reflectance changes mainly in wavelengths shorter than 600 nm when the firing of the conductive pastes is
performed. Specifically, the reflectance reduced in short wavelengths and this effect is observed mainly for dTiO2
greater than 10 nm. This effect is observed in the SiO2 layer grown at 800 °C and 860 °C, as Fig. 4-a and Fig. 4b show.
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Fig. 4: Reflectance of the TiO2/SiO2 layer measured before and after the firing of the conductive pastes with SiO2 grown (a) at 800 °C
and (b) at 860 °C. The reflectance was measured in the sample without metal grid.
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3.3.

Analysis of the internal quantum efficiency
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The Fig. 5 shows the internal quantum efficiency (IQE) of the solar cells with the highest efficiency achieved in
each oxidation process as a function of the TiO2 thickness. The IQE of solar cells with SiO2 grown at 800 °C is
presented in Fig. 5-a and the result of the devices processed at temperature of 860 °C is compared in Fig. 5-b. In
both set of solar cells, i. e., with SiO2 produced by oxidation at 800 °C and 860 °C, the IQE falls down for
wavelengths higher than 700 nm with the reduction of the TiO2 thickness. Specifically, a low IQE is observed in
wavelengths higher than 700 nm for the thinner TiO2 coating. In this range of wavelengths, the internal quantum
efficiency increases up to the TiO2 thickness of 37 nm (Fig 5-a) and 14 nm (Fig 5-b), confirming the selected
dTiO2. In the solar cells passivated with SiO2 grown at 800 °C and 860 °C, the TiO2 AR coating deposited on the
front emitter probably causes the internal reflection of irradiance in the front face for wavelengths higher than
700 nm and this phenomenon is enhanced for dTiO2 ≥ of 37 nm and 14 nm, respectively. The higher open circuit
voltages measured in the solar cells with lower TiO2 thicknesses may be explained due to the reduction of the
minority charge carrier recombination in the rear region because the depletion of the minority carriers.
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Fig. 5: Internal quantum efficiency of solar cells with the highest efficiency achieved in each batch as a function of the TiO2 thickness
with SiO2 grown in the oxidation performed at (a) 800 °C and (b) 860 °C.

4. Conclusions
In this paper, the influence of the TiO2 anti-reflective coating deposited over the SiO2 passivation layer grown at
800 ºC and 860 ºC on the front emitter of PERT solar cells was analyzed. The higher values of the short-circuit
current density were found with TiO2 thickness from 33 nm to 42 nm and from 15 nm to 48 nm in solar cells
processed at 800 ºC and at 860 °C, respectively. The fill factor and open circuit voltage tend to decrease with the
increasing of the TiO2 thickness. Consequently, the average efficiency of 16.3 % was obtained with dTiO2 = 42
nm and solar cells processed at 800 °C. This efficiency was higher than the value of 15.7 % achieved in solar
cells with oxidation at 860 °C and dTiO2 around 13 - 15 nm.
The firing of the silver and aluminum/silver pastes diminished the TiO2/SiO2 double layer thickness, due to the
phase transformation of the TiO2 and the reduction ranged from 3 nm to 7 nm. After the firing process, the
lowest weighted average reflectance of 2.8 % occurred in the range of dTiO2 from 37 nm to 45 nm and from 18
nm to 43 nm, for samples processed at 800 ºC and 860 ºC, respectively. Taking into account the efficiency and
the weighted average reflectance, the selected thickness of the TiO2 layer was 37 nm and 14 nm (after firing
process), resulting in the double layer of 89 nm and 71 nm, for solar cells with oxidation at 800 ºC and 860 ºC.
The uniformity of the TiO2/SiO2 double layer was higher when the SiO2 was grown at 800 °C. For this
temperature, the minimum reflectance of around 0.8 % occurred in the range of wavelengths from 580 to 630
nm. With the oxidation process at 860 °C, the minimum reflectance of around 1 % occurred in shorter
wavelengths from 500 to 550 nm.
The firing of the conductive pastes caused the reduction of the reflectance in short wavelengths and this effect
was observed mainly for dTiO2 greater than 10 nm. The solar cells with thinner TiO2 coatings shown a low
internal quantum efficiency in wavelengths higher than 700 nm. In this range of wavelengths, the internal
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quantum efficiency increased up to the TiO2 thickness of 37 nm (800 ºC) and 14 nm (860 ºC), confirming the
selected TiO2 thicknesses.
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Abstract
The energy industry is known as one where widespread technological adoption moves rather slowly due to the
high capital costs of switching current equipment, behavior, and culture. It is important to note that for a change
to be impactful in the energy industry, it would have had to reach larger scales than what an impactful
breakthrough innovation would mean for other industries. Over the long term, and through cumulative
observation of system deployment, disregarding of current socio-political, economic trends, the longer-term
outlook for Solar plus Storage remains bullish. The reason for such optimistic forecast for the industry lies in
that distributed generation products deployed in the market already provide users with energy resiliency,
independence, reliability, and security, all which are becoming continuously more valuable as the effects of
climate change aggravate. Distributed generation from renewable energy sources, such as solar plus storage is
proving to be a viable solution for areas of the world prone to natural disasters, where the local electrical grid
infrastructure lacks the sturdiness and adaptability to withstand such events.
Keywords: Resiliency, Independence, Reliability, Security, Climate Change, Storms, Hurricanes, Distributed
Generation, Solar, Storage, America, Storms, Caribbean, Batteries,

1. Introduction
The story of our planet started with an initial explosion of concentrated matter, known as the big bang. After this
initial boom, all the matter it contained started spreading through space. When this matter started interacting
with one another and then started accumulating and reacting to form our galaxies, stars, planets, and moons,
respectively. For a planet to hold an ecosystem which will sustain life, it would have to be at the right distance
from its star, of specific size and have an adequate mix of elements in its atmosphere to enable the existence of
water in a liquid state. Luckily, for us, our planet met with all such requirements to breed life.
Our world, like all the other planets, is continuously changing. One of the most significant variables which drive
change is the change in the gaseous mixture of its atmosphere. An adequate mix of gases in the atmosphere
would enable for the existence of surface water in a liquid state, and fair weather to sustain complex life forms
at that given time. Thus, changes in this gaseous mixture lead to a significant impact on global weather and
ecosystems. At this time, life forms evolved during this epoch may no longer be able to survive on this planet,
leading to a significant extinction event. This type of event has happened in our planet’s history five times
already.
After the fifth massive extinction event, through time and with luck, our species has survived and flourished.
Nature has set the right field for our species to develop, but we deserve some credit as well since human-made
events have also enabled us to reach high levels of development. The utilization of nature as tools such as fire,
the domestication of animals, the invention of irrigation, the invention of the wheel, the printing press, among
other great feats have pushed our people forward to this day. The industrial revolution, which increased global
gross domestic product logarithmically compared to previous time, enriching England, Germany, and the United
States to the level of economic superpowers, was one of such events. Since the industrial revolution involved
the utilization of machines to replace physical labor, a new type of fuel was required rather than food for the
workforce and cattle.
Moreover, since energy can not be created or destroyed but just transformed, then a source of choice for fuel for
this revolution was coal as it was abundant and easy to extract in all these regions. As coal pushed these
economies forward, greenhouses gases a byproduct of its’ use started accumulating in the atmosphere. The pace
at which such emissions where being produced increased as the rest of the world started developing, while
global population emissions and energy needs increased exponentially.
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The historical events previously discussed are depicted by the four famous graphs displayed in figure one,
which summarizes how climate change is just a natural response to such changing circumstances. These graphs
were obtained from the United Nation’s IPCC Synthesis Report Summary and are available online for
download. It is important to note that climate is a long term phenomenon, for which it is critical to observe the
overall trends observed through the graphed historical data in these four graphs, not just yearly recorded
weather, which might lead to erroneous conclusions. In these four graphs, we can observe that as global
greenhouse gases increase (shown in Graph C), due to an increase of human emissions (shown in Graph D),
global temperatures increases (shown in Graph A), thus leading to higher sea levels as well (shown in Graph B).

Figure 1. 4 Graphs that Summarize Climate
Change.
** Source UN IPCC Synthesis Report

Rising global temperatures and sea levels would have a global impact on our weather. The effects of changes in
weather, as seen in figure two from the UN IPCC Synthesis report, can cause changes in precipitation patterns
causing draughts. Which with continuously increasing global demand could lead to rising prices in food due to
lower crop yields, and hunger in parts of the world which rely on subsistence farming to survive. In similar
industries, like farming and livestock, greenhouse gases emissions increase with economic development, so
does the consumption of animal-based protein from higher living standards, thus leading to the exponential
reduction in the global aquatic population, already causing issues in the fishing industry as fisheries erode (1).
Like the Mayan, and Roman civilizations the overconsumption of our ecosystems endangers our way of life,
except now we are doing it on a global scale.

Figure 2.Global Impact of Climate Change, as Natural Phenomena, and
Disasters.
** Source UN IPCC Synthesis Report
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2. Effects of Weather on an Electrical Grid
Electricity usage for lighting came as a byproduct of scientific advancement pushed by the industrial revolution
as inventions such as the lightbulb by Edison. It was not until late in the 19th century that Newcastle in England
became the first city in the world to use such lightbulbs for street lighting using electricity. Most technology
developed during that time to transmit and distribute electricity from generating sources is still the same that we
use today in the 21st century, as seen in figure 3, taken from Kenward and Urooj’s Climate Central Report,
which displays and explains a traditional electrical grid. Developed nations, such as the United States which has
more than 5 thousand power plants utilize more than 450 thousand miles of high voltage transmission lines to
provide electricity to more than 140 million customers. Traditionally, a large scale centralized electricitygenerating facility would produce electricity to be then transmitted to a network of cables. This electricity
travels at high voltages to reduced resistances losses to distribution centers where this electricity is then stepped
down into a voltage sent to final customers. This system works wonderfully, under normal circumstances, and
achieves meager costs by utilizing economies of scale.

Figure 3. Traditional Electrical Grid.
** Source Climate Central Report

Although our global electrical grid works, it is not perfect, and it fails continuously. Initially, the grid used to fail
more because of incapacity of operators and lack of required infrastructure, and resources, which is still the case
in many developing regions of our world. The developed world has practically eliminated grid failures due to
operator error or lack of infrastructure or resources. Nevertheless, there are still times when such systems fail,
especially tied to weather in the United States, as seen in figure 4 taken from the Climate Central report. As seen
in this graph, most power outages originate from storms and severe weather due to heavy precipitation and
strong winds disrupting some of the many cables that need to be hold in place to sustain a typical working grid.
The number of power outages displayed in this graph seems low, taking into account that these systems work all
year round and that most of this outages last a brief time (2). Nevertheless, even these small grid failures may
represent significant losses of life and money when they hit fragile infrastructures such as Hospitals’ ICUs.

Figure 4. Power Outages & Weather.
** Source Climate Central Report
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Although most outages in a developed nation such as the United States resolve in a manner of minutes, a
smaller number of outages might last days or even months. Such low frequency but high impact events have the
potential to have a substantial negative financial impact in local economies with long-lasting effects. Natural
disasters, seen in figure 5 taken from an NOAA resource, already have a negative billionaire impact on the
United States’ economy yearly due to damages in private property and national infrastructure (3).

Figure 5. Economic Impact of Natural Disasters.
** Source NOAA

3. Puerto Rico after Hurricane Maria
In 2017 Puerto Rico, a territory of the United States, was struck by three hurricanes causing significant damages
and becoming one of the most significant case studies of the impact that natural disasters can have in our global
electrical grids. Puerto Rico has been struggling with an economic slow down for decades, leading to a
population decline as people have decided to move to the mainland US after failing to find a job and sustain
themselves there. Such economic troubles, and continuous political disturbances linked to corruption cases and
an overly bureaucratic government had also weakened the island’s electrical infrastructure. Such a weak grid
stood no chance when Hurricane Maria’s path, displayed in figure 6, plunged through critical transmission lines,
leaving most of the island in the dark.

Figure 6. Puerto Rico’s Grid and the Impact of Maria.
** Source IEE Journal

The aftermath of Hurricane Maria was chaotic, as it had destroyed practically everything in its path. As
displayed in figure 7, even some of the concrete poles, which were supposed to be the most reliable link of
Puerto Rico’s distribution gird were destroyed during the storm, thus making the outage last for months.

Figure 7. Impact of Hurricane Maria on Puerto Rico’s Electrical
Distribution Grid.
** Source IEE Journal
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An already poor electrical infrastructure and a bureaucratic and corrupt system led to a prolonged recovery for
the islands’ infrastructure. Political and administrative hurdles furtherly delayed the pace at which the repair
took for months since they could not ask for assistance from other utilities from mainland US with better
equipment and a better-trained workforce. Thus it took 75 days for most substations, and transmission segments
to be repaired, leading to more than 150 days until many users got electricity service available back in their
locale. During these 150 days, the lucky and affluent ones were able to get batteries or generators that would at
least work for their minimal needs (like water pumping, lighting, or cooking) but most of the population
suffered during these months, lacking even the most basic services for survival. Such catastrophic scenario led
to clogged ports where even the aid sent was not getting to people in time, resulting in thousands of dead and
billions of dollars in economic losses.
Luckily for Puerto Rico, most generating facilities were not struck by Maria, except for some like the Solar
Utility Project in Humacao. This solar array, as seen in figure 8, was destroyed, thus showing us that
renewables, when not used with their competitive advantage can be as problematic as traditional fossil fuel
centralized electricity generating plants (4).

Figure 8. Impact of Hurricane Maria on Puerto Rico’s Utility Solar Project
in Humacao.
** Source IEE Journal

4. Lessons Learned & Recommendations
What happened in Puerto Rico should be taken as a case study of the potential chaotic impact that a grid failure
due to storms can come to be. When our electrical grids are disrupted in unprecedented ways by low probability
storms that hit which confabulate with other variables to lead to disaster, even in a territory of the most
economically developed nation on Earth. Fortunately, some industries have been experimenting with energy
strategies which are proving to be much more resilient than alternatives. Industries, such as telecommunications
earn revenue through selling for utilization of their infrastructure when utilized in services. Therefore for these
industries, downtime without electricity affects their bottom line, which has incentivized indirectly the
implementation of innovative power engineering strategies such as micro-grids coupled with distributed
generation and storage. Having such micro-grids in place in Puerto Rico in 2017, at least in critical points of
such infrastructure could have saved money and lives.
As Kwasinski, describes in an IEEE’s journal article, telecommunications infrastructure could be made more
resilient by coupling it with interdependent micro-grids with electrical generation and storage as seen in figure
9, which in this case is wind turbines, solar panels, and batteries. It is in this fashion that distributed generation
solutions such as wind and solar could gain a competitive advantage with traditional sources since they can be
scaled accordingly, and they need nothing else but natural phenomena to work. Solar energy, even more than
wind, has tremendous availability worldwide which could enable micro-grids to run interdependently with local
grids for energy resiliency, independence, and security.

Figure 9. Micro-grids Utilizing Distributed Generation Plus Storage to Increase
the Resiliency of the Telecommunication Industry.
** Source IEE Journal
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Micro-grids, coupled with distributed generation and storage such as wind or solar plus batteries would not
only make the grid more resilient but also more reliable in the long term. This interconnected micro-grids,
coupled with sensors, switches, and communication equipment, could lead the way to the transformation of our
global grid into a smarter one. In such a grid where data is gathered and utilized in real-time with other tools
such as computing power and algorithms, our electric infrastructure could reach unprecedented efficiency and
resiliency levels.
The total investment required of a bigger, more robust grid to reach the adaptability which micro-grids coupled
generation, and storage with switches, monitoring, and communication equipment can lead to would be huge.
Such scale would mean that this strategy would not be able to be implemented equally on a global scale, leading
to long term risk regardless. On the other hand, just using switches, monitoring, and communications would
increase efficiency but also not solve the problem of geographical movements of populations and industries.
Thus as Kwasinski discussed, a hybrid approach is the most effective way to reach such results (5).

5. Conclusion
Awareness of climate change has been rising globally, leading to governments and corporations to push the
industry forward, eventually making solar and wind reach grid parity in many regions of our world.
Nevertheless, even in the best-case scenarios, if we manage to keep emissions low, the effects which our
civilizations have already had on our planet will lead to at least changes in precipitation patterns and global
temperature. This, as little as they might be, still have the potential for high economic and social impact as
discussed, on a global scale. Therefore, we should take advantage of the already installed distributed generation
resources such as rooftop solar to make our grids more resilient. Coupling these systems together with storage
and smart technology such as the internet, sensors, computing power, communications, monitoring equipment,
blockchain, and machine learning would be able to provide electricity reliably and resiliently to the people of
the world regardless of higher frequency or strength of storms in the future.
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Abstract
As the proportion of wind and solar photovoltaics (PV) in an electrical grid extends into the 30-100% range a
combination of additional long-distance high voltage transmission, demand management and storage is required for
stability. Pumped Hydro Energy Storage (PHES) constitutes 99% of electrical energy storage worldwide because
of its low cost compared with alternatives. We have conducted a comprehensive global search for prospective
PHES sites. We found 616,000 potentially feasible PHES sites with storage potential of about 23 million Gigawatthours (GWh) by using geographic information system (GIS) analysis. This is around 100 times more than required
to support a 100% global renewable electricity system.
Keywords: pumped hydro energy storage, solar, wind energy

1. Introduction
This paper describes a global Atlas of pumped hydro energy storage [ANU, 2019].
Solar photovoltaics (PV) and wind constitute about two thirds of global annual net new capacity additions.
Sustained price reductions mean that the PV and wind are competitive with fossil fuel generation in most countries.
Thus, the PV/wind share of global generation could rapidly increase. Balancing an electricity system with 30-100%
variable PV and wind is straightforward using off-the-shelf techniques comprising stronger interconnection over
large areas to smooth out local weather; storage mostly in the form of pumped hydro and batteries; demand
management; and occasional spillage of renewable electricity.
By far the leading energy storage technology is pumped hydro energy storage (PHES) [Hydropower 2019; Energy
Storage Exchange 2019], which represents about 97% of global storage power (160 GW) and 99% of stored
energy. Batteries are rapidly increasing in importance for short term storage (sub-seconds to an hour) and for
electric vehicles. A world-scale battery [Liebman et al, 2019] has storage capacity of 0.13 Gigawatt-hours (GWh).
As a comparison, the Snowy 2.0 pumped hydro project [Snowy Hydro, 2019] has storage capacity of 350 GWh.
The batteries in an electric vehicle fleet represent a very large potential storage.
Most existing PHES is associated with hydroelectric projects on rivers. Vigorous social and environmental
opposition is sometimes encountered for new hydroelectric projects, and the number of remaining potential sites is
reducing as more hydro is built. However, PHES systems can be closed loop and located away from rivers. Since
most of the land surface of Earth is not adjacent to a river, a vastly larger number of potential sites are available for
off-river PHES compared with river-based PHES.
Off-river PHES typically comprises a pair of artificial reservoirs (each a few square kilometres in area), located
close to each other (separated by a few km) but at different altitudes (200-1200 m altitude difference or “head”)
and connected by a pipe or tunnel. Water is pumped uphill on sunny/windy days, and energy is recovered by
allowing the stored water to flow back through the turbine. The round-trip efficiency (after accounting for
pumping, generation, friction and other losses) is typically 80%. The water oscillates indefinitely between the two
reservoirs, with occasional top-ups (to replace evaporation) from rainwater or by artificial means. Evaporation
suppressors can be used. A significant advantage of off-river PHES is that minimal provision has to be made for
flood control.
An example of an existing off-river pumped hydro energy system is shown in Figure 1.
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Fig. 1: Example off-river pumped hydro energy storage system at Presenzano, Italy. The upper and lower reservoirs are visible and
they are connected via a tunnel. The head is 500 m, the water volume is 6 Gigalitres, the power rating is 1000 Megawatts and the
combined reservoir area is about 100 hectares. Image: Google Earth.

2. A global Atlas
A recent study by the authors found 616,000 potentially feasible PHES sites with storage potential of about 23
million GWh by using geographic information system (GIS) analysis (Figure 2). Identified sites have energy
storage potential in the range 2-150 GWh. The latitude range covered in the survey is between 60 degrees North
and 56 degrees South.

Fig. 2: 616,000 potential off-river PHES sites. Detailed zoomable maps and spreadsheets are available [ANU, 2019]. Background: Bing
Maps
.

Most regions of the world have large numbers of potential pumped hydro energy storage sites nearby (Figure 3).
PHES is mature off-the-shelf technology and is much cheaper than alternatives for large-scale energy storage.
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Fig. 3: Energy storage potential (GWh per million people) for global geo region. As a guide, the amount of storage required to support
100% renewable electricity in Australia is about 20 GWh per million people [Blakers et al, 2017]. Most regions have hundreds of times
more storage than required to support high levels of variable wind and solar PV.

Potential sites for off-river PHES were identified using GIS algorithms [Lu, 2018] with defined search criteria. The
surveyed latitude range is up to 60 degrees north and 56 degrees south. For each reservoir the following attributes
are identified:
•

Latitude

•

Longitude

•

Elevation

•

Area (hectares)

•

Water volume (Gigalitres)

•

Length of the dam (in meters)

•

Dam wall height (meters) – the maximum height of earth and rock wall; different wall heights will
produce different dam and reservoir shapes and volumes

•

Volume of rock in the dam wall (Gigalitres) based on a 3:1 upstream and downstream slopes

•

Water-to-rock (W/R) ratio: ratio between volume of the stored water and volume of rock in the dam wall;
reservoirs with higher water-to-rock ratio are economically more competitive.

For each pair of upper and lower reservoirs the following attributes are identified:
•

Head (meters): minimum altitude difference between potential upper and lower reservoirs

•

Distance (kms): minimum horizontal distance between potential upper and lower reservoirs

•

Slope: ratio between the head and the distance

•

The specifications for promising pairs of upper and lower reservoirs are: minimum head is 100m;
maximum head is 800m; minimum W/R ratio = 3; minimum reservoir volume = 1 GL (corresponding
approximately to 1 GWh of energy storage for 400m head); minimum slope between upper/lower
reservoir pairs = 1:20. In this work the identified sites assume earth and rock walls with a maximum
height in the range 5-100 m.
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Wall heights are adjusted for each reservoir in a pair to yield equal water volumes to achieve the targeted energy
storage. Energy (= head * volume *density*g * efficiency) and storage-length combinations are provided in Table
1. The last line is the approximate number of people that the reservoirs could service for a 100% renewable
electricity grid [Blakers, 2017].
Tab. 1: Ten energy and storage length combinations are marked with an “x”

6 hours

2 GWh

5 GWh

15 GWh

60 GWh

x

x

x

x

x

x

x

x

0.25

0.75

2.5

7.5

18 hours
Millions of people

0.1

150 GWh

Each reservoir pair is ranked A, B, C, D or E according to an approximate cost model. More expensive schemes
than rank E are not included. Rank A reservoir pairs would be expected to cost around half that of rank E. Larger
systems are generally more cost-effective than smaller systems. The main cost components are:
•

Water-to-rock ratio (how much rock must be moved to dam a given volume of water)

•

Head (a doubled head for a reservoir pair compared with another similar pair provides doubled stored
energy and the power component costs also reduce due to smaller water volumes)

•

Slope between the reservoirs: the steeper the slope the shorter is the high-pressure tunnel/pipe. Water
conveyances in a pair are the shortest distances between the reservoirs.

•

Power: lower power systems are less expensive for a given energy storage volume

The algorithm considers all possible pairs within a region, calculates the best pair according to a cost model, and
works downwards in ranking. Each upper reservoir is paired with the best available lower reservoir. This explains
why some water conveyances (e.g. a B-class pair) bypass a close reservoir and go to a more distant reservoir (e.g.
because the “nearby” reservoir forms part of an A-class pair). Virtually all upper reservoirs are away from rivers
(“off-river”, closed loop), and none intrude on the national parks or urban areas listed in the databases that we use.
However, many of these databases are incomplete.
Visualisation of a site is shown in Figure 4.

Fig. 4: 3D visualisation of a Class A off-river pumped hydro site in Southern China. Image credit: Data61 hosting and Bing Map
background.

3. Land and water use
Legacy fossil fuels coupled with demand management can support and balance an electrical grid with a large
proportion of variable renewable energy (solar PV and wind). However, as the renewable fraction approaches
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100% then substantial storage is needed. Analysis of Australia showed that about 500 GWh of storage is needed to
balance a 100% renewable electricity grid for 25 million people that includes strong interconnection over large
areas (to smooth-out local weather) [Blakers et al, 2017]. If the storage is mostly in the form of pumped hydro, then
2-5 km2 is required per million people for the upper + lower reservoirs. This is much smaller than the area of land
required for the corresponding solar and wind energy systems that the storage supports. Most of the identified sites
are not near significant rivers. Larger reservoirs (50-150 GWh) are more economical with land than smaller
reservoirs.
The water requirements of a renewable electricity system relying on PV, wind, pumped hydro storage and widearea transmission is far less than for a corresponding coal-based system because cooling towers are not needed for
renewables. An initial fill of a pumped hydro system is required, of about 20 Gigalitres per million people (based
on analysis for Australia). This water is retained indefinitely in an off-river (closed-loop) pumped hydro system. In
some areas annual evaporation exceeds rainfall and the water will need topping-up. Evaporation suppressors can be
used. The volume of water required to replace evaporation is a small fraction of agricultural water use and is far
less than used in an electricity system based on coal. Pumped hydro can help make better use of existing
transmission. For example, if a solar farm is in a region where building more transmission is difficult then it can
make the existing transmission work 3-4 times harder by making sure that it is operating at its load limit most of
the time (including at night). Many or even most potential pumped hydro sites may prove to be unsuitable.
However, fewer than 1% of the identified sites are required to support a 100% renewable electricity grid.
Developers and approval authorities can afford to be choosy.

4. Acknowledgments
Support from the Energy Transition Hub (https://www.energy-transition-hub.org/), the Australia Indonesia Centre
(https://australiaindonesiacentre.org/) and the Australian Renewable Energy Agency (https://arena.gov.au/) is
gratefully acknowledged. AREMI is supported by ARENA and Data61. Special thanks to Mats Henrikson of
Data61 (https://www.data61.csiro.au/) for mounting the data on AREMI. Thanks also to David Singleton. This
work has been partially supported by the Australian Government through the Australian Renewable Energy
Agency (ARENA). Responsibility for the views, information or advice expressed herein is not accepted by the
Australian Government

5. References
ANU, 2019: http://re100.eng.anu.edu.au/global/index.php
Blakers, A, Lu, B and Stocks, M, 100% renewable electricity in Australia, Energy, Volume 133, 15 August 2017,
Pages 471-482, https://www.sciencedirect.com/science/article/pii/S0360544217309568
Hydropower (accessed June 2019) https://www.hydropower.org/status2019
Energy Storage Exchange (accessed June 2019)
https://www.energystorageexchange.org/projects/data_visualization
Liebman, A and Khalilpour, KR, https://theconversation.com/explainer-what-can-teslas-giant-south-australianbattery-achieve-80738, 2019
Lu, B, Stocks, M, Blakers, A and Anderson, K, Geographic information system algorithms to locate prospective
sites for pumped hydro energy storage, Applied Energy, Volume 222, 15 July 2018, Pages 300-312,
https://www.sciencedirect.com/science/article/pii/S0306261918305270
Snowy Hydro, accessed June 2019, https://www.snowyhydro.com.au/our-scheme/snowy20/

1091

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Impact of Battery Aging Model in an Energy Management System for an
Isolated Solar Microgrid
Danny Espín-Sarzosa1, Cristian Retamal1 and Patricio Mendoza-Araya1,2
1 Department
2 Energy

of Electrical Engineering, FCFM, University of Chile, Santiago (Chile)

Center, Department of Electrical Engineering, FCFM, University of Chile, Santiago (Chile)
Abstract

Battery aging is an important issue that should be considered in the battery modelling. This is paramount
when the battery is part of an isolated microgrid, being this a component with an important investment and
replacement cost. In this work, three published aging models are included in a microgrid Energy
Management System (EMS) optimization problem. Then, the performance of each model is assessed. To
analyze the impact of battery aging models in a microgrid EMS, the real data of components of the microgrid
located in Huatacondo in the north of Chile are considered. The results show the economic benefits of
including the battery aging model into the EMS. The EMS considering the Bo Zhao aging model has the best
performance since the total operating costs is lower (10.61% savings) than the costs obtained on other cases
(8.09% savings considering the Drouilhet model and 3.24% considering the Copetti and Chenlo model), as
well as a lower loss of battery life overall.
Keywords: Microgrid, Energy Management System, Battery Aging Models, Optimization.

1. Introduction
Microgrids (MGs) can energize a complete community by providing electricity while minimizing energy
costs for their consumers. This solution becomes very attractive, since it allows a continuous and safe supply,
being able to provide electric power even in the event of a failure in the main distribution system (operating
in island mode). In addition, an EMS helps to operate and coordinate a variety of distributed generators
(DGs), Energy Storage Systems (EESs), and loads in order to provide high-quality, reliable, sustainable, and
environmentally friendly energy in a cost-effective way (Su and Wang, 2012). Therefore, an EMS is an
integral part of a MG that ensures an optimal operation.
MGs in general, and particularly when they operate isolated from the main grid, have energy storage systems
(ESSs). ESSs can make MGs more cost-effective by storing energy when energy from the main grid is cheap
or there is energy surplus from the local DGs (Su and Wang, 2012). ESSs are usually operated to meet the
MG electric load, and such operation should consider the factors that accelerate their degradation. This is
particularly important on battery based ESSs. The degradation rate on those ESSs is sensitive to operating
conditions. In fact, battery temperature, state of charge (SOC), voltage, depth of discharge (DOD), and
current magnitude are the most influential and studied aging factors (Baghdadi et al., 2016).
In the specialized literature, there are works related to aging models for EESs. (Berrueta et al., 2018)
analyzed the diversity of simulation results obtained with the application of different Li-ion battery aging
models, as well as the implications of this diversity in the design of the battery management strategy.
(Cardoso et al., 2018) proposed a linear battery aging and degradation model to a multi-energy microgrid
sizing model using mixed integer linear programming. (Baghdadi et al., 2016) proposed and validated a
calendar and power cycling aging model for two different lithium battery technologies. The model approach
is based on Dakin’s degradation, which is considered to be a chemical rate approach. Thus, the logarithms of
battery capacity fade and resistance increase evolve linearly with time. (Ning et al., 2006) presented a
generalized charge–discharge cycle life model based on loss of cyclable lithium ions due to the irreversible
solvent reduction reaction.
In this work, we implement three battery aging models in the EMS optimization problem. Then, we analyze
and compare the performance of each aging model. Finally, we analyze the economic benefit of considering
the aging models in the MG operation optimization.

1092

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.20.03 Available at http://proceedings.ises.org

D.A. Espín Sarzosa et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

The rest of this paper is organized as follows. The battery aging models are introduced in Section 2 and
propose the EMS with battery aging models in Section 3. Case study and results are provided in Section 4
and the conclusions are given in Section 5.

2. Battery Aging Models
There are two types of aging that affect the state of health (SoH) of the battery. Cyclic aging corresponds to
the deterioration of the battery when completing charge-discharge cycles (Keil et al., 2016). Calendar aging
comprises all aging processes that lead to a degradation of a battery cell independent of charge-discharge
cycling. In this work, only cyclic aging is considered.
2.1. Model I: Copetti and Chenlo
The Copetti et al., (1993) model estimates the aging of the battery as a function of the current state of charge
(SoC) at a given time during operation (see Fig. 1). For this, the model proposes different zones of operation
that are linked to a certain aging factor 𝜂𝑤𝑧 which is measured in [%𝑆𝑜𝐻 ⁄𝑡𝑖𝑚𝑒].
Finally, the SoH is represented as

𝑆𝑜𝐻(𝑇) = 1 − [∑𝑇𝑡=1 𝜂𝑤𝑧 ∙ 𝛿𝑡 ]

(eq. 1)

Fig. 1: Operating Zones Depending on the SoC (Copetti and Chenlo aging model)

2.2. Model II: Drouilhet
The Drouilhet and Johnson, (1997) model assumes that the total energy discharged throughout a battery’s life
is fixed. This parameter, Γ𝑛 , is obtained by applying the following equation:

Γ𝑛 = 𝐿𝑛 𝐷𝑛 𝐶𝑛

(eq. 2)

where 𝐿𝑛 corresponds to the number of nominal cycles that can be obtained from a cell at a certain depth of
discharge D𝑛 . C𝑛 corresponds to the nominal capacity of the battery. To estimate the level of aging, the
energy drawn in each operation cycle must be accumulated, penalizing operations over the nominal range,
such as discharge currents and high depths of discharge (DoD). The following equation shows how to
calculate the effective energy discharged from a cycle:

𝑑𝑒𝑓𝑓 = 𝛼𝐷𝑜𝐷 (𝐷𝑜𝐷) ∙ 𝛼𝐼𝑑 (𝐼𝑑 ) ∙ 𝑑𝑟

(eq. 3)

where 𝑑𝑟 corresponds to the actual discharged energy, 𝛼𝐼𝑑 𝐼𝑑 corresponds to the penalty factor for a given
discharge current 𝐼𝑑, 𝛼𝐷𝑜𝐷 (𝐷𝑜𝐷) corresponds to the penalty factor for a given DoD and 𝑑𝑒𝑓𝑓 represents the
effective value of the energy discharged on the cycle. Finally, the SoH is represented as

𝑆𝑜𝐻(𝑇) = 1 − [∑𝑇𝑡=1 𝑑𝑒𝑓𝑓 (𝑡)]⁄Γ𝑛

(eq. 4)

2.3. Model III: Bo Zhao
The Zhao et al., (2013) model is a modification of the Drouilhet model and the Copetti model since it defines
different operating zones for the battery. The operating zones are separated according to the SoC of the
battery as shown in Fig. 2. Each operating zone introduces a weight, which determines the effective amount
of the current that is extracted from the total nominal discharge (same total of the Drouilhet model). To
determine the amount of current drawn by the operation of the battery, the following equation is used:
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(eq. 5)

𝑑𝑒𝑓 = 𝛽𝑧 𝑑𝑟

where 𝑑𝑒𝑓 represents the effective discharge, 𝛽𝑧 corresponds to the weighting of the zone 𝑧 and 𝑑𝑟
corresponds to the actual discharge. To estimate the state of health (SoH) of the battery at a time 𝑇, the
following equation is used:

𝑆𝑜𝐻(𝑇) = 1 −

∑𝑇
𝑡=1 𝑑𝑒𝑓 (𝑡)
Γ𝑛

(eq. 6)

where Γ𝑛 was defined in (eq. 2).

Fig. 2: Operating Zones Depending on the SoC (Bo Zhao aging model)

3. Proposed Energy Management System with Battery Aging Models
In this paper, the EMS proposed in (Palma-Behnke et al., 2013) was used. For the purposes of this work, the
aging models described in the previous section are incorporated into the EMS in order to analyze the benefits
of considering battery aging models in the MG operation. The EMS minimizes the MG operating costs in a
given time horizon, taking the solar generation and the electric load as inputs, and obtaining the power output
of the thermal unit and the power delivered/absorbed by the battery bank as outputs. The EMS’s formulation
corresponds to a mixed integer linear programming (MILP) model. The EMS is effectively solving a unitcommitment (UC) problem with a rolling horizon strategy (UC-RH).
3.1. Objective function
The objective function of the problem addresses the direct and indirect costs incurred in the operation of the
system. The objective function is formulated as

𝐽 = 𝛿𝑡 ∑𝑇𝑡=1 𝐶𝑓𝑢𝑒𝑙 (𝑡) + ∑𝑇𝑡=1 𝐶𝑠 (𝑡) + 𝛿𝑡 𝐶𝑚𝑎𝑛 𝑇𝑚𝑎𝑛 + 𝛿𝑡 𝐶𝑈𝑆 ∑𝑇𝑡=1 𝑃𝑈𝑆 (𝑡) +
𝛿𝑡 𝐶𝑙𝑜𝑠𝑡 ∑𝑇𝑡=1 𝑃𝑙𝑜𝑠𝑡 (𝑡) + 𝐶𝑖𝑛𝑣 𝑆𝑜𝐻𝑙𝑜𝑠𝑡
(eq. 7)
where 𝛿𝑡 is the duration of the time period 𝑡, 𝐶𝑓𝑢𝑒𝑙 (𝑡) is the cost function of the thermal unit, 𝐶𝑠 (𝑡) is the
start-up cost function of the thermal unit, 𝐶𝑚𝑎𝑛 𝑇𝑚𝑎𝑛 is the maintenance cost function of the thermal unit, 𝐶𝑈𝑆
is the price for unserved energy, 𝑃𝑈𝑆 is the unserved power in the MG, 𝐶𝑙𝑜𝑠𝑡 and 𝑃𝑙𝑜𝑠𝑡 are the price and
amount of unused power from the energy sources, respectively, 𝐶𝑖𝑛𝑣 is the investment cost of the battery
bank, and 𝑆𝑜𝐻𝑙𝑜𝑠𝑡 is the loss of useful life of the battery bank according to the models described in section 2.
3.2. Power Balance for the Microgrid
The power balance in the MG must be meet and it is formulated as the constraint

𝑃𝐷 (𝑡) + 𝑃𝐼 (𝑡) + 𝑃𝑈𝑆 (𝑡) = 𝑃𝐿 (𝑡) − 𝑃𝑆 (𝑡) − 𝑃𝐿𝑜𝑠𝑡 (𝑡)

(eq. 8)

where 𝑃𝐷 (𝑡) is the power genetated by thermal unit, 𝑃𝐼 (𝑡) is the ESS inverter power, 𝑃𝐿 (𝑡) is the electrical
load and 𝑃𝑆 (𝑡) is the available solar power. Additional constraints for the optimization problem are 𝑃𝑈𝑆 (𝑡) ≥
0 and 𝑃𝐿𝑜𝑠𝑡 (𝑡) ≤ 0.
3.3. Constraints of Drouilhet Aging Model
Drouilhet's aging model is a nonlinear function, therefore the nonconvex function can be approximated by 𝑛𝑑
piecewise linear segments (see Fig. 3) to be incorporated into the optimization problem.
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Fig. 3: Drouilhet Aging Model Penalty Curve

The following restriction imposes that only one of the model segments will be active at each interval of the
optimization horizon.

𝑃𝑑𝑚𝑖𝑛 𝐵𝑑𝐵 (𝑡) ≤ 𝑃𝑑𝐵 (𝑡) ≤ 𝑃𝑑𝑚𝑎𝑥 𝐵𝑑𝐵 (𝑡)

(eq. 9)

Where 𝑃𝑑𝐵 (𝑡) is an auxiliary variable that helps determine the discharge power of the battery bank, 𝐵𝑑𝐵 (𝑡) is a
binary auxiliary variable that indicates which section of the model will be active and when the battery bank
will be discharging, parameters 𝑃𝑑𝑚𝑖𝑛 and 𝑃𝑑𝑚𝑎𝑥 correspond to the lower and upper limits of section d of the
model. The restrictions that determine the relationship between auxiliary variables 𝑃𝑑𝐵 (𝑡) and 𝐵𝑑𝐵 (𝑡) with
their respective real variables are shown below.
𝑛

(eq. 8)

𝑛

(eq. 9)

𝑑
𝑃𝐵+ (𝑡) = ∑𝑑=1
𝑃𝑑𝐵 (𝑡)
𝑑
𝐵𝐵+ (𝑡) = ∑𝑑=1
𝐵𝑑𝐵 (𝑡)

To determine the effective power, the following equation is applied.
𝑛𝑑
𝑒𝑓
𝑃𝐵 (𝑡) = ∑𝑑=1
𝛼𝑑 𝑃𝑑𝐵 (𝑡) + 𝛽𝑑 𝐵𝑑𝐵 (𝑡)

(eq. 10)

With this last restriction we can calculate the loss of useful life on the optimization horizon.
𝑒𝑓

𝑆𝑂𝐻𝑙𝑜𝑠𝑡 =

∑𝑇
𝑡=1 𝑃𝐵 (𝑡)
Γ𝑛

(eq. 11)

Where Γ𝑛 corresponds to the total nominal discharge defined in (eq. 2).
3.4. Constraints of Copetti Aging Model
The auxiliary variable 𝑆𝑜𝐶𝑐 (𝑡) and the binary auxiliary variable 𝐵𝑐𝑠𝑜𝑐 (𝑡) are introduced to determine which
weighter to use at the indicated time.

𝑆𝑜𝐶𝑐𝑚𝑖𝑛 𝐵𝑐𝑠𝑜𝑐 (𝑡) ≤ 𝑆𝑜𝐶𝑐 (𝑡) ≤ 𝑆𝑜𝐶𝑐𝑚𝑎𝑥 𝐵𝑐𝑠𝑜𝑐 (𝑡)

(eq. 12)

Where 𝑆𝑜𝐶𝑐𝑚𝑖𝑛 and 𝑆𝑜𝐶𝑐𝑚𝑎𝑥 represent the lower and upper limits of the operation zone 𝑐. The relationship
between the auxiliary variable SoCc(t) and the original variable SoC(t) is determined by the constraint.
𝑛

𝑐
𝑆𝑜𝐶(𝑡) = ∑𝑐=1
𝑆𝑜𝐶𝑐 (𝑡)

(eq. 13)

Where 𝑛𝑐 corresponds to the number of operating zones. In addition, since the weighter must be active in
only one operating zone by interval, the following restriction is incorporated.
𝑐
∑𝑛𝑐=1
𝐵𝑐𝑠𝑜𝑐 (𝑡) = 1

(eq. 14)

The binary auxiliary variables of the battery bank 𝐵𝑐+ (𝑡) and 𝐵𝑐− (𝑡) represent charging and discharging
respectively. These variables are related to the original variables according to the following constraints.
𝑛

(eq. 15)

𝑛

(eq. 16)

𝑐
𝐵𝐵+ (𝑡) = ∑𝑐=1
𝐵𝑐+ (𝑡)
𝑐
𝐵𝐵− (𝑡) = ∑𝑐=1
𝐵𝑐− (𝑡)

The following constraints force auxiliary variables 𝐵𝑐+ (𝑡) and 𝐵𝑐− (𝑡) to be set to 0 when they are not in the
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corresponding operating zone, but these restrictions have the flexibility to operate (set to 1) or not to operate
when they are in the corresponding operating zone.

𝐵𝑐+ (𝑡) ≤ 𝐵𝑐𝑠𝑜𝑐 (𝑡)

(eq. 17)

𝐵𝑐− (𝑡) ≤ 𝐵𝑐𝑠𝑜𝑐 (𝑡)

(eq. 18)

The following equations can be used to calculate the loss of state of health by interval and the loss of state of
health on the optimization horizon.
𝑛

(eq. 19)

𝑛

(eq. 20)

𝑛

(eq. 21)

+ (𝑡)
𝑐
𝑆𝑜𝐻𝑙𝑜𝑠𝑡
= ∑𝑐=1
𝜂𝑐𝑤𝑧 𝐵𝑐+ (𝑡)
− (𝑡)
𝑐
𝑆𝑜𝐻𝑙𝑜𝑠𝑡
= ∑𝑐=1
𝜂𝑐𝑤𝑧 𝐵𝑐− (𝑡)
+ (𝑡)
− (𝑡)
𝑐
𝑆𝑜𝐻𝑙𝑜𝑠𝑡 (𝑡) = ∑𝑐=1
𝑆𝑜𝐻𝑙𝑜𝑠𝑡
+ 𝑆𝑜𝐻𝑙𝑜𝑠𝑡

3.5. Constraints of Bo Zhao Aging Model
The auxiliary variable 𝑆𝑜𝐶𝑧 (𝑡) and the binary auxiliary variable 𝐵𝑧𝑠𝑜𝑐 (𝑡) are introduced to determine the
operating zone.

𝑆𝑜𝐶𝑧𝑚𝑖𝑛 𝐵𝑧𝑠𝑜𝑐 (𝑡) ≤ 𝑆𝑜𝐶𝑧 (𝑡) ≤ 𝑆𝑜𝐶𝑧𝑚𝑎𝑥 𝐵𝑧𝑠𝑜𝑐 (𝑡)

(eq. 22)

Where 𝑆𝑜𝐶𝑧𝑚𝑖𝑛 and 𝑆𝑜𝐶𝑧𝑚𝑎𝑥 are the lower and upper limits of the operating zone z. The relationship between
the auxiliary variable 𝑆𝑜𝐶𝑧 (𝑡) and the original variable 𝑆𝑜𝐶(𝑡) is determined by the following constraint.
𝑛

𝑧
𝑆𝑜𝐶(𝑡) = ∑𝑧=1
𝑆𝑜𝐶𝑧 (𝑡)

(eq. 23)

Where 𝑛𝑧 corresponds to the number of operating zones. The binary variable 𝐵𝑧𝑠𝑜𝑐 (𝑡) is set so that only one
of the operating zones is active in each time interval.
𝑧
∑𝑛𝑧=1
𝐵𝑧𝑠𝑜𝑐 (𝑡) = 1

(eq. 24)

The new auxiliary variable 𝑃𝑧+ (𝑡) is incorporated, which is activated in the operation area according to
binary variable 𝐵𝑧𝑠𝑜𝑐 (𝑡).

0 ≤ 𝑃𝑧+ (𝑡) ≤ 𝑃𝐵𝑚𝑎𝑥 𝐵𝑧𝑠𝑜𝑐 (𝑡)

(eq. 25)

The relationship between the auxiliary variable 𝑃𝑧+ (𝑡) and the original variable is given by the following
equation.
𝑛

𝑧
𝑃𝐵+ (𝑡) = ∑𝑧=1
𝑃𝑧+ (𝑡)

(eq. 26)

The effective power in each interval is calculated with the following equation.
𝑛𝑧
𝑒𝑓
𝑃𝐵 (𝑡) = ∑𝑧=1
𝛽𝑧 𝑃𝑧+ (𝑡)

(eq. 27)

Where 𝛽𝑧 corresponds to the value of the weight in the operating area 𝑧. The loss of useful life on the
optimization horizon is calculated using the following constraint.
𝑒𝑓

𝑆𝑜𝐻𝑙𝑜𝑠𝑡 =

∑𝑇
𝑡=1 𝑃𝐵 (𝑡)

(eq. 28)

𝛤𝑛

Where Γ𝑛 corresponds to the total nominal discharge defined in (eq. 2).

4. Study Case and Results
To analyze the impact of battery aging models in an MG EMS, we considered the real data of components of
the MG located in Huatacondo in the north of Chile (Palma-Behnke et al., 2013), the MG historic operation
and the technical information of the battery bank to obtain the parameters used in the aging models.
The following results were obtained for a time horizon of 24 hours and a sampling time of 60 minutes, for a
period of 31 days. To perform the unit-commitment, the rolling horizon method is used. This method
considers the feedback of variables with a certain level of uncertainty (electric charge, maximum available
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solar power, maximum available wind power, etc.) in each iteration. This requires recalculating the unitcommitment each time a new value is obtained from these variables.
The three models generate an impact on the final operation of the MG, reducing total costs in the long term.
This reduction is mainly due to the optimal use of the battery bank made by the EMS. The diesel generator
reduces its operation, and this causes a reduction in battery activity. The results of the injected energy by the
diesel generator, photovoltaic and battery bank are shown in Fig. 4.

Fig. 4: Injected Energy by Diesel Generator, Photovoltaic and Battery Bank

Manual operation refers to the manual activation of the diesel generator, which is how the Huatacondo MG
currently operates. From the previous results the following is noted:
• The Diesel Generator supplies less energy when the EMS considers aging models as it does not
charge the batteries very often. Therefore, it reduces the aging of the batteries which is reflected in the
decrease of the total costs of the system.
• The Diesel Generator supplies more energy when the EMS does not consider aging models (EMS
base). However, the total fuel cost was lower. This is because the EMS base operates the diesel generator
at a higher power output (and therefore more efficient) than the EMS with aging models. The thermal unit
is most efficient when it operates near its maximum capacity (with a variable cost of 173 [CLP/kWh])
while, when it operates near its minimum capacity, the unit consumes more fuel and the variable cost
increases (310 [CLP/kWh]).
Fig. 5 shows the power curves of the battery bank operation for the EMS with the three different aging
models and the base EMS without any aging models. Fig. 6 summarizes the main economic results of
operating MG with the various aging models of the battery bank. In this figure, the direct costs 𝐶𝑑𝑖𝑟
correspond to the fuel consumed by the diesel generator, and the indirect costs 𝐶𝑖𝑛𝑑 correspond to the costs
of energy not supplied, costs of spillage and cost for use of the battery bank.
Fig. 6 shows that, regardless of the model considered, the savings obtained by optimizing the use of the
battery bank is considerable. The model that stands out is mainly that of Bo Zhao, which presents a saving of
10.61% in the total costs. It is emphasized that indirect costs are not identical in the EMS base, since these
costs were calculated a posteriori using each of the aging models, but without incorporating this cost in the
objective function of the optimization problem.
In terms of extending the useful life of the battery bank, the Drouilhet model is the one that delivers the best
results. This model achieves a lower loss of useful life, however, to supply the energy required by the MG
the diesel generator uses more fuel and the total cost increases.
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Fig. 5: Power Delivered by the Battery Bank

Fig. 6: Results of the Total Operating Costs and Loss of Useful Life of the Battery Bank

5. Conclusions
In this work, three published battery aging models were implemented and compared. These models were
incorporated into an EMS optimization problem to obtain the operation results of a MG. To analyze the
impact of battery aging models in a MG EMS, the real data of components of the MG located in Huatacondo
in the north of Chile were considered. The results showed the economic benefit of considering the battery
aging models into the optimization problem for the economic dispatch of the MG. The EMS considering the
Bo Zhao aging model has the best performance since the total operating costs is lower (10.61% savings) than
the costs obtained on other cases (8.09% savings considering the Drouilhet model and 3.24% considering the
Copetti and Chenlo model), as well as a lower loss of battery life overall.
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Summary
The present study describes a CFD based methodology for the analysis of temperature stratification in an air
thermocline tank using a three-dimensional model developed in ANSYS CFX. This particular case considers
copper slags as filler material, allowing to simulate its behavior as a coupled solid-fluid interface system. The
charging and standby phases are simulated using a coupled CFD model to capture the heat transfer mechanisms
between the solid-fluid region to assess the effect of including a copper slag rock bed inside the tank. T he
transient temperature profile along the tank height is obtained for charging and standby process in order to
analyze the thermal behavior of the rock bed during different stages in every process.
Keywords: CFD Simulation, Thermocline Tank, Thermal Stratification, Stratification Efficiency

1. Introduction
Thermal energy storage (TES) applied to concentrated solar power (CSP) provides clean and cost-competitive
technology for commercial and large-scale heat and power generation, increasing the plant’s dispatchability
and operational flexibility. TES tanks have been pointed out as a low-cost and high-efficiency solution for
thermal energy storage. However, some studies had suggested that a single tank system (dual medium-based
thermocline tank) and a two-tank system show that a single tank system has the potential of reducing 33% of
storage cost when compared to an equally sized two-tank system as described by Angelini et al. (2013).
Thermocline storage filler materials are widely used due to its high heat capacity, where the most common
materials are silica sand and quartzite which withstands and retains molten salts thermal properties during
charging and discharging cycles. Packed-bed filler materials for a thermocline TES model taking into account
parameters such as inlet velocity, tank height, and porosity were reported by Nandi et al. (2018). The transport
phenomena within the packed-bed molten salt tank strictly depends on a three-directional heat transfer model
to realistically represent the thermocline development and stability during the charging/discharging cycles.
Since molten salts are used in many applications, they present many chemical and thermal instabilities at hightemperature applications. To avoid these issues, air is considered as heat transfer fluid. Therefore, the aim of
this study is to further develop the analysis of an air thermocline tank with copper slags as filler materials by
developing a transient 3D laminar-turbulent model, allowing to study and analyze the impact of using copper
slags (and other mining by-products) as filler materials in packed bed air thermocline tanks and its behaviour
in high temperature conditions. The methodology developed aims to emulate through a computational model,
various technical gaps limiting large scale applications of this technology as detailed by Xu et al. (2012a,
2012b). The main aiming of this paper is to test the thermal behavior of the discretized copper slags bed and
its effects on the thermal stratification inside the tank.
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2. System Description
The simulated system consists of a thermocline tank filled with a cylinder-shaped distribution of spherical
rocks. Each pebble has a diameter of d=0.025 m, with a dx=0.075 m of gap between every pebble. The initial
temperature of the air within the tank is 25°C. The tank is filled with air at 600°C from top-height inlet which
allows mixing well hot and cold air to get the thermal stratification. The charging process consists of loading
the tank with hot air as cold air, located at the bottom of the tank is being extracted. The standby process
consists of no flow being loaded to the tank leading heat exchange to occur due to the air density variations.

3. Methodology
This research develops a 3-D CFD model using ANSYS FLUENT/CFX 19.0 for the simulation of an air
thermocline tank operation cycle (charge/standby/discharge). The main objective is to study the transient
thermal stratification process during the different operational stages. Since developing a transient 3-D model
is very complex, a detailed physical-mathematical model with specific boundary conditions is proposed, as
shown Figure 1, in order to capture the proper heat transfer phenomenon which drives the thermal stratification
process inside the tank.

Fig. 1: Thermocline tank system with copper slags rock bed.

This study considers the porous bed discretization in spherical shaped rocks, in order to get a better approach
on the thermal behavior of the copper slags within the tank. This means that the solid body representation of
slag should consider the convective heat transfer on the solid surface and conductive heat transfer inside the
rock body. The geometry of the tank is treated by cutting the sphere's volume from inside the tank, which
allows creating the contact surface of the rock that is surrounded by hot air. This common surface will be
defined as an interface between the solid and fluid domain, which is specified by checking the System-coupled
boundary condition in ANSYS. The temperature profile along the tank is obtained by solving continuity,
momentum, and energy equations for the fluid domain, during the charging and standby process. To obtain the
one-dimensional temperature profile along with the tank height, a volume-averaged calculation of temperature
is made for each cell on the computational domain.

3.1 Boundary Conditions
This section describes every aspect and consideration taken to set a physical model that captures the main heat
transfer mechanism for charging, and the standby process. Every stage simulated considers different thermophysical models (turbulence models for charging/discharging process, Boussinesq/density-driven buoyancy
forces for the standby phase) and boundary conditions as shown in Figure 2. It is necessary to specify that the
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temperature distribution at the end of the charging process, corresponds to the temperature initial condition at
the begin of the standby process, but switching from a pressure-linked equations based solver to a densitybased solver to properly capture the buoyancy effects during standby phase.

Fig. 2: Thermocline system and operating conditions

3.2 Geometry
A single geometry of an air thermocline tank is used to carry out every simulation stage. In order to allow the
thermal stratification to develop in an easier way, and aspect ratio of 2.1 is considered for a tank diameter of
D=0.6 m. To replicate the geometry of commercially distributed tanks, a scaled torispherical head (Klopperhead) DIN-28011 is located at the top and bottom part of the geometry. In order to achieve proper mixing of
the hot and cold fluid, the hot air inlet of diameter l=0.05 m is located at the top-height of the tank. The system
geometry consists of two bodies: the tank body and the rock-bed body which are connected by an interpolation
surface.

3.3 CFD Setup
Transient simulations were carried out using ANSYS 19.02, and then post-processed in Matlab 2019b. To
simulate the thermocline tank operation, a 600°C air inlet is considered using two UDF for the velocity profile
which considers a velocity of v=0.1 m/s and v=0.25 [m/s] and pressure-outlet during 15 [min] and v= 0 m/s
during next 20 [min] to simulate the standby/cooldown process. Considering the airflow interaction with the
solid rocks, which are incomplete stagnation will produce vortex shedding, a two-equation k-omega turbulence
model is selected to capture the near-wall behavior of the flow. For the fluid domain discretization, tetrahedral
mesh with 5.500.000 elements is used. Near-wall regions were refined using first-layer thickness inflation to
capture the boundary layer region. The solid-fluid interfaces were set with a coupled-interface condition, to
consider conductive heat transfer in the common region between solid and fluid.
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Fig.3: Tank outer mesh density (left), Tank inner mesh density (right)

The simulation time-step selected corresponds to dt=0.0005 [s] which is calculated with the smallest element
size, in order to achieve a Courant number of 0.7 through each time-step to avoid numerical convergence
issues.
4. Results and Analysis

4.1 Temperature profile
CFD simulations results are obtained under the framework described in the methodology section in order to
obtain the one-dimensional temperature distribution along with the tank height. Figures 4 and 5 show the
temperature profile for the tank height at different time-steps of the charging and standby phases, respectively.
For the charging process, the temperature profile is obtained every 5 minutes to capture the maximum
temperature gradient between hot and cold air. As Figure 4 shows, the temperature gradient for the first 5
minutes of the charging process is 45°C, which is 10% higher than the temperature gradient at 15 minutes of
the charging process, which corresponds to the final time-step of the charging process. As the charging process
ends, the thermal stratification process takes place during the standby phase and its temperature distribution is
shown in Figure 5. The results for the standby phase shows that the cooldown process is slow until 20 minutes
of the standby phase and that the temperature gradient variations are negligible during this stage. This behavior
can be explained by the temperature distribution inside the spherical rocks bodies, which have interacted with
the hot air inlet and are easily heated by the airflow, due to the solid’s thermophysical properties. During the
standby process, no hot air is being loaded to the tank, which allows the air located at the top-height of the
tank, exchanges heat with the cold air mass while it interacts with the previously heated rocks (which begins
to heat up the surrounding air). To capture the previously described situation, the rock-bed height is referenced
in Figures 3 and 4 to locate the averaged temperature distribution inside the rock-bed. Consequently, the rockbed region presents the most pronounced variations within the temperature profile during the end of the
charging process.
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Fig. 4: Temperature distribution, charging proces, v=0.01 [m/s]s
Comentado [Ac5]: Quality of Figures 3 to 7, improved.

Fig. 5: Temperature distribution , standby process, v(t=900 s)=0 [m/s] for charging.

It is important to note that comparing the temperature distribution at 15 minutes of the charging process is very
similar to the profile obtained after 5 minutes of the standby phase, which indicates that coupling a
turbulent/buoyancy models and solvers to capture the different stages of the tank operation seems appropriate
to get the expected behaviour of thermal stratification..
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Fig. 6: Temperature profile, charging process, v=0.03[m/s].

Fig. 7: Temperature profile, standby process, v(t=900 s)=0.

The temperature profile for a higher velocity airflow inlet is shown in figures 6 and 7.showing the same
behavior on the thermal stratification inside the tank during the charging process. A wider temperature range
can be obtained by increasing the flow inlet velocity. Nevertheless, the maximum temperature at a higher
velocity inlet decreases by 5.6%.
5. Conclusions
In the present investigation, charging and cooling down processes of a thermocline tank were simulated in
order to get the temperature distribution along with the air tank height. The methodology for developing the
CFD model aims to capture the effects of the solid-fluid interaction effects on the temperature distribution,
which allows quantifying the stratification efficiency considering the thermal behavior of copper slags within
the tank. This paper considers the transient temperature profile along with the tank height as the main objective
in order to lay the foundations of an exergy-based method to assess thermocline tanks with filler materials
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operation and optimization. The conclusions referent to the previously described results are described as
follows:
The effect of heated rocks is that the transition from cold to hot air temperature is less smooth inside the rockbed region for the first minutes of the charging phase due to the rocks being heated up. As the CFD model
considers an initial temperature of the rock bed, the temperature distribution within the rock bed has a notorious
temperature gradient, which causes that the one-dimensional profile obtained has more variations due to its
calculation from a three-dimensional distribution using a cell volume-average approach.
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With the proposed operation conditions, the results show to have a temperature gradient of 45°C during the
charging process and having less than 7.5% of variations for the standby/cooldown process. This can be
explained by the effects of the heated rock pebbles which begins to lose heat to the surrounding air. Since the
rock-bed height corresponds to 40% of the tank height, this causes that most of the air mass near, and in
between the rock walls, is being heated after the charging process. This also causes the cooldown process to
slow down, since the air it's not immediately losing heat through the tank walls, but being heated up by the
rock pebbles instead.
Although this study has not been validated with an experimental setup, the proposed CFD model seems to be
suitable for simulating a charging/standby process of a tank, and its interaction with a heated rock -bed since
the thermal stratification with a stable temperature gradient is achieved.
The results show that including copper slags in thermocline tanks for high-temperature applications, may
improve the thermal storage systems and in consequence, the dispatchability of a concentrated solar power
plant allowing to store high-temperature air with a slowed-down cooldown process. This presents a great
opportunity for developing cost-effective solutions to make CSP plants more competitive in terms of energy
availability and energy prices. In terms of quantifying the tank stratification efficiency, a more deep analysis
of exergy destruction must be made in order to minimize the heat losses. Future works consider the assessment
of stratification efficiency, based on a second-law analysis which allows quantifying the stratification
efficiency based on entropy production theory. Including and exergy analysis allows us to achieve a better
assessment of how thermal energy is being seized or destroyed during the tank operation.

Comentado [Ac10]: ¨ .¨ deleted

6. References
[1] Nandi, B.R., Bandyopadhyay, S., Banerjee, R., 2018. Numerical modelling and analysis of dual medium
thermocline thermal energy storage. Journal of Energy Storage 16, 218-230.
[2] Angelini, G.,Lucchini, A., Manzolini, G., 2013. Comparison of Thermocline molten salt storage
performance to commercial two-tank configuration. Energy Procedia 49, 694-704.
[3] Xu, C., Wang, Z.F., He, Y.L., Li, X. , Bai, F.W., 2012. Parametric study and standby behavior of a packedbed molten salt thermocline thermal storage system, Renew. Energy 48,1–9.

Comentado [Ac11]: ¨¨.¨ deleted.

[4] Xu, C., Wang, Z.F., He, Y.L., Li, X., Bai, F.W., 2012. Sensitivity analysis of the numerical study on the
thermal performance of a packed-bed molten salt thermocline thermal storage system. Appl. Energy 92,
65–75.

1107

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Development of a Vacuum Insulated Thermal Energy Storage
for Industrial Applications
Sara Eicher1, Martin Guillaume1, Xavier Jobard1, Jacques Bony1, Vittorio G. Palmieri2,
Francesco Di Giamberardino2, Stéphane Citherlet1
1

HES-SO, HEIG-VD, LESBAT, Yverdon-les-Bains (Switzerland)
2

TVP Solar, Geneva (Switzerland)

Abstract
In this article the development of a high performance, double-wall vacuum insulated hot water thermal energy
storage for high temperature applications is presented. In this concept, the main heat losses of the tank are limited
to radiation and to the thermal bridges present in the wall of the tank and fittings. This concept is well suited for
high temperature applications such as those found in the industrial sector where storage energy losses are an
important issue. Few studies on double wall evacuated tanks were found in the open literature and none fully
employed a completely evacuated gap as proposed in this study. A structural analysis was performed to validate
the proposed design and ensure conformity to high temperature applications. Heat transfer calculations assessed
the impact of low emissivity coatings on the radiative heat transport in the evacuated gap. An evaluation of the
investment cost of the novel concept was also performed and comparisons made with conventional insulated TES
on the market. A numerical model of the tank was developed and the thermal behaviour investigated under
different configurations. An economic analysis presented the investment attractiveness with respect to the
common TES alternatives on the market. Overall, the presented concept is clearly viable not only in terms of
technical feasibility but also in terms of economic practicality.
Keywords: thermal energy storage, vacuum insulation, industrial applications, simulation, economic analysis

1. Introduction
In Switzerland, thermal energy accounts for some 75% of the final energy consumption. More than 50% of this
energy is used for space heating, domestic hot water production and industrial process heating (OFEN, 2017;
Kemmler et al., 2018). Moreover, 20% of the industrial process heat demand is between 100 and 400 °C (Pardo
et al., 2012). In these applications, full use of renewable energy can only be achieved by providing adequate
energy storage options. Therefore, thermal energy storage (TES) could play a major role in global energy
efficiency improvement by increasing the share of renewable energy production and of waste heat recovery.
In Europe, it has been estimated to about 1.4 million GWh/year, the potential savings from a wider use of hot and
cold storage systems in the industrial and domestic sectors (IRENA, 2013). Within the Swiss context, the
estimated value is about 4500 GWh/year in the building sector alone. The use of TES for industrial waste heat
recovery is also of great importance with over 300 TWh/year of waste heat potential in the EU while for
Switzerland, the estimated value is about 5.3 TWh/year (Papapetrou et al., 2018; Padey et al., 2015).
In recent years, some developments have been made regarding insulation of TES. Double-wall vacuum insulated
systems for sensible heat storage using low levels of vacuum (0.08 to 1 mbar) and gap filling materials to increase
thermal resistance, are one of them, please see the review of Villasmil et al. (2019). This article presents the
development of a new vacuum gap insulation concept of high performance TES without filling materials, the
VITES concept. Such a device should be of interest to high temperature solar thermal industrial systems as well
as to store thermal energy from any other energy source. In terms of investment cost, the goal is to design a storage
device that does not exceed the maximum acceptable storage capacity cost (SCC acc) as defined in the IEA SHC
Task 42/ ECES Annex 29, see Rathgeber et al. (2016) that indicates 112 CHF/kWh for industry applications.
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2. VITES design concept
Thermal energy storage is defined as the temporary storage of thermal energy at high or low temperature levels.
These systems are required when the heat demand is not in phase with heat production. Of great importance in
many engineering fields, they are particularly used in buildings for short-term storage of domestic hot water and
for industrial processes.
Storage of heat is traditionally in the form of sensible heat with water as the most common storage medium. A
key aspect of sensible TES systems is the insulation of the tank to reduce heat losses. The simplest and most costeffective solution is insulation applied to the storage outside wall. In this case, conventional building insulation
materials such as mineral wool, expanded polystyrene and polyurethane foams (Jell, 2011), dominate the market.
Improving the current insulation ability of these materials is difficult because an increase in thermal resistance
can only be achieved through an increase of the insulation thickness, which in turn results in a larger and more
costly storage solution. Therefore, advanced insulation materials, the so-called superinsulators, have been
developed and tested in real case studies, see for example Fuchs et al. (2010) and Beikircher and Demharter
(2013).
Alternatively, insulation can be applied within the storage wall by creating an evacuated gap between two
concentric vessels. The open literature indicates an important research and development activity in Europe
particularly for evacuated gaps filled with powders, a technology proven and widely used in cryogenic
applications. The availability of some commercial products based on this technology is also reported in different
case studies (Villasmil et al., 2019).
In practice, as summarised by Villasmil et al. (2019), superinsulators are fragile in handling, vulnerable to
moisture and quite expensive when compared to traditional insulation materials. On the other hand, there are
concerns regarding gas leakages into the evacuated powder containing space that could negatively affect the
insulation performance.
These findings led to the development of a double-wall hot water thermal storage tank with high vacuum (<0.001
mbar) and no filling material in the gap between the walls to decrease heat losses. VITES consists of two
concentric stainless steel cylindrical tanks with end caps. The inner tank contains pressurised hot water. The outer
tank must withstand the vacuum between the two cylindrical shells to insulate the inner tank and minimise the
heat exchange between the water and the outside ambient environment. This tank can be charged with solar energy
or any other renewable energy and even waste heat. Its functional principle is to store heat in the form of
temperature-layered hot water with minimised heat losses. The concept is developed to withstand storage medium
temperatures up to 180 °C at 16 bar. For calculations, a reference operating temperature of 160 °C was considered.
By definition, vacuum (space devoid of matter) is often considered to be the best known insulator. In fact, the lack
of matter greatly minimises heat losses by conduction and convention and only radiation prevails. In this concept,
the vacuum insulation is obtained in the gap between the two concentric metal cylinders that form the tank. To
maintain and inspect the high vacuum level (<0.001 mbar) over the entire lifetime of the tank, a patented and
compact getter-pump is used (TVP Solar, 2019). This proven technology has been used for more than 10 years in
a high-vacuum flat solar collector in the Swiss market.
2.1 Structural analysis
Because of the design operating pressures: up to 16 bar inside the tank, less than 0.001 mbar in the double-wall
gap and atmospheric pressure at the outside, the structural assessment of the proposed design was performed. Due
to confidentiality issues, the geometry of this concept is not presented here. The final design of the tank evolved
from three base design models. The aim was to arrive at a design close to that of conventional tanks on the market.
The final design has therefore optimised characteristics that bear an impact on the size, weight, heat losses and
ultimately cost of the tank while preserving the design strength and stability for safe operation. The Finite Element
Analysis (FEA) of the concept was performed with ANSYS and indicate the suitability and safety of the chosen
design for the required applications. Further details can be found in Eicher et al. (2019).
2.2 Thermal analysis – emissivity impact of gap wall
To assess the heat transmission process, estimate thermal bridges and the influence of several parameters on the
overall thermal behaviour of the tank, a thermal analysis was performed. As previously mentioned, vacuum
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insulation reduces dramatically the heat transfer by conduction and convection with no effect on the radiation
transfer that becomes the dominant heat exchange phenomena, which depends on the emissivity of the walls and
their temperatures. In order to anticipate the performance simulations, a thermal loss calculation for the radiation
component was undertaken to evaluate the effect of emissivity coatings, applied to the walls of the annular gap,
on the heat losses of the tank design. For this calculation, the VITES tank was assumed to be a closed cylinder
with flat ends. The theoretical heat losses are the net radiation exchange between the top and bottom flat ends
added to that between the two concentric cylinders. The net radiation heat transfer between two surface-enclosures
was calculated as follows (Incropera and DeWitt, 1985):

𝑞𝑝𝑙𝑎𝑡𝑒𝑠 =

𝐴𝑝 𝜎(𝑇14 −𝑇24 )
1 1
+ −1
𝜀1 𝜀2

(eq. 1)

𝑞𝑐𝑦𝑙𝑖𝑛𝑑𝑒𝑟𝑠 =

𝐴1 𝜎(𝑇14 −𝑇24 )
1 1−𝜀2 𝑟1
+ 𝜀 (𝑟 )
𝜀1
2
2

(eq. 2)

where
q is the specific heat transfer (W/m²), Ap is the top and bottom flat plate surface area (m²), A1 the inner cylinder
surface area (m²) σ is the Stefan-Boltzmann constant (5.67x10-8 W/m²/K4), ε1 and ε2 are emissivities of surface 1
(inner tank) and 2 (outer tank), respectively. T1 and T2 are surface temperatures 1 (inner tank) and 2 (outer tank),
respectively.
This result was compared to the case where the VITES tank is insulated with 100 mm mineral wool material,
affected by a high water content (caused by humid air or rain infiltration), having a thermal conductivity (k) of
0.06 W/mK (Chadiarakou et al., 2007). The results are illustrated in Fig. 1 for two emissivity values, 0.03 and
0.08, for the walls of the annular gap, corresponding to common copper and stainless steel coating values.

Fig. 1: Comparison of the heat loss rate between VITES and an equivalent conventional insulated storage tank for two emissivity
values (εcopper=0.03 and εStainleeSteel=0.08)

As expected, the higher the temperature difference between the inner tank and the ambient conditions, the higher
the heat loss to the outside. Vacuum insulation is seen to be more effective in preventing heat losses particularly
at high temperatures, about 30% lower in comparison to conventional. Low emissivity coatings are able to further
reduce the radiative thermal transport to values well below those of conventional conduction losses (nearly 75 %
reduction). In addition, usual insulation materials such as mineral wool can be affected by moisture that heavily
deteriorates their insulation properties due to an increase in the thermal conductivity. For dry mineral wool (k=0.04
W/mK), VITES would still perform better, see Fig. 2.
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Fig. 2: Effect of humidity on the heat losses of conventional insulation in comparison with the VITES technology

For the reference operating temperature of 160 °C, heat loss is estimated to be nearly four times lower when using
vacuum insulation with a low emissivity coating when compared to conventional humid mineral wool insulation.
This value decreases to 2.5 in case of non-humid insulation conditions. This result demonstrates that a low
emissivity coating in the evacuated gap offers a tremendous advantage in the development of long-term sensible
heat storages. Advanced coatings such as silver coatings were not considered because of their high cost.
2.3 Thermal analysis – thermal bridges calculation
In the VITES prototype, spacers are used to maintain the space and properly position the two cylindrical concentric
tanks. Spacers are available in a variety of shapes and materials to meet the particular needs of different
applications. For this case, the choice of a proper spacer was defined by performing a conduction heat loss
calculation in order to evaluate thermal bridges and minimise their impact. In the preliminary designs, two
materials, borosilicate and stainless steel, were considered for the spacers, as they are commonly used for this type
of fixture. Borosilicate with their low thermal expansion and high surface strength was found not resistant enough
when compared to stainless steel. In the final design, stainless steel spacers and bottom supports with suitable
design were considered to reduce heat losses. Losses through the water connections, including a top gas purge
port and a bottom drain port, were also calculated to evaluate the impact of thermal bridging and provide solutions
to minimise it. Fixtures and water connections heat losses were found to amount to 5 and 16 W, respectively.
According to Fig. 1, the overall radiation heat loss of the VITES concept with applied copper coating, at the
reference operating temperature of 160 °C is about 145 W. The addition of the different conduction heat losses
was found to amount to about 21 W, representing less than 15% of the overall losses of the tank at 160 °C.

3. VITES cost estimation
The uptake of any new technology requires, in addition to reliability assurance, cost-effective evidence over the
common alternatives on market. In this way, a cost estimation of the VITES tank was performed and the result
compared with the cost of a conventional storage with 100 mm mineral wool insulation. The investment cost of
the storage is determined based on catalogue prices and quotes. Economic evaluation of the VITES tank was
performed using the methodology developed within the framework of IEA SHC Task42/ ECES Annex29
(Rathgeber et al., 2016).
3.1 Investment cost evaluation
In this method, the total investment cost is the sum of all costs to produce the storage unit and is expressed as the
combination of components, manufacturing and insulation costs. Component costs relate to the costs associated
with different tank parts such as end caps, cylinder and fittings and were obtained from catalogue prices and
quotes. Manufacturing costs, including welding, labour and pressure control costs, were also obtained from
quotes. Finally, insulation costs are those associated with the chosen insulation solution. Conventional insulation
includes material and labour costs while vacuum insulation considers vacuum technology costs: baking oven and
pump.
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For industrial processes requiring water above 120 °C, the storage is usually in the form of a pressurised stainless
steel tank with either internal or external heat exchangers. In this study, both conventional and VITES tank are
made from stainless steel 304 L with external heat exchangers. For the industrial application, both tanks are
pressurised at 16 bars. Only investment cost (excluding the transport cost) are considered and the values in CHF
are taken for a reference size of 1 m³. For comparison purposes, the specific cost is related to the water storage
volume. It is important to note that the VITES inner tank is taken to be the same as the tank of the conventional
insulated option. Only the insulation solution makes up for the cost difference. The 1 m³ conventional storage cost
estimated using this methodology was validated with a quote.
A scale-up exercise was also carry out for volumes up to 10 m³, the maximum size for which VITES is designed.
Here the scaling method was to keep the same end caps and hold constant the tank diameter while adding constant
height cylindrical parts to reach the required volume. Therefore, the additional cost for the inner tank takes into
account the cylindrical parts to be added as well as the additional welding to be done and the higher pressure
control in terms of labour. The insulation cost, mineral wool for the conventional tank and double wall vacuum
insulation for VITES, also considers this specific tank enlargement.
Fig. 3 shows the cost breakdown for both VITES and conventional insulated tank for the high temperature
industrial application.

Inner tank 59

Tank 72

Outer tank 40
Vacuum technology 1

VITES
%

Conventional
Tank
%

Insulation 28

Fig. 3: Cost breakdown of VITES and conventional insulated tank for the high temperature industrial application

The major fraction of investment costs associated with the investigated tanks relates to the water storage container
(red colour label). The vacuum technology (e.g baking oven and pump), often considered expensive, accounts for
less than 1% of the overall VITES investment cost. Fig. 4 indicates that costs are only slightly higher for the
VITES tank.

Fig. 4: Cost comparison between VITES and conventional insulated tank for industrial applications

For example, the insulated 100 mm mineral wool stainless steel tank for a nominal operating pressure of 16 bar
costs about 11000 CHF whereas the VITES tank sums up to 13500 CHF. A cost difference of only 2500 CHF that
still places VITES as an interesting cost-effective technology with the additional advantage that VITES is moisture
protected and has lower heat losses.
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For the scale-up cases, VITES average specific costs for industrial applications were found to range from 13500
CHF/m³ to 5000 CHF/m³ for volumes ranging from 1 to 10 m³ in comparison with 11000 and 4000 CHF/m³ for a
conventional insulated tank.
3.2 Economic evaluation according to IEA SHC Task42/ ECES Annex 29 methodology
The economic assessment of the VITES technology was also performed using IEA SHC Task 42/ ECES Annex
29 methodology (Rathgeber et al., 2016). The maximum acceptable storage capacity cost (SCCacc) can be easily
computed from the interest rate (i) assigned to the capital cost, the expected payback time (n), the reference energy
cost (REC) and the annual number of storage cycles:

𝑆𝐶𝐶𝑎𝑐𝑐 =

𝑅𝐸𝐶.𝑁𝑐𝑦𝑐𝑙𝑒
𝐴𝑁𝐹

(𝑖+1)𝑛 . 𝑖

with 𝐴𝑁𝐹 = (𝑖+1)𝑛−1

(eq. 3)

The realised storage capacity cost (SCCreal) is the investment cost (INC) divided by the storage capacity (SC):

𝑆𝐶𝐶𝑟𝑒𝑎𝑙 =

𝐼𝑁𝐶
𝑆𝐶

(eq. 4)

However, these parameters differ from one application to another. According to Rathgeber et al. (2016) interest
rates over 10% and short payback times of less than 5 years are usual in the industry sector.
Results are presented in Fig. 5. Four storage capacities for the VITES tank containing pressurised water
temperature at 180 °C with a return flow at 90 °C were analysed. The gas price was taken between 0.05 – 0.1
CHF/kWh based on current Swiss industry gas prices.
For short-term storage with several hundred storage cycles, VITES seems quite attractive with specific costs
ranging from 130 to 47 CHF/kWh (black full lines) for 1 to 10 m³, respectively. Compared to an existing 1 m³
industrial short-term storage with conventional insulation (dotted blue line) with an SCCreal of 107 CHF/kWh, it
can be seen that VITES is well within the range of acceptable storage capacity cost (SCCacc).

107 CHF/kWh

Fig. 5: SCCacc for the VITES storage and SCCreal for an equivalent conventional insulated storage for industrial applications
(i=10%; n=5 years, RECgas=0.05-0.1 CHF/kWh). Solid and dashed red lines are the SCCacc theoretical limits for industry.

4. Simulation analysis
The simulation investigates the VITES tank integrated in a solar heating system for an industrial process and
provides comparisons with conventional insulated tanks. The main elements of the simulated system are,
therefore, solar thermals collectors, the tanks (VITES and conventional insulated) and the heating loads. The final
objective of the simulation is to provide the thermal performances and the potential energy savings of the VITES
concept compared to conventional tanks for the investigated case study.
Annual simulations of the overall system under different solar thermal system sizes were performed. The
simulations were carried out in TRNSYS 17 (Klein et al., 2017) with standard components or with validated, well-
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known third-party models. The reference weather conditions were taken from the Meteonorm package provided
with TRNSYS for the city of Bern-Liebenfeld. The detailed modelling of the VITES tanks and the parametrisation
of components can be found in Eicher et al. (2019).
4.1 Description of the industrial case study
To evaluate and compare the performances of the VITES tank in industrial applications, a case study was defined
from literature data. Fig. 6 show a simplified hydraulic scheme of the chosen process and the integration of a solar
thermal system. The integration of the solar heat is implemented at the process level with a preheating strategy.
This means that the heat exchanger (HX) is placed before the conventional one, this latter will deliver the rest of
heat needed for the process. The solar system is set to work between 128 °C and 180 °C with storage temperatures
between 100 °C and 180 °C.
Steam

Tset = [128 .. 180]°C

200°C

Process

180°C

VITES

100°C

90°C

Fig. 6: Simplified hydraulic scheme of the solar thermal system and integration into the industrial process

The investigation is focused on the TES with the simulation of three different type of tanks:
1. The VITES concept (see cf. 2).
2. A well-insulated tank with 10 cm of dry mineral wool with a conductivity of 0.04 W/mK
3. A low-insulated tank with 10 cm of humid mineral wool with a conductivity of 0.06 W/mK
In order to analyse the performances of the storage and investigate up-scaling capabilities, four different solar
system sizes are investigated for the same process and for a constant TES capacity to solar collector area ratio of
50 litre/m2. This means that for the given process, four different solar fractions are obtained.
4.2 Process and Load Profile
The considered process is a spray dryer in the food and beverage industry using humid air as the heat transfer fluid
(HFT) with a required temperature of 200 °C. The HTF leaves the spray drier at 100 °C and is then regenerated
with fresh air at 25 °C reducing the temperature further to 90 °C corresponding to a HTF recirculation factor of
87%. The process was designed according to the tank volumes investigated in the project. This resulted in a daily
energy consumption of 159 kWh and a nominal heat flow rate of 10 kW.
The process is modelled with an hourly load file where the required flow rate and temperature are defined. The
process runs 24 hours per day and 7 days a week with the profile given in Fig. 7. The process schedule was adapted
to stress the solar thermal system with short pauses (1h) during the day, specifically between 12:00 and 13:00
where high solar production is expected.

Fig. 7: Daily hourly profile of the spray drying industrial process

1114

S. Eicher et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

4.3 Solar field and TES sizing
Given a maximum temperature of 180 °C for the solar heat provided to the process and a return flow of 100 °C,
the maximum heat flow covered by the solar field falls roughly under 80%. From the mean absorber temperature
of 145 °C, the specific peak power of the TVP solar collector is 379 W/m2 for an ambient temperature of 30 °C.
In order to cover 80%, e.g. 8 kW of the process heat flow rate, the area of the solar field (Ac) is estimated to be
around 20 m2 for an irradiance of 700 W/m2. For every case, the hot water tank is sized with a constant specific
volume of 50 litre/m2. To investigate other solar fractions, the storage and solar field is enlarged to the investigated
storage volumes of 1, 3, 5 and 10 m3. Further details of the simulation model can be found in Eicher et al. (2019).
4.4 Simulation results
The simulation results were analysed according to two indicators: the solar fraction fsol and the TES efficiency
TES. The solar fraction is the ratio of the solar field energy yield Q sol over the sum of solar yield and the steam
consumption Qstm:
𝑓𝑠𝑜𝑙 =

𝑄𝑠𝑜𝑙

(eq. 5)

𝑄𝑠𝑜𝑙 +𝑄𝑠𝑡𝑚

As for the TES efficiency, it is the ratio of the total energy discharged from the TES Q TES,out corrected by the
internal energy change between the start and end of the simulation ΔQint over the total energy supplied to the tank
QTES,in:
𝜂 𝑇𝐸𝑆 =

𝑄𝑇𝐸𝑆,𝑜𝑢𝑡 +Δ𝑄𝑖𝑛𝑡

(eq. 6)

𝑄𝑇𝐸𝑆,𝑖

Fig. 8 presents on the left the solar fraction and on the right the TES efficiency as a function of the tank volume
and for the three tank insulations: VITES, low-insulated conventional tank (k=0.06 W/m K) and well-insulated
conventional tank (k=0.04 W/m K). It can be seen that VITES presents high TES efficiency with values as high
as 0.9 while the conventional insulated tanks have efficiencies below 0.74.

k = 0.04 W/mK
k = 0.06 W/mK

Storage volume [m3]

Storage volume [m3]

Fig. 8: Solar fraction (left) and TES efficiency (right) as a function of the volume of the tank and for the three tank insulation
solutions: VITES, conventional low-insulated tank (k=0.06 W/m K) and conventional well-insulated tank (k=0.04 W/m K)

Thanks to the improved insulation capacity of the VITES tank, the energy savings lead to higher solar fractions,
meaning that the avoided losses are used to supply the process with solar thermal energy. As expected, the
efficiency of the storage decreases when the system size is increased. However, this decrease is less pronounced
in the case of the VITES tank meaning that high solar fractions can be reached without increasing significantly
the heat losses of the system. VS stands for storage volume and Ac for collector field surface area.
Fig. 9 shows that the monthly mean storage temperature according to each system size for the VITES tank on the
left and the low-insulated conventional tank on the right. For the 1 m3 tank the monthly mean temperature is low,
around 100 °C, which is the cut-off threshold for the tank discharge. This indicates that most of the solar heat is
consumed directly and that very little is stored from one day to another.
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5 m3 ; Ac=100 m2
10 m3 ; Ac=200 m2

1 m3 ; Ac=20 m2
3 m3 ; Ac=60 m2

k

Fig. 9: Monthly mean storage temperature according to each system size for the VITES tank (left) and
for the low-insulated conventional tank (right)

For systems with higher solar fractions (larger solar fields and storage capacities), the VITES tank reaches higher
temperatures with the largest difference occurring in the winter period as it can be seen in Fig. 10 for a storage
size of 3 m³.
VS = 3 m3 ; Ac=60 m2

k = 0.04 W/m K
k = 0.06 W/m K

Fig. 10: Monthly mean storage temperature for a TES capacity of 3 m3 and for the three tank insulation solutions: VITES,
conventional low-insulated tank (k=0.06 W/m K) and conventional well-insulated tank (k=0.04 W/m K)

Fig. 11 presents the evolution of the heat losses of the three considered tank insulation solutions as a function of
the storage volume. As expected, the VITES tank shows the lowest losses. When compared with the conventional
insulated tanks, the heat losses are reduced by 65 to 75% according to the conventional insulation level, well and
low, respectively.
VSspe = 0.05 m3/m2

k = 0.04 W/mK
k = 0.06 W/mK
VS [m3]
Fig. 11: Evolution of the yearly heat losses of the three considered tanks

In conclusion, the VITES tank performs better than the conventional insulated tanks considered in this study. The
improved insulation ability substantially reduces the heat losses, which translates into higher TES efficiencies and

1116

S. Eicher et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

solar fractions. As the consumption is constant on a daily basis, the stored solar energy is directly discharged, thus
the storage period is relatively short but it allows a high number of cycles. If the process is scheduled over half a
day and mismatch from the solar resource, the VITES concept will perform even better than for the case study
presented here. This could open the way to new applications for solar thermal systems and therefore increase the
share of renewable energy use.

5. Economic considerations
The economic feasibility of the VITES concept was evaluated by comparing the payback period of the VITES
technology against that of conventional mineral wool insulated tanks. For market deployment, it is essential to
rank the VITES concept to determine its investment attractiveness with respect to common TES alternatives on
the market.
The payback period is a common investment evaluation and a quick ranking measure to gauge the costeffectiveness of competing technologies. It calculates the length of time required to recover the initial or additional
investment through savings generated by the investment. For TES, it provides the level of profitability of a TES
technology in relation to time. The shorter the payback period, the better.
The payback period is calculated by dividing the additional investment (over cost) of VITES (see cf. 3) by the
cost of the annual energy savings computed from the simulations (see cf. 4). The energy savings are specific to
the application and depend on the energy demand (amount and profile).
Computing the resulting cost-savings from the annual energy savings requires knowledge of the actual costs of
energy in the Swiss industrial sector. These values, besides varying with location, are also expected to change
over time. To evaluate the impact of the evolution of the Swiss industrial REC, three different scenarios are
considered based on average Swiss industrial gas prices. The first scenario corresponds to the Swiss actual average
REC (0.07 CHF/kWh). The second scenario (0.1 CHF/kWh) corresponds to an upper limit of the actual Swiss
REC and the third one (0.13 CHF/kWh) accounts for an enthusiastic scenario where fossil energy becomes
expensive.
Fig. 12 presents a comparison between VITES and a low-insulated (humid mineral wool) tank based on the actual
average REC scenario. Solid lines indicate the over cost of VITES for different storage capacities while dotted
lines the cumulative cost savings.

10 m³

5 m³
3 m³
1 m³

Fig. 12: Payback time as a function of the storage capacity and based on the actual average REC (VITES vs. low-insulated tank)
Solid lines indicate over cost and dotted lines cumulative cost savings

Results show clearly the dependence of the payback period with the storage capacity. For example, for a 10 m³
the estimated payback time is nearly 16 years while a 1 m³ results in over 20 years.
The variation of the payback time with storage capacity also suggests an optimum storage capacity between 3 and
5 m3 for the investigated industrial process where the payback period is minimum, see Fig. 13.
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Fig. 13: Payback period for the investigated industrial process as a function of the storage capacity considering two different
conventional insulation references (solid lines: humid insulation and dashed lines: dry insulation) and three Swiss REC scenarios:
actual average, REC = 0.07 CHF/kW(blue solid/dashed line); upper limit, REC = 0.1 CHF/kW (grey solid/dashed line); and
enthusiastic scenario, REC = 0.13 CHF/kW (red solid/dashed line)

The variation is U-shaped, the payback period declines with capacity up to 3 m³ (minimum) after which rises less
steeply. The economies of scale seem to be more effective up to 3 m³, capacity beyond which the payback time
starts to increase. This suggests that a capacity between 3 to 5 m³ is the adequate storage dimensioning for the
specific industrial process investigated. Here, the payback period is relatively long (13 years) when considering
low-insulated tank in the actual REC scenario. The use of conventional tanks with low insulating materials, shifts
the curves downwards because the resulting energy savings are also more significant. It is clear that the closer the
energy savings are from the over cost, the more interesting the technology investment becomes.
Overall, in this case, the investment is not interesting as the payback period is not below 5 years, value commonly
found in the industry sector. In general, the higher the REC, the lower the payback time for a given storage
capacity. Apart changes in the REC, other ways to obtain short payback periods are to reduce the over cost or
benefit from financial incentives to promote high efficiency TES. In any case, the VITES concept is still costeffective and the economic viability within reach.

6. Conclusions
The technical feasibility and the economic viability of a high performance, vacuum insulated sensible thermal
energy storage tank was investigated for industrial applications. The literature review indicates that despite a
considerable amount of research activities related to reducing TES heat losses, no concept has so far fully
investigated the feasibility of using a vacuum annular gap without filling materials as insulating TES concept.
From the structural point of view, VITES was developed to resemble conventional storage tanks on the market
while minimising heat losses. The structural analysis performed reveal that the selected design is structurally
suitable and safe for the required high temperature applications.
To improve the insulating capability of the concept beyond the integrated vacuum technology, the use of
reflective, low emissivity, coatings on the inner wall of the evacuated gap, was found to improve substantially the
radiation losses. For the nominal operating temperature of 160 °C, thermal losses reductions from 40% to 75%
were predicted in comparison with conventional well-insulated and low-insulated (humid affected) storage tanks,
respectively. Thermal bridges due to piping, fittings and spacers were greatly reduced by applying a suitable
design and were estimated to account for less of 15% of the overall losses of the tank at 160 °C.
Scalability of the investigated VITES concept was also investigated. To maintain and inspect the high vacuum
level (<0.001 mbar) over the entire lifetime of the tank, a patented and compact getter-pump is used. This proven
technology has been used for more than 10 years in a high-vacuum flat solar collector on the market.
In terms of investment cost, the major fraction is associated to the materials and manufacturing of the inner and
outer tank. The vacuum technology, often considered expensive, accounts for less than 1% of the overall VITES
investment cost. The slightly higher cost of VITES still places it as an interesting cost-effective technology with
the additional advantage that VITES is moisture protected and has lower heat losses. In addition, the advantages
of scale were clearly shown with specific capacity costs progressively reduced as the size of the TES is increased.
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The economic assessment of the VITES technology according to the IEA SHC Task 42/ ECES Annex 29
methodology provided additional economic arguments where the investment cost was found not to exceed the
application related, maximum acceptable storage capacity cost.
Simulations indicate that for the specific industrial application, the VITES tank performs better than the
conventional insulated tanks considered in the study. The improved insulation ability substantially reduces the
losses, which translates into higher TES efficiencies and solar fractions.
The economic viability of VITES evaluated through the payback period, revealed that for industry applications,
the investment is currently not interesting with values well over 5 years but is still within reach.
Overall, this study clearly indicates the viability of the VITES concept not only in terms of technical feasibility
but also in terms of economic practicality. The research should therefore pursuit to validate the technical and
economic analysis based on experimental results and further investigate potential reductions of the radiative
component as well of the thermal bridges.
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Abstract

This paper presents an exergo-economic comparison of a Concentrated Solar Power (CSP) Parabolic Trough
Collectors (PTC) loop using two alternative types of molten salts as direct Heat Transfer Fluid (HTF) and Thermal
Energy Storage (TES) based on operational simulations. The plant size and configuration are inspired in the PTC
loop with molten salts HTF and TES currently under deployment at University of Evora in Portugal while the
molten salts assessed are conventional molten salt (Solar Salt) and a Calcium based ternary salt. The objective of
this study is to establish a comparison of exergetic performance and cost contribution per component in the plant
for the two types of HTF. The applied methodology allows to identify the suitability of use for the studied salts,
to detect challenges in terms of cost and performance at component level and to identify the cost composition of
the CSP electricity as final product, according to the exergetic efficiency, investment and operational cost per
component for each case.
Keywords: Concentrated Solar Power, Exergo-economic, Molten salts,

1. Introduction
The usage of molten nitrate salts (60% NaNO3 – 40% KNO3) as HTF and TES medium in CSP-tower projects
has been widely studied and commercialized to the point of being considered nowadays a mature CSP technology.
However, no use for linear focusing system has been proven at a commercial scale while the potential advantages
of reducing the melting temperature of the salts to operate as HTF in these linear systems have been broadly
studied. Hereby a comparison between conventional molten salt and a calcium based ternary salt as direct HTF
and TES in PTC is analyzed by means of an exergo economic study based on the predicted operation for a specific
plant design operating with the two different salts.

2. Methodology
2.1. Layout definition and operational simulation
Plant components and streams as well as specific properties were modelled considering a layout case study for a
molten salt PTC located in Evora, Portugal (38.567 N 7.911 W). The plant considered for this study is a solar field
made of parabolic collectors where molten salt circulates through the receivers, with a total output of 1,8 MWth,
a net aperture width of 6,78m, distance to focus of 2,17m and a concentration ratio of 76. The plant considers two
molten salt tanks with a total storage capacity of 6 MWth. A power block was model considering a rankine cycle
consistent of a steam generation stage, a turbine, a synchronous electrical generator and a wet cooling stage. The
turbine presents a nominal electrical power of 0.35 MWe, an inlet and outlet temperature of 490oC and 150oC
respectively, a mass flow and 1.7 kg/s. The solar multiple of the considered system is 1.8.
For the current investigation, a layout was considered that would enable a good balance between the different
components (solar field, storage, steam generation, electricity production). The definition of components was done
regarding the decomposition to be made to study the exergetic destruction and the cost composition of the process
as in Table 1.
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Tab.1: PTC components and exergy streams

Component
Cold Tank (CT)
Parabolic Collector (PC)

Inputs streams

Output streams

Cold molten salt (from PB)

Cold molten salt

Electricity (from PB)

(to HCE)

DNI (from sun)

Concentrated flux

Electricity (from PB)

(to CF)

Cold molten salt (from CT)
Receiver (HCE)

Electricity (from PB)
Concentrated flux (from PC)

Hot tank (HT)
Power Block (PB)

Hot molten salt (from HCE)
Electricity (from PB)

Hot molten salt
(to HT and PB)
Hot molten salt (to PB)

Hot molten salt

Electricity

(from HCE and HT)

(to parasitics and final product)

Fig 1. Schematics of the Plant Layout components considered (PC+HCE, CT, HT and PB)

2.2. Weather Data
A year of operation with hourly resolution was simulated using on ground measured DNI data for Evora,
Portugal. The measured data has been recorded every 5 seconds and averaged every 10 minutes. DNI was
measured with a Kipp&Zonen Pyrheliometer (model CHP1), a WMO First Class Pyrheliometer with an
associated estimated uncertainty at daily scale of <1%. The pyrheliometer is calibrated every 2 years according
to the standard ISO9059:1990.
Moreover, to evaluate the Plant output for a longer period of time, a cluster analysis for the same site in Evora
has been performed in order to optimally select individual days able to represent the typical meteorological
conditions at the site organized in clusters [1] (Guerreiro et al., 2016). This analysis had an error <1,1% when
compared with the standard TMY approach, allowing a reduction of 90% in computing time.

3. Heat Transfer Fluid
Currently in Parabolic Concentrated Plants Thermal Oil is the most common HTF and Molten Salts the fluid
chosen for heat storage media (HSM). Recent developments in molten salts technology are opening new
application areas [1], and Molten salt is being used both as HTF and HSM in direct systems like Gemasolar in
Spain (Tower Type) or in a first of a kind PTC Plant at Priolo Gargalo, Italy. In these case the so called “Solar
Salt” binary mixture is being used.
In the current investigation, apart from “Solar Salt”, a ternary nitrate mixture with Calcium, Potassium and
Sodium was analyzed achieving both a lower fusion point and a higher temperature operation range. This is a
double advantage in the sense that for the same storage capacity more energy can be stored and the investment
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costs for building the storage facility can also be reduced. A full characterization of the ternary mixture used was
achieved in order to determine the viable operative range as well as important parameters like viscosity and heat
capacity.
Tab 2. Maximum and minimum stable operating temperatures for two different molten salts [3]

Molten salt

Minimum temperature

Maximum temperature

Salt 1: 60% Na NO3, 40% K NO3 (Solar Salt)

221 ºC

600 ºC

Salt 2: CaNO3+ KNO3 + NaNO3 (Ternary)

134 ºC

525 ºC*

*Maximum Operating Temperature for a system mass loss of 1%

4. Exergoeconomic study
4.1 Operational Simulations
The energy performance of the PT-loop was simulated in a one year horizon with hourly resolution for both HTFTES salts using the software SAM developed by NREL while the post-processing of data was carried out in
MATLAB to solve the thermoeconomic system. The layout described above was kept the same for both salts and
the only parameters changed were related to the activation of the freeze protection in tanks and piping due to the
differences in the melting point between fluids. These temperatures imply also that the working temperature range
is different between the fluids with 260oC of range for the conventional solar salt from 290oC to 550oC as design
temperatures and a range of 330oC for the ternary salt from 160oC to 490oC. In these simulations, the power per
stream in hourly resolution, as well as the mass flow, temperature and pressure were obtained for a year of
operation in both cases.
4.2 Exergy Content per stream
The hourly exergy content budget per stream and the exergy efficiency per component was calculated considering
the thermodynamic exergy and electricity only. The calculations were done on the base of the operational results
obtained from SAM for power, mass flow, temperature and pressure. While for mass streams transporting exergy
as sensitive heat the calculation of thermodynamic exergy content is a well-known procedure, done with respect
to a reference state, based on the difference of enthalpy and entropy of the fluid with respect to their content in
environmental conditions, for electromagnetic streams such as solar irradiation and concentrated flux, the equation
of Petela was considered as indicated in equation (1):
𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑓 𝑆𝑜𝑙𝑎𝑟 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛:
𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑓 𝐻𝑇𝐹:

𝐸𝑥234 = 𝐷𝑁 𝐼 ∙ (1 −

< >?@A
= >BC@

+

E >?@A <
= >BC@

)

(1)

𝐸𝑥J>K = (𝐻J>K − 𝐻J>K?@A ) − 𝑇LMN ∙ (𝑆J>K − 𝑆J>K?@A )

(2)

𝐸𝑥LQLRSTURUSV = 𝑃XY ∙ ∆𝑡

(3)

𝐸𝑥𝑒𝑟𝑔𝑦 𝑜𝑓 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦:
4.3 Economic assumptions

The investment cost per component was estimated considering an expected distribution of cost in a commercial
PT plant with TES and on that basis, factors (as per cost breakdown used in SAM) were applied considering a
total CAPEX (investment cost) of 6 MUSD/MWe which includes a storage cost of 65.USD/kWh (for a Solar
Multiple of 1,8 and 7h storage).
Tab 3. Investment cost distribution per component
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Component

Fraction of total cost

Collector and Site improvements

32%

Receiver and HTF

29%

Hot Tank and 50% TES salt

10%

Power Block

19%

Cold Tank and 50% TES salt

10%
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Moreover, a classical project finance structure of 60/40 debt to equity with a final WACC of 6.7% in a 25-year
horizon was considered.
4.4 Exergoeconomic Analysis
The specific exergoeconomic cost per stream, defined as the unit cost of exergy [US$/kJ], was calculated solving
a cost balance equation system [4]. The equation system contains as many rows and columns as components (5)
and streams (8) modeled in the system implying that is an underdetermined equation system as there are more
streams than components. Therefore 3 auxiliary equations were used. Border conditions related to the free cost of
solar irradiation, the equivalent cost of the streams coming from the receiver either into the Hot Tank or Power
Block and a third the auxiliary equation was obtained by using the Extraction Method on the molten salt before
and after entering the Power Block. Once the exergoeconomic system is solved for the plant operating with both
salts, the relative added value factor and exergoeconomic factor are estimated for each case according to Bejan
1996.
The Relative Added Factor represents the relative increase in average cost per exergy unit between input (Ci) and
output (Co) per component. Whenever there are components with more than one inlet or outlet, a weighted average
cost is considered. Components with a high Relative added value factor are to be evaluated first in order to
optimize the electricity cost.

𝑅\]]L] N\Q^L = (𝑐_^SQLS − 𝑐UM`^S )/𝑐UM`^S

(4)

The “Exergoeconomic factor” expresses as a ratio, the contribution of the non-exergy related cost to the total cost
increase. A low value of the exergoeconomic factor calculated for a major component suggests that cost savings
in the entire system might be achieved by improving the component efficiency even if the capital investment cost
for this component (Zc) will increase. On the other hand, a high value of this factor suggests a decrease in the
investment costs of this component at the expense of the component’s efficiency.

𝐸𝐸𝐹 =

𝑍R

(5)

𝑐c\dSL ∙ 𝐸𝑥c\dSL + 𝑍R

5. Results
5.1 Electricity Production
The results of the operational simulation show a major difference between both cases related to the capacity factor
which is 9% higher for the ternary salt than for the conventional binary solar salt for the same layout. This result
is obtained as a consequence of two main factors:
i.

While the wider range of working temperature of the ternary allows to extract more power;

ii.

The parasitic consumption of the tracing heaters in the field and the TES is much lower for the ternary case
as the temperature difference between the cold salts and the ambient is lower. Other minor parasitic
consumption such as the power consumption for the tracking system of the collector are equivalent in both
cases.
The capacity factor, as well as the total electricity, the net electricity and the parasitic consumption are shown in
table 4.
Table 4 Annual energy results.

Solar Salt

Total Output Electricity
[GWh/year]
1.08

Parasitics
[GWh/year]
0.47

Net Electricity
[GWh/year]
0.61

Plant factor
[%]
19.8%

Ternary Salt

1.19

0.29

0.90

29.3%

HTF-TES

5.2 Exergetic Performance
The components of the layout are connected one after the other and so the exergy output of one is the input of the
following. Considering this, it is remarkable how the exergy output of each component is larger for the ternary
salt case when compared to the conventional solar salt case. However, the exergy input of each component is
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equivalent in both cases. This is obtained because in the conventional solar salt case, the components are more
intense in parasitic power consumption and so, the total exergy input is equivalent for both cases but the output is
higher for the ternary. This implies that the exergy efficiency or second law efficiency is higher for the ternary
(same input but higher output) and that the exergy destruction and exergetic waste is lower for each component
when using ternary salts as shown in the following figure 1 and 2. This is a direct consequence of the wider range
of temperature and the lower parasitic consumption of this case.
Exergy input per component
10
9

8.70 8.70

8

GWh/year

7
6

5.02 4.84

5
4
3

1.95 2.01

2

0.53 0.53

1

0.06 0.07

0
Collectors

HCEs

Hot Tank
Solar Salt

Power Block

Cold Tank

Ternary Salts

Figure 1 Exergy input and output per component

Exergy output per component
5

4.58 4.58

4.5
4

GWh/year

3.5
3
2.5

2.02 2.08

2

1.08 1.19

1.5
1

0.45 0.46

0.5

0.05 0.07

0
Collectors

HCEs

Hot Tank
Solar Salt

Power Block

Cold Tank

Ternary Salts

Figure 2 Exergy input and output per component

From the Exergy budget, it is also seen how the exergy is destroyed in each component reducing the exergy
content of the consecutive streams in cascade as shown in figure 3. It is noticed that the exergy content per stream
is always higher for the ternary salt case and in particular in the final electrical output as a consequence of both
wider temperature range and lower parasitic consumption and the consequent higher efficiency of the components
for that case.
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Total Annaul Exergy content per stream (log scale)
10

8.70 8.70
4.58 4.58
1.50 1.55

1

GWh/year

0.52 0.52

0.61

0.45 0.46
0.12

0.90

0.18

0.1

0.05

0.07

0.05

0.07

0.01

DNI

Concentrated flux Hot HTF to PB

Hot HTF to HT

Hot tank to PB

Solar Salt

Cold HTF to HCE

cold HTF to CT

Cold tank to HCE

Elec.

Ternary Salt

Figure 3 Total exergy content per stream

5.3 Exergoeconomic Performance
The thermoeconomic or exergoeconomic cost of the outlet exergy of a component is similar in terms of results to
the well-known concept of LCOE but rather than the cost of energy of the whole plant, the thermoeconomic cost
can be obtained for the exergy outputs of each component of the layout which all have their specific investment
cost, exergy inlets and exergy efficiency. For the electricity coming out of the power block, this is the cost at
which electricity must be sold but the thermoeconomic solution of a system also allows to see how the creation
of cost being distributed in the operation of the plant and thus allows to understand which are the components that
are responsible for increasing that cost. The obtained thermo-economical cost per stream as a result of solving the
thermoeconomic system for both cases is shown in figure 4.
Thermoeconomic cost per stream
1800

1,540

1600
1400

US$/MWh

1200

1,061
913

1000
800

657

370

400
200

657

575

600

913

0

0

67

66

0
DNI

Concentrated Flux

Solar Field outlet
Solar Salt

Hot Tank HTF outlet

Cycle HTF outlet

Electricity

Ternary Salts

Figure 4. Thermoeconomic Cost per stream

It can be seen that the final cost of electricity seems unrealistically high. This is due to the high investment costs
associated to a research pilot plant, however, a remarkable fact to observe is the proportional difference between
the cost of electricity for the different salts, given the same plant layout where the ternary calcium based molten
salts can reduced the price of electricity by one third when compared to conventional binary solar salt.

5.4 Relative Added value factor per component
This indicator is used to understand which component is the most important to optimize in order to reduce the
final cost of the final product (electricity) but it does not give information if it would be preferable a cost reduction
or a efficiency increase in the component. The results are shown in figure 5.
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Relative added value per component (log scale)
1,000.0

210.06

307.32

100.0

[p.u.]

23.24
5.63

10.0

2.21

2.55
0.57

1.0

1.15

0.76

1.15

0.1
Collectors

HCEs

Hot Tank
Solar Salt

Power Block

Cold Tank

Ternary Salts

Figure 5 Relative added value

For both cases the higher relative added value is that of the parabolic collector (not including the HCE) as the cost
of the inlet is mainly driven by free cost DNI followed by the cold tank. The relative added value keeps the same
pattern in both cases, and a slight increment is observed in the ternary salt case. This means that for each
component in the ternary case, the exergetic cost ratio is higher than for the conventional binary solar salt. This is
obtained due to the lower calculated thermoeconomic cost for the ternary salt case when compared to the solar
salt case implying that the difference between inlet and outlet represent a higher portion of the inlet cost for the
ternary case. However, these factors are used to detected which components should be prioritized for optimization
in order to reduce the final cost of electricity and it is important to notice that the order doesn't change between
the cases.
5.5 Exergoeconomic factor per component
Once the relative added value factor is observed, the exergoeconomic factor can be assessed in order to understand
if the component is exergoeconomic efficient. This factor is calculated as the cost of the component dover the cost
of the component plus the exergy destructed in the component valorized at the cost of the stream. If this value is
high or close to 1, means that the component is efficient, then it would be wiser to focus on cost reduction than
efficiency improvement in order to reduce the cost of electricity and vice versa. This logic should be applied to
those components with high relative added value. The exergoeconomic factor results are shown in figure 6.

Exergoeconomic factor per component
1.2

1.0

0.995 0.997

0.996 0.997
0.817

[p.u.]

0.8

0.713

0.6

0.477
0.393

0.329

0.4

0.290

0.2

0.0
Collectors

HCEs

Hot Tank
Solar Salt

Power Block

Cold Tank

Ternary Salts

Figure 6 Exergoeconomic factor

In this study, it can be observed that the ternary salt case causes an increase in the exergoeconomic factor for all
components, meaning an increase in the efficiency when taking into account the exergetic content per stream and
their economic value. This is consequence of the reduction in the thermoeconomic cost per stream for the ternary
case and also due to the increase in the efficiency and exergy outlet per component. This allows to infer that using
ternary salts not only reduced the cost of the electricity and increase production but also makes the future
challenges to be related to cost reduction per component, which is more linked to the consequences of market
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deployment, than increasing component efficiency which normally requires engineering and science. The high
value of exergoeconomic factor for the collector component, which also present the highest relative added value,
implies that the most efficient way to reduce the overall cost of the electricity in both cases is the reduction of the
collector’s cost followed by reductions in TES cost and finally the increase in receiver and power block efficiency.

6. Conclusions
The different energetic, exergetic and thermoeconomic performance of a PTC loop and TES operating with
conventional solar salt and a calcium based ternary salt as HTF and TES were successfully investigated.
The ternary salt potentially allows to obtain higher capacity factors than conventional solar salts for a given loop
and power block layout. This increase is given by the wider temperature operative range associated with a
considerable lower melting point of the ternary salt compared to conventional molten salt and also due to the
reduction in the parasitic consumption of the heat tracing system. The total net electricity obtained was 0,61 and
0,90 GWh/year respectively for the solar salt and ternary salt.
By using the ternary salt, an overall increase in the exergetic performance is achieved for each component of the
layout due to the lower exergy destruction and waste associated to a higher operation range temperature. This
causes a reduction of the thermoeconomic cost of electricity and HTF at each stage of the layout as well as an
overall enhancement in the thermoeconomic indicators of “relative added value” factor and “exergoeconomic”
factors.
As a summary, in order to reduce further the final cost of electricity, it is more interesting for future research to
focus in a cost reduction per component rather than to pursue an efficiency increase. Concerning all components
analyzed, the most effective electricity cost reduction would be obtained if the collectors’ cost is reduced.
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Abstract
The development of solar thermal energy in Chile, leads to the realization of applied research in such a way that new
technologies and applications suitable to the conditions of the Atacama Desert can be proposed. In view of the search
for new fluids feasible to be applied in CSP technology as thermal energy storage using molten salts, this research
proposes the use of the mixture composed by 30wt. % LiNO 3 – 13wt. % NaNO3 – 57wt. % KNO3. Corrosion has
been evaluated on different stainless steels (AISI430, AISI304, VM12-SHC) and a Ni base alloy (HR-224). In order
to monitorize corrosion, electrochemical impedance spectroscopy and linear polarization technique have been
applied in order to obtain the corrosion rate and the corrosion mechanism as well. The corrosion rates obtained for
AISI304, AISI430, VM12 and HR224 was 1.82, 2.69, 3.53 and 0.63 (mm/year), respectively at 550°C and 100 h of
immersion.
Finally, the effect of molten salts on the mechanical properties of materials used in solar thermal plants is studied, as
well as the effect of Flow Accelerated corrosion (FAC), determining the most suitable methods for these evaluations.
Keywords: Molten Salts; Corrosion; Mechanical Properties; Electrochemical impedance spectroscopy; FAC (Flow
Accelerated Corrosion)

1. Introduction
The last two and a half centuries of human development on earth, has been shown that our species depends almost
entirely on fossil fuels within its energy needs. Coal, oil and gas are finite resources that we have chosen to extract
at an extremely high rate to sustain our growing demand for energy. This strong dependence on fossil fuels leads to
an alarming increase in CO2 emissions, which implies the accelerated global warming of our planet (Green, Diep,
Dunn, & Dent, 2015; Starke, Cardemil, Escobar, Lemos, & Colle, 2015).
Given these situations, the solution seems to be in a different technological change that relates the generation of
energy with the efficient use of it, increasing production technologies with low CO 2 emissions (Solar, Hydraulic,
Wind, etc.). Given this, one of the challenges found in the generation of electric power, is the use of Concentrated
Solar Power (CSP) technology with Thermal Energy Storage (TES).
CSP has a relatively high number of distinct components, making it a complicated technology. This drawback,
however, is offset by the fact that the technology offers versatility in application to suit demand. The conversion
initially to thermal energy differentiates CSP from the other major renewable energy technologies such as
hydropower, wind power and PV (Gauché et al., 2017). CSP plants use mirrors to focus sunlight and produce hightemperature thermal energy that can be stored inexpensively. This feature allows CSP to be a dispatchable electricity
resource available whenever there is customer demand, including at times when the sun is not shining. CSP with
thermal energy storage (TES) presents an economic advantage if it supplies electricity at times of greatest need which
generally has the highest electricity tariff (Stekli, 2013). The system currently used in CSP plants, is based on the
storage of sensible heat that consists of storing the heat at high temperature using nitrate based molten salts, to
subsequently release this stored heat by a decrease in temperature of the material.
Molten salts have a great application as a heat transfer fluid (HTF) in concentration solar power (CSP) plants ,
reaching excellent results in conventional power generation plants (McConohy & Kruizenga, 2014). Today most
advanced CSP systems are towers integrated with two-tank molten-salts TES, delivering thermal energy at 565 °C
for its integration in conventional steam-Rankine power cycles (Mehos et al., 2017).
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The materials used in the CSP technology are exposed to very high corrosion due to the high operation temperature.
Molten-salts corrosion attack can occur by different mechanisms, but quantitative data for materials selection and
performance prediction using commercial nitrate salts are rarely available, and corrosion mechanisms are related
with the different anions and cations in the molten salts system.(Á. G. Fernández & Cabeza, 2019).
Several studies have demonstrated the corrosive effects at high temperature of the molten salts in different alloys
with high noble metal contents, mainly producing the dissolution of the alloys (Bradshaw & Goods, 2001). The most
commonly used materials in this type of technology include carbon steels, stainless steels and nickel-based alloys.
One of the main focuses of the research and development of molten salts is the corrosion in the materials most used
at high temperatures for solar applications and its mitigation to obtain degradation of containment materials lower,
thus providing a lifetime for CSP plants of 30 years or more.
Molten salt currently used in CSP plants as energy storage material is the binary mixture 60% NaNO 3 + 40% KNO3
(solar salt) (A. G. Fernández, Galleguillos, & Pérez, 2014), allowing up to 15 hours of thermal energy storage. Recent
studies have proposed a nitrate salt with a composition of 30wt.% LiNO3 – 13wt.% NaNO3 – 57wt.% KNO3 (Cheng,
Chen, & Wang, 2015), this mixture would allow better working ranges and outstanding thermal properties with
respect to solar salt. Based on this mixture, the present investigation proposes the monitoring of the corrosion process
by electrochemical impedance spectroscopy (EIS) and the analysis of the corrosion activity by the technique of
electrochemical polarization.
EIS is a powerful monitoring technique that is widely used in fields as diverse as energy and other areas. EIS data
can be used to obtain physical properties, such as diffusion coefficients and chemical reaction rates, and
microstructural characteristics of the electrochemical system under study. The implementation of an EIS experiment
is relatively simple (Ciucci, 2019).
Electrochemical polarization and electrochemical impedance spectroscopy (EIS) tests provide information on the
corrosion rate as well as provide information on the kinetics of the corrosion process that helps to identify the
different anodic and cathodic reactions. They also help to identify the different materials that are susceptible to
corrosion under specific conditions.
The electrochemical polarization technique analyses the metal/electrolyte interface, where it measures the electric
current generated by an externally applied potential. Electrochemical impedance spectroscopy (EIS) uses a small
voltage signal between different amplitudes over an equilibrium potential or another known potential, which causes
the induced current to be measured while the voltage is modulated in different frequency ranges. The different values
obtained by the polarization technique are represented by the cathodic and anodic curve from which the corrosion
potential and the corrosion current can be obtained; with these values, the corrosion rate of the material immersed in
the molten salt can be obtained. (Ciucci, 2019; Gomez-Vidal, Fernandez, Tirawat, Turchi, & Huddleston, 2017).
The present investigation also analyses the corrosion and erosion activity produced by the flow accelerated corrosion
(FAC). The material degradation in carbon steel piping systems produced by the FAC represents one of the major
problems in many industries including CSP, because of its detrimental effect on various piping components. It is
widely known that the severe FAC damage normally occurs in tees, elbows, downstream of control valves, flow
elements, reducers or orifices. The wall thinning caused by FAC in piping systems may lead to catastrophic failures
of system components and may also result in serious fatalities. The pipe wall thinning rate due to FAC depends on a
complex interaction of several parameters such as material composition, water chemistry, and hydrodynamic
(Ahmed, 2010).
The exposure of materials to molten nitrate salts normally results in a loss of ductility and/or a reduction in strength,
that is why this research finally proposes the analysis of the effect of the molten salt on the loss of the mechanical
properties of the materials used in the CSP industry by the technique of slow strain rate tensile SSRT.
The effect of salt exposure on mechanical properties of alloys can be evaluated by means of a constant extension rate
tensile (CERT) test. The CERT, also called slow strain rate tensile (SSRT) test, is a standard testing method in which
the specimen is subjected to a constant elongation rate. Cyclic mechanical loading with plastic deformation leads to
micro-crack formation, which occur early in the lifetime of a component. The lifetime of a component, which is
subjected to low cycle fatigue (LCF) loads, is then determined by the growth rate of these micro-cracks. The presence
of a corrosive environment can accelerate the crack growth and thus reduce the component life. This effect can be
particularly detrimental in pipe systems of concentrated solar power plants like central receivers or heat exchangers,
where apart from the contact with a corrosive high temperature fluid, the materials are subjected to thermal
fluctuations and mechanical loads (Preußner et al., 2016).
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2. Material and Methods
2.1. Preparation of salt mixture
The nitrate salts mixtures used for this research are KNO3, LiNO3 and NaNO3 (refined over 99% purity). In the first
instance, this mixture of salts was introduced in an alumina crucible in an oven at different heating temperatures and
exposure times, such as 100 (3h), 200 (3h), 350 (2h) and 550 (2h) °C, in order to remove corrosive impurities in the
salt mixture. Once the mixture of salts reached the temperature of 550°C, it was maintained this temperature during
24h, to homogenize before the corresponding tests.

2.2. Preparation of samples for electrochemical impedance and spectroscopy
Polarization tests
The samples of stainless steel have the dimensions of AISI304 (2 mm x 20 mm x 10 mm), AISI430 (2 mm x 20 mm
x 10 mm), VM12_SHC (2 mm x 12 mm x 10 mm) and nickel allow HR224 (2mm x 20mm x 10mm). The
compositions of materials tested are shown in Table 1.
Table 1: Chemical composition of 304, 430 Stainless Steel and HR-224 alloy nickel

Samples

wt.%
Si

Mn

Cr

P

Mo

C

S

Ni

Fe

Others

304

0.75
max

2
max

18 20

0.045
max

-

0.08
max

0.03
max

8-10.5

Balance

2 Co, 0.5 W, 0.15
Nb, 3.8 Al.

T91

0.5

0.6

9.5

0.02

1.05

0.12

0.01

-

Balance

-

430

1
max

11.25

16 18

0.06
max

-

0.12
max

0.03
max

-

Balance

-

VM12

0.4

0.45

12.0

-

0.2

0.1

-

0.4

Balance

1.8 Co, 0.3 V, 1.7
W, 0.25 Cu.

HR-224

0.3

0.5
max

20

-

0.5
max

0.05

-

Balance

27.5

-

Samples for Electrochemical Impedance Spectroscopy were welded using a Ni-Cr wire of diameter about 0.95 mm.
The working electrode sample (WE) and the counter electrode (CE) were introduced into an alumina tube and sealed
with high temperature castable cement. The pseudo-electrode of reference (RE) was auto-circuited with the counter
electrode (CE) for the electrochemical tests with the potensiostat (AUTOLAB-PGSTAT302N). Figure 1 shows the
scheme of the electrochemical test. The values of the parameters for the electrochemical impedance test were
obtained in a frequency range between 100 [KHz] and 10 [mHz]. Polarization tests were carried out between the
potentials of -0.6 to 0.4 [V] of the OCP (open circuit potential) voltage. The scanning range is 0.001 [V/s] with steps
of 0.00244 [V].

2.3. Preparation of samples for slow strain rate tensile (SSRT) tests
The effect of the exposure of the salts on the mechanical properties and their influence on the fracture of the material
has been evaluated. For a proper SSRT test, the experimental arrangement shown in figure 2 has been used. The
reactor has a volume of 10 liters and the maximum load capacity of the equipment is 150 kN. The materials evaluated
with this technique were T91 and VM12 steels, with the chemical composition showed in table 1.

2.4. Preparation of samples for Flow Acceleration Corrosion (FAC)
The flow accelerated corrosion (FAC) tests were performed in comparison with mass gain corrosion tests, in which
the material used for both tests was T91, where the samples used in both cases were transverse cuts of 1 inch diameter
pipes with a longitudinal section of approximately 32 mm. The cross sections for the FAC test are predisposed in
such a way that they can simulate the effect of the fluid of the molten salts in movement through an agitator connected
to an electric motor. The agitation speed in the FAC system was performed at a speed of 300 rpm. The test was
performed on the mixture of ternary salt with proposed lithium content at 550 °C up to an exposure time of 624
hours. Similarly, the same tests were performed in stationary mode to see the influence of FAC on static corrosion;
the exposure time in this case was 696 hours. Figure 3 shows the FAC configuration system for the tests performed.
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Fig. 1: Schematic of the electrochemical system: 1: Crucible furnace; 2: Two-electrode arrangement (Re: reference electrode/CE:
counter electrode and WE: working electrode); 3: molten salt; 4: alumina crucible; 5: furnace controller; 6: Potentiostatic

Fig. 2: Assembly of the SSRT tests

Fig. 3: Assembly of Flow Acceleration Corrosion test and corrosion by gravimetry

3. Results
3.1. Electrochemical impedance spectroscopy and polarization technique
Figure 4 shows the different Nyquist diagrams for stainless steel AISI304, AISI430, VM12 and a Ni base alloy HR224 in salt of lithium content (57 wt.%K, 30wt.%Li, 13wt.%Na)NO3. Measurement times were carried out at 2, 4, 6,
8, 24, 48, 72 and 96 hours of exposure in molten salts. The impedance spectra for the corrosion process of samples
in contact with salt of lithium content are very similar throughout the experimental process. The equivalent circuit
characteristic for all figures are composed of two capacitive-resistive circuits connected in parallel, in addition to
both connected in series to a resistance. According to the different models of corrosion in molten salts, the equivalent
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circuit corresponds to the formation of a protective layer in active metals (Zeng, Wang, & Wu, 2001).
According to the graphs of the impedance spectra for molten salt with lithium content for all samples, they show that
the corrosion process is controlled by the transfer of ions in the protective layer as shown in Figure 5, which is
consistent since the tests were carried out in the first hours of contact between the metal and the molten salt, this
because they represent the most significant hours of the corrosion process.
For this model of protective layer, the transport of ions in the protective layer can limit the corrosion rate. The
different elements that comprise the protective layer equivalent circuit are represented by the following elements: 𝑅𝑠
is the resistance of the molten salts, 𝐶𝑑𝑙 is the double layer capacitance at the metal / salt-melted interface and 𝑅𝑡 is
the transfer resistance electrochemistry. Often the behaviour of the capacitors in the EIS tests is not the most ideal,
so instead a constant phase element acts for the adjustments of the experimental data. 𝑅𝑜𝑥 represents the transfer
resistance of ions in the scale and 𝐶𝑜𝑥 is the oxide capacitance. So, for this equivalent circuit may be expressed by
equation 1:

Fig. 4. Nysquist diagram of the samples in KLiNaNO3 (ternary salt with lithium content) at 100h and 550ºC a) AISI304, b) AISI430, c)
VM12 and d) HR-224

Fig. 5 Equivalent circuit representing the corrosion of metals forming a protective scale in molten salts

𝑍 = 𝑅𝑠 +
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1
𝛽 𝜋
1
𝑗𝑤𝐶𝑑𝑙 + 𝑤𝐶𝑑𝑙 cot ( 𝑑𝑙 ) +
2
𝑅𝑡

+

1
𝛽 𝜋
1
𝑗𝑤𝐶𝑜𝑥 + 𝑤𝐶𝑜𝑥 cot ( 𝑜𝑥 ) +
2
𝑅𝑜𝑥

(𝑒𝑞. 1)
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where, 𝛽𝑑𝑙 and 𝛽𝑜𝑥 represents the dispersion coefficient the first and second capacitance of the circuit, respectively.
Therefore, 𝑤𝐶𝑑𝑙 cot (

𝛽𝑑𝑙 𝜋
2

) and 𝑤𝐶𝑜𝑥 cot (

𝛽𝑜𝑥 𝜋
2

) are the elements of the impedance caused by the dispersion effect.

Because corrosion is controlled by the transport of species in the protective layer, the radius of the second capacitance
circuit must be greater than that of the first cycle. In addition, in this case, the corrosion resistance of the metals in
the molten salts can be represented by the 𝑅𝑜𝑥 parameter.
The materials studied present an excellent protection against corrosion that can be verified with the results obtained
in the adjustments of tables 2 to 5, specifically in the model formed by a protective layer.
Table 2: Fitting results of the impedance spectra of stainless steel 304 during corrosion in the presence of KLiNaNO 3 (ternary salt with
lithium content) at 550 °C.

𝑹𝒔

𝑪𝒅𝒍

𝑹𝒕

𝑪𝒐𝒙

Ω-cm2

F s^(βdl-1)

Ω-cm2

F s^( βox -1)

2h

1.778

0.036

0.55

3.9

0.11

0.696

42.1

4h
6h
8h

1.850
1.707
1.768

0.07263
0.1801
0.162

0.4498
0.7652
0.7038

32.21
32.13
34.08

0.3564
0.06792
0.06122

0.961
0.4847
0.5094

21.7
7.229
4.783

24 h

1.822

0.1305

0.3687

19.38

0.1734

0.7076

35.11

48 h

1.822

0.1734

0.7076

35.11

0.1305

0.3687

19.38

72 h

1.533

1.345

0.8879

5.228

0.1434

0.2281

109.6

96 h

1.953

0.095

0.5534

63.62

0.011

0.5297

1.574

Time

𝜷𝒅𝒍

𝜷𝒐𝒙

𝑹𝒐𝒙
Ω-cm2

Table 3: Fitting results of the impedance spectra of stainless steel 430 during corrosion in the presence of KLiNaNO 3 (ternary salt with
lithium content) at 550 °C.

Time

𝑹𝒔

𝑪𝒅𝒍

Ω-cm2

F s^(βdl-1)

𝜷𝒅𝒍

𝑹𝒕

𝑪𝒐𝒙

Ω-cm2

F s^( βox -1)

𝜷𝒐𝒙

𝑹𝒐𝒙
Ω-cm2

2h

2.047

0.14

0.625

52

0.012

0.62

10

4h
24 h
48 h

2.049
2.098
2.221

0.142
0.02
0.02481

0.692
0.56
0.5301

42.94
9.7
10.1

0.01279
0.15
0.19

0.6152
0.68
0.71

10.23
50.00
47.56

72 h

2.194

0.0414

0.48

12.35

0.23

0.77

46.87

96 h

2.074

0.062

0.41

22.78

0.43

0.91

28.36

Table 4: Fitting results of the impedance spectra of Nickel alloy HR224 during corrosion in the presence of KLiNaNO 3 (ternary salt with
lithium content) at 550 °C.

𝑹𝒔

𝑪𝒅𝒍

Ω-cm2

F s^(βdl-1)

2h

1.617

0.016

Time

𝜷𝒅𝒍

𝑹𝒕

𝑪𝒐𝒙

𝜷𝒐𝒙

𝑹𝒐𝒙

Ω-cm2

F s^( βox -1)

0.634

7.2

0.21

0.59

24

Ω-cm2

4h

1.617

0.0018

0.63

7.2

0.26

0.61

23

24 h

1.664

0.012

0.67

6.8

0.169

0.58

37

48 h

1.745

0.15

0.56

47

0.013

0.718

3.75

72 h

1.799

0.015

0.7

3.17

0.18

0.56

4.3

96 h

1.83

0.0183

0.677

2.9

0.21

0.59

3.5
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Table 5: Fitting results of the impedance spectra of VM12 during corrosion in the presence of KLiNaNO 3 (ternary salt with lithium
content) at 550 °C.

𝑹𝒔

𝑪𝒅𝒍

𝑹𝒕

𝑪𝒐𝒙

Ω-cm2

F s^(βdl-1)

Ω-cm2

F s^( βox -1)

2h

1.874

0.0083

4h

1.918

0.0081

0.54

37.5

0.195

0.64

8.7

0.68

54.3

0.146

0.45

7.6

6h

1.920

0.0089

0.65

47.4

0.137

0.49

9.2

18 h
24 h

2.069

0.0133

0.63

84.7

0.122

0.53

11.5

2.158

0.0110

0.68

64.3

0.125

0.58

14.7

38 h

2.161

0.0178

0.62

76.81

0.135

0.62

13.2

68 h

2.167

0.0217

0.69

95.13

0.126

0.61

12.8

96 h

2.169

0.0464

0.71

75.45

0.125

0.54

17.3

Time

𝜷𝒅𝒍

𝜷𝒐𝒙

𝑹𝒐𝒙
Ω-cm2

Linear polarization results are shown in figure 6, obtaining the corrosion parameters shown in table 6. The
relationship between the corrosion rates of the molten salt of the study can be observed taking into account the open
circuit potential of the electrochemical system, the corrosion potential and the current density.

Fig.6. Polarization curves of samples in KLiNaNO3 (ternary salt with lithium content) at 550°C

Table 6: Corrosion data of tested 304, 430, VM12 and HR-224 in KLiNaNO3 (ternary salt with lithium content) at 550 °C.

Sample

OCP (mV)

Ecorr (mV)

jcorr (µA/cm2)

CR (mm/year)

304 (lithium)

0.24

-242.28

224.10

1.82

430 (lithium)

2.20

-268.69

254.42

2.69

HR-224 (lithium)

-4.17

-169.34

208.30

0.63

VM12 (lithium)

5.8

-281.63

431.27

3.53

3.2. Slow Strain Rate Tensile
The effect of salt exposure of alloys and their influence in the mechanical behavior of components in CSP plants is
one of the main important topics to solve in the next generation of CSP plants. A better mechanical behavior was
obtained in VM12 and T91, according with results showed in figure 7.
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Fig. 7. SSRT results for VM12 and T91 steels immersed in ternary lithium salt

The results of the SSRT tests were carried out for the materials T91 and VM12. In the case of T91, it was carried out
in molten salt for 7 days and in air for approximately 3 days. For the VM12 material, the test was performed in about
5 days. The tests were performed at a temperature of 550 ° C and a deformation rate of 2.5x10-5 mm / s (Figure 5).
Due to a malfunction of the heating cycles, the air test of the material VM12 was not done. Other data were recorded
manually, therefore, the graph for the sample tested in salt seems noisy.
In addition, it should be noted that the total voltage includes the elongation of the sample plus the elongation of the
test device. Although the test bench has been isolated from the hot chamber and is equipped with chilled upper and
base plates, it is possible that the heat flux differs between the salt and air tests due to the different heat and
conductivity capacities of the different means, resulting in different contributions from the test bank to total
displacement. Therefore, only strength in the performance and strength in the fracture should be compared. As it can
be seen in Figure 5, the sample analyzed in air of the T91 material bears higher loads compared to the sample analyzed
in salt. These tests have been carried out to test the principle of carrying out SSRT in molten salt with lithium content.

3.3. Flow Accelerated Corrosion
Figure 8 shows the degradation of the T91 material in both FAC (Flow Accelerated Corrosion) and static corrosion,
in the form of weight loss, simulation operation condition in the pipeline. After 680 hours of corrosion under
conditions of Flow corrosion and static corrosion there was no significant difference in the weight loss in the steel
used.

Fig. 8. FAC (Flow Accelerated Corrosion) and Static corrosion results for T91 steels immersed in ternary lithium salt

4. Conclusions
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Electrochemical impedance spectroscopy (EIS) was applied to monitor the corrosion mechanism in molten salt with
lithium content. The study of the corrosion in this mixture, allows us to compare the corrosion behaviour between
the proposed salt of lithium content and other traditional techniques.
SSRT tests in the database are difficult to perform due to a corrosive attack on the test configuration. The SSRT
configuration could be performed and the tests were successful. The interpretation of the results of the test is complex,
since the multiple effects influence the sample during the test, for example: the samples need to endure corrosive
attack from the salt and also at air at 550°C.
The flow velocity results mainly in an accelerated rate of cathodic reaction, by increasing the rate of oxygen diffusion.
The velocity also affects the corrosion potential.
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Abstract
Thermal Energy Storage is a key issue in concentrating solar power plants due to the need to tackle the conflict
between dispatchability requirements of the utilities and the intermittent and unpredictable nature of solar
radiation. In this context, molten salt tanks are the more widespread solution because of their effective trade-off
between cost and functionality. This work presents a techno-economical assessment regarding the use of
different salt mixtures as storage medium in a central receiver solar plant as well as the eventual improvement of
its performance due to increasing the specific heat of the salts by the addition of nanoparticles. As case-study, an
actual plant in southern Spain has been selected and System Advisor Model was adopted as performance
estimation tool. After model validation, a sensitivity analysis involving plant indicators (Egen, CF, VTES, LCOE)
and different storage scenarios was carried out. The results show no significant differences between commercial
mixtures and an economical advantage of using nanoparticles.
Keywords: molten salts, central receiver solar plant.

1. Introduction
Thermal energy storage (TES) allows concentrating solar power plants (CSP) to continuously produce
electricity despite the intermittent and unpredictable nature of the solar radiation. This advantage in regard to
other renewable sources determines an intrinsic relation between the present rising of the global markets for
CSP and the existence of certain TES solutions (Fernández et al., 2019) According to Libby (2009), three basic
methods for storing energy at CSP facilities can be identified: sensible heat storage, latent heat storage and
thermochemical storage. Another possible classification distinguishes among active and passive storage, taking
into account the eventual circulation trough the plant systems of the storage medium (Kuravi et al., 2013).
The sensible heat storage is the more immediate and accepted option because the consolidated experience and
reliability in other types of power plants and industrial facilities. It performs by charging/discharging of energy
in liquid or solid materials after the raising/falling of their temperature, without a phase change. Liquid storage
media systems can be combined with the collector field directly or indirectly, and relay normally either in a twotank or a single-tank system. The most used liquids in solar thermal sensible energy storage systems are sodium,
synthetic organic oils and molten nitrate salts. Two-tank active storage systems combined indirectly with the
solar field are used typically in parabolic trough plants with thermal oil as heat transfer fluid (Ortega et al.,
2008; Kelly and Kerney, 2004). In central receiver plants, molten salts are directly connected to the solar field
(Figure 1). When molten solar salt is used as storage medium, the cold and hot tanks can operate at temperatures
up to 290 °C and 565 °C, respectively. Control strategies of this kind of plants are determined mainly by the
behavior of heat exchangers and tanks.
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Fig. 1: Two-tank active storage system combined directly with the solar field

Some of these commercial CSP plants are located in the southern part of Spain and many actual specifications
and performance data are available. This work presents the techno-economical assessment and the eventual
performance improvement of a central receiver solar plant. In the study, the specific heat of the heat transfer
fluid (HTF) is increased by the addition of nanoparticles. As reference-case, an actual plant located in Sevilla
(Spain) has been considered. This plant is used in order to have a better representation of the basic facilities
specifications and as model validation. The widely accepted tool System Advisor Model (SAM) has been used
as plant performance estimation tool.

2. Material and Methods
This section presents the plant specifications and the properties of the different fluids used for the study. Details
of the set of selected parameters describing the main characteristics of the plants can be found below. These
parameters were selected in order to establish the most interesting plant configuration from the technological
and economical points of view.
2.1. Plant specifications
In order to obtain realistic estimations, it has been used a model of plant based on an actual central receiver solar
plant located Southern Spain (http://torresolenergy.com/en/gemasolar/), which will be used as reference. Plant
systems have been selected and sized according to their similitude with the published specifications of the
reference case. Table 1 contains used specifications.
2.2. Storage media
Different heat transfer fluids (HTF) have been evaluated as storage media: Solar Salt (60% NaNO 3, 40%
KNO3), Hitec salt (7% NaNO3, 40% NaNO2, 53% KNO3), Hitec XL salt (48% Ca(NO3)2, 7% NaNO3, 45%
KNO3) (Flamant, Benoit, 2014), and Sodium (Na). Table 2 shows their main characteristics.
Once the different HTF have been established, the next step is to study which of them leads to the best technical
and economic results, making use of the different indicators studied in the following section.
The storage is based on the sensible energy variation experienced by the HTF during the charging or discharging
processes:

𝑄 = 𝑚𝑐p ∆𝑇,

(eq. 1)

where:


m is the mass of the storage material [kg],



𝑐p is the specific heat in the operation temperature range [kJ kg -1 K -1],



∆𝑇 is the temperature variation suffered by the HTF [K].

According to this formula, it is interesting to evaluate the impact on the results of increasing the specific heat of
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the considered fluid. This increment can be achieved by adding nanometer-sized particles to the HTF with better
performance, obtaining a colloidal suspension called nanofluid. By improving the specific heat of the salt, the
storage capacity will be higher and hence, the storage volume could be reduced, not only in storage fluid, but
also in tank size.
According to Mondragon et al., (2014) the use of nanoparticles of SiO 2 and Al2O3 with the solar salt can
increase the specific heat up to a 50%. There are however other studies on the improvements of the cp by using
other materials as nanoparticles: Lasfargues et al. (2017) presented a study using CuO nanoparticles, in which a
considerable increase of the specific heat when working at high temperature was achieved; and Muñoz-Sánchez
et al. (2016) achieved an increase in 𝑐p of up to 18% using nanoparticles called Bohemite.
How to achieve this improvement in thermal properties is still a topic of study today, although most of the
accepted proposals are related to the formation of semi-solid layers around the nanoparticles.
Tab. 1: Model central receiver plant

Location

Latitude
Longitude
Altitude

37° 33' 39.88" N
5° 19' 53.56" W
170 m

Climate
DNI

4.86 kWh/m2/day

Diffuse radiation

1.75 kWh/m2/day

Temperature

18.4 ºC

Wind velocity

2.7 m/s

Heliostats field
Dimensions

120 m² (10x12)

Type

Circular

Facets X axis

12

Facet Y axis

10

Reflectance area proportion

0.91

Reflector

0.99

Tower and Receiver
Height

140m

Receiver

Cylinder

Dimensions

14.22 x 8.89 m

Panels

16

Inlet temperature

290ºC

Outlet temperature

565ºC

Thermal power

144.9 MWt

Tab. 2: Main properties of the studied storage fluids
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Properties

Solar Salt

Hitec Salt

Hitec XL Salt

Sodium

Thermal conductivity [W/mK]

0.52

0.34

0.51

66.60

Heat capacity [kJ/kg K]

1.5

1.56

1.41

1.23

Fusion temperature [°C]

220-238

142

133

98

Degradation temperature [°C]

600

538

500

-

Storage cost [$/kWh]

5.8

10.7

15.2

21
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2.3. Benchmarks
The following indexes have been selected for the performance estimations. These benchmarks can be used to
establish a series of parameters that describe the main characteristics of the proposed configurations. Three of
them are technical indicators: Annual energy generation (Egen), Capacity factor (CF), and Required HTF volume
(VTES); and the other three are economic indicators: Levelized cost of energy (LCOE), Net present value
(NPV) and Internal rate of return (IRR):
Annual energy generation (Egen): it is the sum of the energy generated per hour during a year. This indicator
allows studying the production capacity in kWh for each plant configuration.
J

𝐸gen = ∑i=0 𝐸i ,

(eq. 2)

where:


𝐸i is the energy generated in the hour i,



𝐽 is the number of hours in a year.

Capacity factor (CF): defined as the energy generated by the facility during a period of time (one year) divided
by the energy that would have been generated if the installation had worked at full load during that period of
time.
𝐸

gen
𝐶𝐹 = 𝑃𝑛∗24∗365
,

(eq. 3)

where:


𝐸gen is the energy generated during one year, in kWh,



𝑃𝑛 is the nominal power in kW,

Required HTF volume (VTES): refers to the amount of working fluid required for the production of 15h of
storage.
LCOE: this indicator allows obtaining an economic valuation of the total cost of the project, including all the
costs throughout its useful life: initial investment, operation and maintenance costs, costs for obtaining the
capital, ... The LCOE is calculated as:

𝐿𝐶𝑂𝐸 =

𝐼0 +∑𝑁
𝑖=0 𝐶𝑖
(1+𝑟)𝑖
𝐸𝑖
∑𝑁
𝑖=0[(1+𝑟)𝑖 ]

(eq. 4)

,

where:


𝐼0 is the project initial investment cost,



𝐶𝑖 is the cost generated in year i. It includes the variable and fixed costs associated to year i.



𝐸𝑖 is the energy generated in year i.



𝑟 is the real discount rate,



𝑁 is the project life, in years.

NPV (Net Present Value): it is used to calculate the present value of a number of future cash flow generated by
an investment. The NPV is calculated as:

𝑁𝑃𝑉 =

∑𝑁
𝑖=0 𝑉𝑖
,
(1+𝑟)𝑖

(eq. 5)

where:


𝑉𝑖 represents the cash flow for each period i,

IRR: the internal rate of interest or economic return offered by an investment. In other words, it is the percentage
of economic profit or loss that an investment will have. The IRR is calculated from the NPV as:
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NPV =

∑𝑁
𝑖=0 𝑉𝑖
(1+𝑟)𝑖

=

𝑉1
(1+𝐼𝑅𝑅)1

𝑉

𝑉

(eq. 6)

2
1
+ (1+𝐼𝑅𝑅)
2 + ⋯ + (1+𝐼𝑅𝑅)𝑁 = 0,

where:


𝐼𝑅𝑅 is the internal rate of return.

The previous techno-economical indicators list should be completed with the operation indicators, such as
temperature or corrosion aspects, but these indicators are out of the scope of this work since there are not
enough data for all studied materials.

3. Results and conclusions
1

System Advisor Model , SAM has been used as calculation tool. SAM package has been developed by the
National Renewable Energy Laboratory and allows a detailed estimation of the hourly operation data and
techno-economic benchmarks of the projects for renewable energy plants. For CSP plants, SAM allows to
simulate the solar field, TES unit, and power block on an hourly basis as well as the corresponding integration to
assess the plant annual performance. In this work, as overall operational data of the reference case
(http://torresolenergy.com/en/gemasolar/) are published, the estimations regarding yearly yield and other plant
operational data for model case has been validated. The simulated reference system is hence a 19.9 MW central
receiver power plant, using solar salt as heat transfer fluid and with 15 equivalent hours of thermal storage. The
operating temperature range of molten salt is 290- 565 °C, and the direct normal irradiance (DNI) is 950 W/m2
with a solar multiple of 2.5.
Table 3 shows the results obtained with the different selected fluids for the modelled plant, and figure 2
summarizes graphically the results. The maximum difference obtained is a 13 % of the annual energy
generation, being the differences of the rest of the benchmarks lower than 4%.
Tab. 3: Overall plant techno-economic indicators for different storage options (solar salt, validated case study)
Indicator

Generation

Capacity factor

TES Volume

LCOE

1
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HTF

Value

Deviation (%)

Solar salt

90.58 GWh

-

Hitec salt

90.09 GWh

- 0.54

Hitec XL

90.32 GWh

- 0.28

Sodium

89.5 GWh

- 1.19

Solar salt

56.5 GWh

-

Hitec salt

56.2 %

- 0.53

Hitec XL

56.3 %

- 0.35

Sodium

55.8 %

- 1.24

Solar salt

3

3581 m

-

Hitec salt

3

3544 m

- 1.03

Hitec XL

3885 m3

+ 8.49

Sodium

9458 m3

+ 164.12

Solar salt

0.18 €/kWh

-

Hitec salt

0.19 €/kWh

+ 5.55

Hitec XL

0.19 €/kWh

+ 5.55

Sodium

0.20 €/kWh

+ 11.11
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a)

b)

c)

d)

Fig. 2: Comparison of the techno-economic indicators for different storage options: a) Generation b) Capacity factor, c) HTF
volume and d) LCOE

Based on the obtained results it can be concluded that, of the alternatives tested, the Solar Salt is the one that
presents the best conditions for its use as HTF. However, the main factor for its use is the economic one, since
the differences in most of the indicators are below 1%, due to the fact that the molten salts studied present very
similar properties.
As far as storage is concerned, it has been demonstrated that using Hitec Salt can reduce the volume of salts
required by 1%, offering conditions very similar to Solar Salt in the rest of the terms, although due to a higher
cost, this volume reduction does not present an economic advantage, being more profitable to use Solar Salt.
Regarding the increment of cp by addition of nanoparticles, solar salt has been considered as base case. Some
sample scenarios have been considered according to the nanoparticles potential shown at laboratory level in the
literature (Fernández et al., 2019). The Table 4 summarizes these results.
Tab. 4: Impact on indicators of potential increasing the cp of the HTF by adding nanoparticles
𝚫𝒄𝒑 (%)

𝑬𝐠𝐞𝐧 (GWh)

𝚫𝑬𝐠𝐞𝐧 (%)

𝑽𝐓𝐄𝐒 (m3)

𝚫𝑽𝐓𝐄𝐒 (%)

-

90.58

-

3581

-

25

90.97

0.47

2984

16.67

50

91.20

0.75

2487

30.55

75
91.35
0.94
2132
40.46
Although some cp values have been simulated that still have not been achieved by adding nanoparticles, it has
been demonstrated, however, that with the current progress (Δ𝑐𝑝 = 50% achieved with SiO2 y Al2O3), it is
already possible to achieve great improvements in the storage, reducing the volume of salts by up to 30.55%.
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Abstract
The concept of a controllable combined sensible-thermochemical thermal energy storage for utilization with
concentrated solar power plants is presented. An encapsulated thermochemical storage utilizing reversible gas-solid
reactions is coupled to a packed-bed sensible storage using rocks as storage media. The thermal decomposition of
manganese oxide is chosen as a demonstration reaction. A simplified heat transfer model of the thermochemical
section is implemented in Simulink. The equations that govern this model are presented. This implementation allows
for rapid iterations to find a controller design that stabilizes the storage outflow temperature shows robust and exact
performance over a wide range of operating parameters. The controller consists of feedforward and feedback portions
with integrator windup protection. This controller design is subsequently ported to an existing simulation framework
that resolves the domain to a higher degree of accuracy and implements temperature-dependent material properties.
The resulting controller-TCS combination is limited primarily by finite reaction rates and heat transfer to the
surrounding heat transfer fluid. For all practical applications, the thermochemical section is able to stabilize (or
actively control) the combined storage outflow temperature.
Keywords: Solar, Thermal Energy Storage, Thermochemical Storage, Controller Design
Nomenclature
Acronyms
CSP
Concentrated Solar Power
TES
Thermal Energy Storage
HTF
Heat Transfer Fluid
SHS
Sensible Heat Storage
TCS
Thermochemical Heat Storage
Subscripts
r
Reactor
f
Fluid
fb
Feedback
ff
Feedforward
i
Cell Index
set
Setpoint
ht
Heat Transfer
diff
Difference
in
Inlet
out
Outlet
chem
Chemical

Variables
T
t
M
cp
V
ρ
Q̇
Χ
k0
Ea
R
a,b,s, γ1
γ2
p
HR
kh
τ

Temperature [K]
Time [s]
Molar Weight [g ·mol]
Specific Heat Capacity [J·mol-1·K-1]
Volume [m3]
Density [kg·m-3]
Rate of Heat Flow [W]
Reaction Extent [-]
Rate Constant [s-1]
Activation Energy [J·mol-1]
Universal Gas Constant [J·mol-1·K-1]
Empirically Fitted Parameters [-]
Empirically Fitted Parameter [K]
Pressure [Pa]
Reaction Enthalpy [Jmol-1]
Interphase Heat Transfer Coefficient [WK-1]
PID Integrator Boundary [Ks]

1. Introduction
Concentrated solar power (CSP) plants use mirror optics to concentrate solar radiation into a receiver or reactor. The
resulting high temperature heat can be used to generate electricity or drive energy-intensive processes in a carbonneutral way. Although industrially deployed, CSP plants are limited by the intermittency constraints of solar radiation
– clouds, day/night cycles and seasonal variations lead to low utilization factors and unplannable generation.
Effective use of CSP technology thus requires the ability to store solar heat and release it once it’s needed.
Thermal energy storage (TES) directly stores solar heat and therefore avoids inefficient transformations into other
forms of energy. Three forms of TES are generally considered: sensible, latent and thermochemical (Kuravi et al.,
2013). Sensible heat storage (SHS) utilizes the heat capacity of the storage material, while latent heat utilizes the
energy needed to drive a phase change in the storage material. Thermochemical storage (TCS) stores heat in the
reaction enthalpy of reversible endothermic/exothermic reactions. In the case of gas-solid dissociation reactions such
as the calcination/carbonation of limestone, the reaction equilibrium and thus indirectly the reaction rate can be

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.21.06 Available at http://proceedings.ises.org
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influenced by adjusting the gas pressure inside the storage reactor.
Thermochemical storage on its own is difficult since most reactions have a comparatively narrow operating
temperature range. There are two general to solutions to this problem. In theory, a stack of different TCS materials
operating in complementing temperature ranges could store heat over the whole temperature range (Agrafiotis et al.,
2016), however it is exceedingly difficult to find materials that react at low temperatures and demonstrate high cycle
stability. Alternatively, the TCS can be coupled to a packed-bed SHS. In such a configuration, the TCS section acts
as a control unit to the SHS and could alleviate the drawbacks of such a storage, i.e. thermocline degradation and
associated heat transfer fluid (HTF) outlet temperature drop.
The envisioned TCS reactor section consists of layered arrays of reactor tubes that are in a crossflow configuration
to the HTF flowing through the combined TCS/SHS system. Fig. 1 shows a schematic view of the TCS section that
is added on top of the SHS. The reactor tubes consist of a gas-tight outer shell, the powdered/granulated solid
reactants and a concentric, porous gas-feeding tube. During charging, heat is conducted inwards, dissociating the
solid reactant. The produced gas is drawn out through the center tube. In the discharging phase, the gas is pumped
back into the reactor under slightly higher pressure, where it recombines with the solid.

Fig. 1: Schematic configuration of the combined sensible-thermochemical thermal energy storage system. The thermochemical
storage (TCS) stack is located on top of the sensible heat storage (SHS). The TCS itself consists of stacked layers of tubes. A single
tube consists of a gas-tight shell containing the powdered bed of solid reactants and an inner concentric porous gas-feeding tube.

In order to achieve the desired HTF output temperature, the reactor pressure has to be actively controlled. To find a
suitable control strategy, first a rapid iteration testbed simulation was constructed based on a very simplified model
of TCS reactor stack. Then, the controller that was designed in this fashion was implemented into an existing
simulation environment that resolves heat and mass transfer with higher granularity.

2. Rapid Iteration Control Strategy Testbed
From a control standpoint, the only sensor input reasonably available is the temperature of the HTF outflow
temperature after the TCS section. The output of the control unit has to be the reactor pressure(s). For the sake of a
technically simple and efficient system, a single compressor is adjusting the pressure in all reactors simultaneously.
Since the reaction rate in each reactor depends on multiple variables (e.g. reaction extent and local temperature), in
general each layer of the TCS stack will react differently to a given pressure.

Fig. 2: Control volume consisting of a HTF cell surrounding a single reactor tube with no spatial resolution. Heat is emitted or
consumed by the chemical reaction in the tube and convected to the HTF that flows vertically.
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To rapidly iterate control system designs, a simplified model of a tubular reactor was constructed, based on prior
work. The model recognizes two regions (tubular reactor and HTF envelope) and has no spatial resolution in the
respective regions. Figure 2 shows the chosen control volume for a single tube. Please refer to the nomenclature for
a detailed description of the terms.
𝜕𝑇r,𝑖
𝜕𝑡
𝜕𝑇f,𝑖
𝜕𝑡
𝜕Χ𝑖
𝜕𝑡

=
=

𝑀r

( 𝑄̇chem,𝑖 − 𝑄̇ht,𝑖 )

𝑐p,r 𝑉r 𝜌r
1
𝑐p,f 𝑉f 𝜌f

(1)

(𝑄̇in,𝑖 − 𝑄̇out,𝑖 + 𝑄̇ht,𝑖 )

= 𝑘0 exp (

𝐸a

𝑅𝑇r,𝑖

𝑝eq,𝑖 = exp (𝛾1 +

) Χ𝑖𝑎 (1 − Χ𝑖 )𝑏 |1 −
𝛾2
𝑇r,𝑖

(2)
𝑠

𝑝𝑖
𝑝eq,𝑖

|

(3)

)

(4)

𝜌 𝑉
𝜕Χ
𝑄̇chem,𝑖 = r r Δ𝐻R 𝑖

(5)

𝑄̇ht,𝑖 = 𝑘ℎ ⋅ (𝑇r,𝑖 − 𝑇f,𝑖 )

(6)

𝑄̇out,𝑖 = 𝑄̇in,𝑖 + 𝑄̇ht,𝑖 = 𝑄̇in,𝑖+1

(7)

𝑀r

𝜕𝑡

Eqs. 1 and 2 represent the energy balance of the tube and the HTF, respectively. Eq. 3 describes the reaction rate
which is dependent on reactor temperature, reaction extent and gas pressure. The equilibrium gas pressure for a given
temperature is given in eq. 4. The integrated heat fluxes are described by eqs. 5-7. The direction of heat fluxes is
indicated by the direction of the associated arrows in Figure 2.
This model was implemented in Simulink (MATLAB toolbox) using numerical values corresponding to the thermal
decomposition of manganese(III) oxide:
6Mn2 O3 ↔ O2 + 4Mn3 O4

(8)

Following this implementation, ten such encapsulated reactor models were linked together via eq. 7 to form a TCS
stack. Subsequently, the heat flux into the first layer is defined as the outlet of the SHS section, while the outflow of
the last layer defines the combined-system output that is used as the control system input.

3. Controller Design
The control of such a system is not straightforward, since it is highly nonlinear. The final controller consists of three
main parts: (1) a standard PID controller, (2) a feed-forward portion and (3) an integrator windup protection. Figure
3 shows the control system block diagram that was implemented. The reactor pressure is directly controlled using an
addition of feedforward (FF) and feedback (PID) controller pressures. The feedforward pressure is directly related
to the equilibrium pressure of the reaction at the setpoint temperature (analogous to eq. 4), i.e.
𝑃ff = exp (𝛾1 +

𝛾2
𝑇set

)

(9)

Fig. 3: Control system block diagram containing the implemented controller. The setpoint temperature (Tset) is fed into the feedforward
controller (FF) which produces the feedforward pressure (Pff). The temperature difference (Tdiff) between TCS outlet temperature (Tout)
and setpoint temperature is the input to the PID controller which produces the feedback pressure (P fb). Feedforward and feedback
pressure are added to yield the reactor pressure (Pr). The TCS inlet temperature (Tin) is conceptually modelled as a disturbance to the
system since it is not known a priori.

The PID controller is described by eq. 10:
𝑡

𝑃fb = 𝑇diff ⋅ P + max (𝜏, ∫0 𝑇diff 𝑑𝑡 ) ⋅ I +

𝜕𝑇diff
𝑑𝑡

⋅D

(10)
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where P,I and D are the respective numerical values for the proportional, integral and differential portions of the
controller. The numerical value of τ bounds the rate at which the integrator can fill.
The rationale for this feedforward/feedback combination is that in the case of an infinitely fast reaction and no heat
transfer resistance between reactor and HTF, the feedforward pressure (eq. 9) alone will perfectly stabilize the HTF
outlet temperature. In a more realistic case, the feedback loop accounts for the (conceptual) disturbance of the TCS
inlet temperature, the finite (and state-dependent) reaction rates and heat transfer limitations. All of these effects lead
to a necessarily higher reactor pressure than the equilibrium pressure, therefore the feedforward provides the base
pressure while the feedback loop handles the fluctuations.
Figure 4 shows the results of a representative simulation where the SHS section delivers a constant TCS inlet
temperature of 1035 K which in turn has to be raised to a constant TCS outlet temperature of 1050 K. Since the
reaction rate in the vicinity of equilibrium conditions approximately scales with the temperature difference to the
equilibrium temperature, the first (bottom) reactor outputs the most heat during the beginning of the discharging
phase, while the last (top) reactor only contributes very little. One by one, reactors are depleted and the load shifts
upwards. At the end of the discharge, a physical limit to the reactor pressure is reached and the outlet temperature
starts to sink rapidly.

Fig. 4: Representative run of a 10-cell Simulink TCS model during the discharging phase with numerical values for the decomposition
of manganese oxide. The SHS outlet temperature (equivalent to TCS inlet temperature) is set to 1035 K while the setpoint temperature
for the TCS outlet is set at constant 1050 K. The plots show: (a) the evolution of the uniform reactor pressure with the contribution of
the constant feedforward portion indicated, (b) the reaction extent of the cells over time, (c) the fluid temperature of the cells over time,
(d) the reaction speed of the cells over time. After approximately 6 hours the last storage cell is depleted.

4. Controller Verification
To verify its functionality, the controller design that was found in the last section was implemented into an existing
FORTRAN simulation framework based on prior work (Ströhle et al., 2017, 2013). The underlying model still does
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not resolve any spatial gradients inside the tubular reactors but accounts for the fluid flow around the reactors in a
more complex way (based on Žukauskas, 1973) and allows for higher numerical accuracy. It also implements
temperature-dependent material properties and reaction enthalpy. The input to the controller was delayed by multiple
seconds to simulate a more realistic behavior.
The PID controller parameters themselves are obviously dependent on the system dimensions and requirements; still
it was found that a wide range of parameters was able to control the system to a satisfying degree. This is attributed
to the fact that the timescale of the system (order or hours) is vastly longer than the timescale of the controller (order
of milliseconds).

Fig. 5: Representative run of a simulation using the complete model including a charging, idle and discharging phase. During the
charging phase, the pressure in the reactors is set to a reasonable partial vacuum pressure to encourage faster charging. The plots show:
(a) the evolution of the uniform reactor pressure, (b) the reaction extent of selected cells over time, (c) the fluid temperature of the outlet
over time, (d) the reaction speed of selected cells over time. Note the similarity to the results shown in Figure 3.

A variety of input parameters (e.g. HTF massflow, setpoint temperature) as well as disturbances (TCS inlet
temperature variations) were tested. Additionally, various physical properties were altered in a reasonable range, e.g.
a change in the reaction enthalpy or reaction rate, in order to simulate uncertainties and measurement errors in the
characterization of the used materials. The control system was able to compensate for all of these cases with relative
ease. Depending on the projected use case (e.g. constant or variable outlet temperature), the parameters can be finetuned to yield a better result.

5. Summary and Future Work
A system for the active control of the HTF outflow temperature of a combined sensible/thermochemical heat storage
has been developed. Using a simplified model, various options were explored and refined. A viable option was found
consisting of a feedback/feedforward combination with integrator windup protection. This was then implemented in
an existing simulation that resolves heat and mass transfer on a more fundamental level and provides an increased
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amount of granularity. The used controller showed very robust performance and high accuracy as it was able to
handle a wide variety of input conditions and disturbances to the system.
As a further step, a model resolving the heat and mass transfer within the reactor tube is under development.
Depending on limitations inside the reactor, delay times with respect to the controller and boundaries to the operating
envelope are anticipated. However, appropriate tuning of the controller parameters is expected to resolve this.
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Abstract
A heat and mass transfer model of an annular packed-bed reactor utilizing reversible gas-solid reactions is developed
for the thermochemical storage of high-temperature solar heat. The governing equations, boundary conditions and
numerical implementation are described and the temperature- and state-dependent material properties are presented.
The feasibility of this reactor concept is demonstrated through the numerical simulation of a representative scenario
utilizing the thermal decomposition of calcium carbonate into calcium oxide and CO2 as a model reaction. The results
of this simulation are presented and discussed.
Keywords: Solar, Thermochemical, Storage, Heat Storage, Carbonation, Calcination.

1. Introduction
Concentrated solar power (CSP) plants use sun-tracking mirror optics to concentrate the direct normal solar irradiation
into a solar receiver. The resulting high-temperature heat can then be used to drive heat engines for electricity
generation or drive thermochemical processes for fuels and materials production (Romero and Steinfeld, 2012). The
operation of CSP plants is constrained by the intermittency of solar radiation, requiring the storage of solar heat to
ensure continuous and around-the-clock dispatchability. Three forms of thermal energy storage (TES) are generally
considered: sensible, latent and thermochemical (Kuravi et al., 2013). Sensible heat storage utilizes the heat capacity
of the storage material; latent heat storage (LHS) utilizes the heat of phase change in the storage material;
thermochemical storage (TCS) utilizes the reaction enthalpy of reversible endothermic/exothermic reactions
(Agrafiotis et al., 2016; André et al., 2016). TCS can be coupled to a thermocline-based SHS (Agrafiotis et al., 2015;
Ströhle et al., 2017), similar to the coupling of LHS and SHS using a packed bed of rocks (Zanganeh et al., 2015,
2014). With such an arrangement, the TCS section acts as a control unit to the SHS section and alleviates the
drawbacks of thermocline-based storage, i.e. thermocline degradation and associated heat transfer fluid (HTF) outlet
temperature drop during discharging.
The thermochemical reaction considered is the decomposition of a solid, represented by A(s) = B(s) + C(g). Examples
are the thermal reduction of metal oxides (Block and Schmü, 2016; Bush and Loutzenhiser, 2018; Muroyama et al.,
2015) and the decomposition of carbonates (André et al., 2016; Gigantino et al., 2019; Kyaw et al., 1996), which are
characterized by their high gravimetric energy density. In this study, the decomposition of limestone is selected as a
model reaction:
CaCO3(s) = CaO(s) + CO2(g)

ΔH298 K = 177.8 kJ/mol

This reaction is thermodynamically favorable at 1158 K and 1 bar. The reaction equilibrium and thus indirectly the
reaction rate can be influenced by adjusting the gas pressure and temperature inside the storage reactor (Ströhle et al.,
2017).

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
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Nomenclature
Greek Letters
𝛼, 𝛽
Stoichiometric Coefficients [-]
Γ
Mass Fraction [-]
ε
Void Fraction [-]
𝜖
Emissivity [-]
𝛾
Fitting Coefficient [div.]
𝜆
Themal Conductivity [Wm-1K-1]

Density [kgm-3]
Χ
Reaction Extent [-]
Ψs
Volume-specific Molar Reaction Rate [mols-1m-3]
μ
Dynamic Viscosity [Pas]
λ
Thermal Conductivity [Wm-1K-1]
γ
Empirically Fitted Parameter [div.]
𝜙
Ratio Fluid Film Thickness – Particle Diameter [-]
𝜎
Ratio Distance Particle Centers – Diameter [-]
𝜔
Ratio Eff. Length Particle – Diameter [-]
Subscripts
f
Fluid
s
Solid
p
Particle
b
Bed
A,B,C
Species A,B,C
c
Control
ext
External
amb
Ambient
eq
Equilibrium
eff
Effective
rv
Radiation Void-to-Void
rs
Radiation Solid-to-Solid
Superscripts
0
Initial Value
Dimensionless numbers
Bi
Biot number [-]
Nu
Nusselt Number [-]
Pr
Prandtl Number [-]
Re
Reynolds Number [-]

Roman Letters
A
Area [m2]
V
Volume [m3]
M
Molar Mass [kgmol-1]
m
Mass [kg]
n
Molar Amount [mol]
t
Time [s]
𝑢̂
Superficial Gas Velocity [ms-1]
r
Radial Coordinate [m]
p
Pressure [Pa]
K
Permeability [m2]
e
Sensible Internal Energy [Jm-3]
T
Temperature [K]
kh
Heat Transfer Coefficient [Wm-2K-1]
av
Volume-specific Surface Area [m-1]
cp
Heat Capacity [Jkg-1K-1]
dp
Particle Diameter [m]
𝑅̅
Specific Gas Constant [Jkg-1K-1]
Δ𝐻𝑅
Reaction Enthalpy [Jmol-1]
k0
Rate Constant [s-1]
a,b,c,s
Empirically Fitted Parameters [div.]
EA
Activation Energy [Jmol-1]
h
Heat Transfer Coefficient [Wm-2K-1]
Q
Heat [J]
𝑞̇
Rate of Heat Flow [W]
Acronyms
CSP
Concentrated Solar Power
TES
Thermal Energy Storage
HTF
Heat Transfer Fluid
SHS
Sensible Heat Storage
LHS
Latent Heat Storage
TCS
Thermochemical Heat Storage

In the present paper, we propose a unique design of a TCS reactor with some intriguing features in terms of simplicity
of fabrication and operation, and develop a rigorous numerical heat and mass transfer model of such a reactor for
simulating its operation and optimizing its design. Previous models of TCS reactors have been developed for packedbed tubular reactors with axial flow (Dixon and Nijemeisland, 2001; Ströhle et al., 2014) and annular bed reactors
with radial flow (Davis and Watson, 1986; Davis and Yamanis, 1984). The present model is concerned with a tubular
reactor with radial flow across a packed bed of small particles (dp < 0.2 mm), and incorporates radiative heat transfer
and temperature-dependent material properties because of the high operational temperatures. This reactor concept
allows uniform heat release/uptake over the length of the reactor, thereby ensuring controllability.

2. Reactor configuration
Fig. 1 shows the schematic cross-section view of the combined TCS/SHS system where the TCS section is added to
the top of the SHS section. The proposed TCS section consists of layered array of parallel reactor tubes in a crossflow
configuration to the HTF flowing through the combined TCS/SHS system and delivering/withdrawing heat by
convection. Each tubular reactor consists of a gas-tight outer cylindrical shell, a concentric porous gas-feeding inner
tube, and a packed bed of powdered/granulated solids filling the annular gap between them. During charging, heat
transferred by convection from the HTF to the outer shell is conducted inwards radially across the solid (CaCO3),
driving the endothermic decarbonation reaction. The produced gas (CO2) is drawn out through the porous center tube.
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During the discharging phase, the reacting gas (CO2) is pumped back into the reactor in reverse direction, where it
recombines with the solid (CaO) driving the exothermic carbonation reaction at higher pressure. Understanding the
limiting mechanisms of such a reactor system is key to optimization of the design. The design parameters include:
dimensions, number of tubes, gas flow rates, solid morphology (e.g. powder, granules, pellets) and their properties,
and operating conditions (e.g. outflow gas temperature).

Fig. 1: Left: Schematic configuration (cross section) of the combined sensible-thermochemical thermal energy storage system. The
thermochemical storage (TCS) section is located on top of the sensible heat storage (SHS) section and the heat transfer fluid (HTF)
is flowing across both sections. The TCS itself consists of stacked layers of parallel tubular reactors. Right: Cross section of a single
tubular reactor: it consists of a gas-tight outer cylindrical shell, a concentric porous gas-feeding inner tube, and a packed bed of
powdered/granulated solids filling the annular gap between them.

3. Reactor Model
3.1 Domain
The modelling domain of a single tubular reactor is shown in Figure 1 (right) and comprises the packed bed filling the
annular gap between the outer shell and the gas-feeding porous inner tube. The following simplifying assumptions are
made: 1-D infinitely long reactor tube without angular/axial gradients, negligible influence of gravity, uniform shell
temperature, uniform temperature within solid particle (justified by Bi << 1 in the pertinent temperature and pressure
range), and uniform void fraction in the packed bed. The packed bed is modelled as a two-phase solid/fluid region,
where the mass and energy conservation equations are solved for the gas phase, the energy conservation equation is
solved for the solid phase, and phases are coupled by heat and mass transfer terms. The heat flux from the HTF serves
as a von Neumann boundary condition at the outer shell.

3.2 Chemical reaction
The generic thermal dissociation reaction 𝛼 ⋅ 𝐴(𝑠) ↔ 𝛽 ⋅ 𝐵(𝑠) + 𝛾 ⋅ 𝐶(𝑔) is considered. The reaction extent is defined
as:
Χ=

𝑛𝐴

𝛼
𝛽

𝑛𝐴 + 𝑛𝐵

(1)

where 𝑛𝐴 and 𝑛𝐵 are the molar amounts of species A and B, and 𝛼 and 𝛽 their respective stoichiometric coefficients.
The volume-specific molar reaction rate is defined:
Ψ𝑠 =

𝜀𝑏 𝜌𝑠 𝜕Χ
𝑀𝑠 𝜕𝑡

(2)

where the (lumped) reaction kinetic rate is modelled as
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𝜕Χ
𝜕𝑡

= 𝑘0 exp (

−𝐸𝐴
𝑅𝑇𝑠

) Χ 𝑎 (1 − Χ)𝑏 |1 −

𝑝𝑐
𝑝𝑒𝑞

𝑠

|

(3)

where 𝑘0 is the rate constant, 𝐸𝐴 the activation energy, and 𝑝𝑒𝑞 the equilibrium partial pressure of the reaction which
is found using a fit to tabulated data:
𝑐

𝑝𝑒𝑞 = c0 ⋅ c1 ^ (𝑐2 + 3)

(4)

𝑇

3.3 Governing Equations
Let 𝑉𝑝 be the volume of the solid particles,
𝑉𝑝 = (1 − 𝜀𝑏 )𝑉

(5)

where 𝑉 is the total reactor volume and 𝜀𝑏 is the bed void fraction. The volume of the solid reactant is 𝑉𝑝,𝑠 =
(1 − 𝜀𝑝 )𝑉𝑝 , where 𝜀𝑝 is the particle void fraction. The initial (known) mass fractions of reactants are defined as
Γ𝐴0 =

0
𝑚𝐴

𝑚0

and Γ𝐵0 =

0
𝑚𝐵

(6)

𝑚0

The measured initial bed density is defined as 𝜌𝑏0 =
𝑛𝐴0 =

0 0
𝑉𝜌𝑏
Γ𝐴

and 𝑛𝐵0 =

𝑀𝐴

𝑚0
𝑉

. Thus, the initial amounts of moles present in the reactor are

0 0
𝑉𝜌𝑏
Γ𝐵

(7)

𝑀𝐵

Using eqn. (1), the amounts of moles of species A and B are found in relation to Χ:
𝛼

𝛽

𝛽

𝛼

𝑛𝐴 = Χ (𝑛𝐴0 + 𝑛𝐵0 ) and 𝑛𝐵 = (1 − Χ) ( 𝑛𝐴0 + 𝑛𝐵0 )

(8)

which, using eqn. (7), leads to the masses of the respective species in relation to 𝑋:
𝑚𝐴 = Χ𝑉𝜌𝑏0 (Γ𝐴0 +

𝛼 𝑀𝐴

Γ0)
𝛽 𝑀𝐵 𝐵

𝛽 𝑀𝐵

and 𝑚𝐵 = (1 − Χ)𝑉𝜌𝑏0 (

Γ0
𝛼 𝑀𝐴 𝐴

+ Γ𝐵0 )

(9)

The apparent solid density inside the particle is then
𝑚 +𝑚𝐵

𝐴
𝜌𝑆 (Χ) = (1−𝜀

𝑏 )𝑉

=

0
𝜌𝑏

(1−𝜀𝑏 )

[Χ (Γ𝐴0 +

𝛼 𝑀𝐴

Γ0)
𝛽 𝑀𝐵 𝐵

+ (1 − Χ) (

𝛽 𝑀𝐵

Γ0
𝛼 𝑀𝐴 𝐴

+ Γ𝐵0 )]

(10)

Fluid Phase – The fluid mass conservation equation is given by:
𝜀𝑏

𝜕𝜌𝑓
𝜕𝑡

+ ∇ ⋅ (𝜌𝑓 û) = 𝑀Ψ𝑠

(11)

where εb is the bed porosity, f is the fluid density, û is the superficial gas velocity, M is the molar mass of the gaseous
reactant and Ψ𝑠 is the volume-specific molar reaction rate. Written in 1-D cylindrical coordinates and assuming radial
symmetry,
𝜀𝑏

𝜕𝜌𝑓
𝜕𝑡

+

1 𝜕
𝑟 𝜕𝑟

(𝑟𝜌𝑓 û) = 𝑀Ψ𝑠

(12)

The Darcy law for porous media is given by:
μ

∇𝑝 = − û
𝐾

(13)

where p is the pressure, ν is the viscosity of the gas, K is the permeability of the packed bed. Rearranging and writing
in radial coordinates yields
û= −
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The fluid energy conservation equation is given by:
𝜀𝑏

𝜕𝑒𝑓
𝜕𝑡

+ ∇ ⋅ (û𝑒𝑓 ) = ∇ ⋅ (𝜆𝑒𝑓𝑓,𝑓 ∇𝑇𝑓 ) + 𝑘ℎ 𝑎𝑣 (𝑇𝑠 − 𝑇𝑓 )

(15)

where 𝑒𝑓 = 𝜌𝑓 𝑐𝑝,𝑓 𝑇𝑓 is the internal energy of the fluid, 𝜆𝑒𝑓𝑓,𝑓 is the effective thermal conductivity, 𝑘ℎ is the interphase
heat transfer coefficient and 𝑎𝑣 = 6(1 − 𝜀𝑏 )/𝑑𝑝 is the volume-specific surface area for spherical particles with a
particle diameter 𝑑𝑝 . In 1-D cylindrical coordinates,
𝜀𝑏

𝜕𝑒𝑓
𝜕𝑡

1 𝜕

+

𝑟 𝜕𝑟

(𝑟û𝑒𝑓 ) =

1 𝜕
𝑟 𝜕𝑟

(𝑟𝜆𝑒𝑓𝑓,𝑓

𝜕𝑇𝑓
𝜕𝑟

) + 𝑘ℎ 𝑎𝑣 (𝑇𝑠 − 𝑇𝑓 )

(16)

This system of equations is closed by the ideal gas equation:
𝑝 = 𝜌𝑓 𝑅̅𝑇𝑓

(17)

where 𝑅̅ is the specific gas constant of the working fluid.
Solid Phase – The solid energy conservation equation is given by:
(1 − 𝜀𝑏 )

𝜕𝑒𝑠
𝜕𝑡

= ∇ ⋅ (𝜆𝑒𝑓𝑓,𝑠 ∇𝑇𝑠 ) + 𝑘ℎ 𝑎𝑣 (𝑇𝑓 − 𝑇𝑠 ) + Ψ𝑠 Δ𝐻𝑅

(18)

where 𝑒𝑠 = 𝜌𝑠 𝑐𝑝,𝑠 𝑇𝑠 is the internal energy of the solid, 𝜆𝑒𝑓𝑓,𝑠 is the effective thermal conductivity and Δ𝐻𝑅 is the
reaction enthalpy. In 1-D cylindrical coordinates:
(1 − 𝜀𝑏 )

𝜕𝑒𝑠
𝜕𝑡

=

𝜕
𝜕𝑟

(𝑟𝜆𝑒𝑓𝑓,𝑠

𝜕𝑇𝑠
𝜕𝑟

) + 𝑘ℎ 𝑎𝑣 (𝑇𝑓 − 𝑇𝑠 ) + Ψ𝑠 Δ𝐻𝑅

(19)

Shell – The energy balance across the outer shell is given by:
𝑚𝑠ℎ𝑒𝑙𝑙 𝑐𝑝,𝑠ℎ𝑒𝑙𝑙

𝜕𝑇𝑠ℎ𝑒𝑙𝑙
𝜕𝑡

= 𝑞̇ 𝑖𝑛𝑡 − 𝑞̇ 𝑒𝑥𝑡

(20)

where
𝑞̇ 𝑖𝑛𝑡 = 𝐴3 ℎ𝑖𝑛𝑡 (𝑇𝑓 (𝑟3 ) − 𝑇𝑠ℎ𝑒𝑙𝑙 )

(21)

𝑞̇ 𝑒𝑥𝑡 = 𝐴4 ℎ𝑒𝑥𝑡 (𝑇𝑠ℎ𝑒𝑙𝑙 − 𝑇𝐻𝑇𝐹 )

(22)

3.4 Boundary Conditions
At the outer shell (boundary condition to eqs. 11, 13 and 15):
û(𝑟3 ) = 0

(23)

Imposed control pressure at the porous gas-feeding tube (boundary condition to eq. 9):
𝑝(𝑟2 ) = 𝑝𝑐

(24)

Heat flux at the outer shell (boundary condition to eq. 15):
𝜆𝑒𝑓𝑓,𝑓

𝜕𝑇𝑓

|

𝜕𝑟 𝑟=𝑟3

= −𝑞̇ 𝑖𝑛𝑡 𝐴3

(25)

No heat flux via the solid (boundary condition to eq. 18):
𝜕𝑇𝑠

|

𝜕𝑟 𝑟=𝑟2

=

𝜕𝑇𝑠

|

𝜕𝑟 𝑟=𝑟3

=0

(26)

Flow temperature at the inner boundary if gas is streaming into the domain (boundary condition to eq. 15):
𝑇𝑓 (𝑟2 ) = 𝑇𝑎𝑚𝑏 𝑖𝑓 û(𝑟2 ) > 0

(27)
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3.5 Material Properties
The correlations that have been used for the fluid and solid properties are listed in Table 1. The fluid internal energy
is given by:
𝑒𝑓 = 𝛾0 + 𝛾1 𝑇𝑓 + 𝛾2 𝑇𝑓2

(28)

where the numerical values of the coefficients in the case of CO2 are 𝛾0 = −1.845 ⋅ 103
and 𝛾2 = 1.051 ⋅ 10−2

𝑘𝐽
𝑘𝑚𝑜𝑙⋅𝐾 2

𝑘𝐽
𝑘𝑚𝑜𝑙

, 𝛾1 = 2.572 ⋅ 101

𝑘𝐽
𝑘𝑚𝑜𝑙⋅𝐾

, obtained by a fit to tabulated data (Moran and Shapiro, 2006).

The mass-specific heat capacity of a mixture of materials is calculated as a weighted average of each component
according to
𝑐𝑝 = (Χ𝑐𝑝,𝐴 + (1 − Χ)𝑐𝑝,𝐵 )(Χ𝑀𝐴 + (1 − Χ)𝑀𝐵 )−1 , cp in [Jkg-1K-1]

(29)

The thermal conductivity of the bulk solid is a mass average of the two present materials:
𝜆𝑠,𝑏𝑢𝑙𝑘 (Χ, T) = Χ𝑀𝐴 𝜆𝐴 (𝑇) + (1 − Χ)𝑀𝐵 𝜆𝐵 (𝑇)

(30)

and the corrected thermal conductivity given the particle void fraction (eq. 6) and in the absence of gas flow through
the particle, according to (Loeb, 1954):
𝜆𝑠 = (1 − 𝜀𝑝 )𝜆𝑠,𝑏𝑢𝑙𝑘

(31)

The effective thermal conductivities for both phases are calculated according to the methodology presented in Kunii
and Smith (1960) and Yagi and Kunii (1957). Contributions to the effective bed conductivity are made by (a)
conduction through the fluid phase, (b) void-to-void radiation in the fluid phase, (c) conduction through the stagnant
fluid film near the contact surface of two adjacent solid particles, (d) conduction through the solid phase and (e) solidto-solid radiation. Heat transfer at the contact point of two adjacent solid particles is neglected.
The effective conductivity in the fluid phase incorporates effects (a) and (b):
𝜆𝑒𝑓𝑓,𝑓 = 𝜆𝑓 𝜀𝑏 (1 + 𝜎

ℎ𝑟𝑣 𝑑𝑝
𝜆𝑓

)

(32)

where 𝜎 is the ratio between the distance of adjacent particle centers (in direction of heat flow) and the particle
diameters. It has been set to unity. ℎ𝑟𝑣 denotes the void-to-void radiative heat transfer coefficient:
ℎ𝑟𝑣 = 0.9683 (1 +

𝜀𝑏
2(1−𝜀𝑏 )



1−𝜖𝑠 −1
𝜖𝑠

)

(

𝑇𝑠
100

)

3

(33)

where 𝜀𝑆 is the emissivity of the solid particle. Note that the numerical value in this equation differs from the one
presented in Yagi and Kunii (1957) due to unit conversion. The solid emissivity is assumed to be the emissivity of the
material that occupies the outermost layer of a particle according to the shrinking core model (Yagi and Kunii, 1955):
𝜖𝑠 = {

𝜖𝐴 𝑖𝑓
𝜖𝐵 𝑖𝑓

𝜕Χ
𝜕𝑡
𝜕Χ
𝜕𝑡

>0
(34)

<0

The effective conductivity in the fluid phase incorporates effects (c) – (e):
𝜆𝑒𝑓𝑓,𝑠 = 𝜆𝑓

𝛽(1−𝜀𝑏 )
1 𝑑𝑝 ℎ𝑟𝑠
( +
)
𝜙
𝜆𝑓

−1

+𝜔(

𝜆𝑓
)
𝜆𝑠

(35)

where 𝜙 is the ratio between fluid film thickness and particle diameter and 𝜔 is the ratio between the effective length
of a solid particle (in heat transfer direction) and the particle diameter, which is set to 2/3 (spherical particles). ℎ𝑟𝑠
denotes the solid-to-solid radiative heat transfer coefficient:
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ℎ𝑟𝑠 = 0.9683 (

𝜖𝑠
2−𝜖𝑠

)(

𝑇𝑠
100

)

3

(36)

The interphase heat transfer coefficient 𝑘ℎ is determined by a Nusselt-correlation according to Gunn (1978):
𝑁𝑢 = (7 − 10𝜀𝑏 + 5𝜀𝑏2 )(1 + 0.7𝑅𝑒 0.2 𝑃𝑟 1⁄3 ) + (1.33 − 2.4εb + 1.2ε2b )𝑅𝑒 0.7 𝑃𝑟 1⁄3

(37)

such that
𝑘ℎ = 𝑁𝑢

𝜆𝑓

(38)

𝑑𝑝

Table 1: Correlations used for material properties of CO 2, CaO and CaCO3.
Units

Value/Correlation (T in K, P in Pa)

T(K)

Ref.

Dynamic Viscosity

kgm-1s-1

1.03810−6 + 5.13810−8𝑇 + 1.44910−13𝑃 −
1.10310−11𝑇 2 − 1.1110−15PT

500-1300

Interpolated from (Fenghour et al.,
1998)

Thermal Conductivity

Wm-1K-1

−9.7610−3 + 9.45110−5𝑇 − 1.41410−8𝑇 2 (at 1 bar)

700-1000

Interpolated from (Vesovic et al.,
1990)

Specific Heat
Capacity

Jkg-1K-1

453.6 + 1.6502𝑇 − 1.248110−3𝑇 2 + 3.78210−7𝑇 3

300-1000

(Moran and Shapiro, 2006)

Density

kg m-3

3340

-

-

Thermal Conductivity

Wm K

8.83110 𝑇

350 - 1300

Interpolated from (Kingery et al.,
1954)

Specific Heat
Capacity

Jmol-1K-1

49.954 + 4.887910−3𝑇 − 3.52110−7𝑇 2 + 4.6210−11𝑇 3 −
8.25105 𝑇 −2

298 – 3200

NIST Webbook

Emissivity

-

0.10

0-2000

(Kubarev, 2009)

-

-

200 – 800

Interpolated from (Momenzadeh
et al., 2018)

CO2

CaO

-1

-1

8

−3.139

+ 7.7511

CaCO3
Density

kgm-3

Thermal Conductivity

Wm K

135.8𝑇

Specific Heat
Capacity

Jmol-1K-1

−184.79 + 0.32322𝑇 − 3688200𝑇 −2 − 1.297410−4𝑇 2 +
3883.5𝑇 −1/2

298-1000

(Jacobs et al., 1981)

Emissivity

-

0.30

-

(Bramson, 1968)

-1

2710
-1

−0.752

+ 1.064

3.6 Numerical Implementation
The governing conservation equations have been spatially discretized using finite volumes and temporally using a 4th
order accurate Runge-Kutta scheme (Süli and Mayers, 2003). The reconstruction of boundary values and gradients
use a 4th order accurate centered approximation. The model is implemented in C++ with post-processing done in
MATLAB. The finite volume implementation uses a staggered approach for the location at which properties are known
and calculated, i.e. densities, internal energy and pressure are stored at the cell centroids while velocities and gradients
in general are calculated at the cell boundaries. This allows for a one-time calculation of the RHS terms in the
conservation equations, which in turn assures that conservation of quantities is given. Temperature/pressure dependent
material properties are evaluated using the prior step values to avoid computationally costly iterations.
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4. Results
In the following, the simulation results of a representative scenario are presented. The geometrical parameters,
boundary conditions, and material properties of this scenario are listed in Table 2. They correspond to a CaO/CaCO3
system with 50% inert stabilization material (MgO) which has been selected for later experimental validation. The
alternating charging/discharging states are held for 1 hour at a time, separated by a 10-minute linear ramp between the
states, which reflects the thermal inertia of the system and helps to alleviate numerical constraints. In this baseline
case, the total mass of solid reactant in the reactor is 0.8582 kg/m, yielding a theoretical chemical storage capacity
of 1.571 MJ/m.
Table 2: Parameters for the representative scenario. Geometrical parameters and values of boundary
conditions are on the left, material properties are on the right.
Parameter

Value

Parameter

Value

𝒓𝟏

0.008 m

𝐾

7.64 ⋅ 10−14 m2

𝒓𝟐

0.01 m

𝑑𝑝

2 ⋅ 10−4 m

𝒓𝟑

0.05 m

𝜀𝑏

0.4

𝒓𝟒

0.051 m

𝑐0

133.322 Pa

𝑻𝒊𝒏𝒍𝒆𝒕

298.15 K

𝑐1

10

𝑻𝒆𝒙𝒕,𝒄𝒉𝒂𝒓.

1220 K

𝑐2

10.4022

𝑻𝒆𝒙𝒕,𝒅𝒊𝒔𝒄.

1150 K

𝑐3

−8792.3 K −1

𝑷𝒄,𝒄𝒉𝒂𝒓.

2 ⋅ 104 Pa

0
𝜌𝑏𝑢𝑙𝑘

231 kg ⋅ m−3

𝑷𝒄,𝒅𝒊𝒔𝒄.

5 ⋅ 105 Pa

All presented integrated quantities are given per unit length of reactor tube. The time-integrated energy flux across
the walls of the outer shell is defined as:
𝑡

𝑄ℎ𝑡 (𝑡) = 𝐴3 ∫0 𝑞̇ 𝑖𝑛𝑡 (𝑡 ′ )𝑑𝑡′

(39)

The time-integrated energy flux across the inner tube is defined as:
𝑡

𝑄𝑖𝑛𝑙𝑒𝑡 (𝑡) = 𝐴2 ∫0 𝑢(𝑟2 , 𝑡′)𝑒𝑓 (𝑟2 , 𝑡′)𝑑𝑡′

(40)

Figure 2 (a) and (b) show the boundary conditions (HTF temperature 𝑇𝐻𝑇𝐹 and control pressure 𝑝𝑐 ) as a function of
time. Figure 2 (c) shows the mean reaction extent of the total volume as a function of time, calculated as:
𝜒𝑅𝑒𝑎𝑐𝑡𝑜𝑟 =

𝑟
2

∫𝑟 3 𝑟 ′Χ(r′ )𝑑𝑟 ′
𝑟
2

∫𝑟 3 𝑟 ′𝑑𝑟 ′

(41)

In this particular configuration, the control pressure 𝑝𝑐 applied during discharging is relatively high, therefore
discharging proceeds faster than charging. In a real system, 𝑝𝑐 would be controlled to allow the reactor to discharge
at a specified rate. Figure 2 (d) shows the change of energy in the reactor over time broken down to the contributions
of the reaction enthalpy, fluid enthalpy, and solid sensible heat. While the enthalpy of the fluid is quite insignificant,
the sensible heat stored in the solid phase has an impact on the total reactor energy. In this specific scenario, the total
reactor heat capacity is lowered as the reaction proceeds in the direction of calcium oxide, thereby gradually lowering
the heat stored in the solid phase despite near-constant temperatures. Figure 2 (e) shows the energy flows into and out
of the reactor. Note the convention of positive energy flows in positive r-direction. An important observation is the
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gradual energy loss through the gas that leaves/enters the reactor through the inner tube. During the discharging step,
the gas leaves at a very high temperature. It is then stored outside the reactor where, in a worst-case scenario, it cools
down to ambient temperature before being pumped back into the reactor during the next charging phase. In practice,
these losses could be mitigated by either insulating the external gas storage or passing the outflow vertically through
the SHS (Fig. 1) in a separated tube.

Figure 2: (a) Control pressure 𝒑𝒄 at the inner boundary as a function of time, (b) HTF temperature 𝑻𝑯𝑻𝑭 as a function of time,
(c) Reactor charge state 𝝌𝒓𝒆𝒂𝒄𝒕𝒐𝒓 as a function of time, (d) Variation of energy stored in the reactor and fractions stored in the
chemical reaction, sensible energy of the solid phase and enthalpy of the fluid phase as a function of time, (e) Variation of
energy stored in the reactor and time-integrated heat fluxes over the outer shell and the inner tube as a function of time.
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5. Conclusions
A detailed two-phase heat and mass transfer model of an annular bed reactor for thermochemical energy storage has
been presented. The material properties, which depend on both the temperature and the reactant composition, are
presented. The results of a numerical simulation of a representative reactor system are presented and the most
significant effects are discussed.
As a next step, this model will be experimentally validated using a lab-scale reactor setup using the thermal
decomposition of calcium oxide into calcium carbonate and CO 2. Following this, a number of parametrical studies
can be performed to study the effects of geometry, chemistry and material morphology on this system. This will help
to identify reactor configurations and material properties that are suitable for a given application.
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Abstract

This paper focusses on developing a mathematical model for a seasonal thermal storage system based on
sorptive materials. The storage has the shape of a continuously rotating drum and is filled with Zeolite as
thermochemical storage material. The mathematical model is a particular realization of a model used to describe
fixed bed reactors. The aim of the model is to use it in finding optimal operating strategies for an entire heating
system. The resulting model consists of four coupled linear, constant coefficient differential equations. The
simulation study presented here highlights the differences in operating conditions between a rotating drum
reactor and a fixed bed storage system.
Keywords: sorption, seasonal storage, mathematical model

1. Introduction
In the current energetic scenario, it is crucial to store the large supply of solar energy available during summer
and use it during winter, when the accessible quantity of energy is decreased. A seasonal storage system with
both, high energy density and low thermal losses, is needed. Energy storage systems based on thermo-chemical
materials like zeolite, such as the one developed in this study, are the most adequate option to achieve this goal,
due to its potential to fulfill both of the requirements earlier described.
Efficient storage of heat is essential for solar thermal domestic heating systems in regions of the world with
distinct weather periods. In large parts of Europe for example, space heating can be accomplished with solar
installations of reasonable size in spring and autumn, however, the delivered heat is too less for comfortable
heating in winter time while the abundant energy of the summer period is lost. Sorption storages offer the
possibility to store heat over long periods without losses as long as they are kept dry. In an ongoing research
project [OFFSORE] the development of such a seasonal heat storage system along with the required process
technology is investigated.
The system here investigated is based on the concept of sorption, which is the phenomenon of fixation or
capture of a gas or vapor (sorbate) by a substance in condensed state (solid or liquid) called sorbent and divided
into absorption and adsorption processes [Tarik Kousksou et al., 2014].
Absorption is as a process in which molecules of a liquid or gaseous substance enters a solid or a liquid,
changing its arrangement. The basic difference between absorption and adsorption is, that in the former there is
the penetration of sorbate molecules into the sorbent material, while in the latter the interconnection between
sorbent and sorbate is a surface based physical interconnection in the inter-facial layer [Mohamed Bachet,
2018].
Adsorption, on the other hand, is described as the binding of a gas or liquid phase of a substance on a surface of
a solid or porous material, which creates a film of the adsorbate on the surface of the adsorbent. Adsorption
processes are present in several physical, biological, natural and chemical systems and are widely used in
industrial applications, for example, capturing and using waste heat to provide cold water for air conditioning
(adsorption chillers), heterogeneous catalysis and water purification [Stavros Poupoulos et al., 2006]. Some
applications of adsorption processes in closed and open storage systems are presented in the following sessions.
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1.1. Closed systems recent applications
In a closed system, the reactor is under vacuum condition, in order words, isolated from the atmospheric
environment, and consequently requires one or more condensers and evaporators. The entire system is sealed
from the surroundings and only water can flow through the conduct passage that connects the reactor to the
evaporator/condenser. The reactor contains the reactive sorbent and the condenser/evaporator is where the liquid
water is collected.
A recent application is the HYDES project, in which, Günter Gartler et al., 2003, Andreas Hauer, 2007 and W.
Wagner et al., 2003 developed a closed adsorption system with silica gel-H2O as the working pair suitable for
the long-term storage of low temperature heat. In this project, storage units combined with solar collectors were
used as storage system and each storage unit had an absorber with an integrated heat exchanger, which was
connected through a valve to a combined evaporator/condenser unit.
The subsequent project of HYDES was the MODESTORE project in which the storage prototype was improved
by combining the condenser/evaporator in a single casing, presenting a better performance and a more compact
design. The reactor consists of spiral heat exchangers with silica gel and a free channel in the center used for
vapor diffusion [Dagmar Jähnig et al., 2006, Chris Bales et al., 2008].
1.2. Open systems recent applications
In an open system the reactor containing the sorbent material is at atmospheric pressure. One of the advantages
of open systems is that they do not require the use of condensers, evaporators or working fluid storage
reservoirs, having this way a simpler and cheaper design when compared to closed systems. Also, since the heat
transfer fluid (air) is in direct contact with the solid reactant this system presents better heat and mass transfer
conditions, while in closed systems the heat is transferred mainly by conduction, since this system configuration
has a separate heat transfer loop and therefore, a heat exchanger in the reactor. The disadvantage of open
systems is that they may experience a high (electric) energy consumption for overcoming pressure losses in the
reactor [Gorazd Krese et al., 2018].
Among the recent applications is the MONOSORP prototype, which is an open adsorption heat storage system
that uses zeolite 4A and water as adsorption pair and was developed for space heating in buildings
[MONOSORP, 2006].
Within SolSpaces (a follow-up project of MONOSORP) a new solar heating system that includes an adsorption
storage for seasonal energy storage with binderless zeolite 13X as adsorbent, was developed. The storage was
subdivided into several segments to provide a better thermal performance. This system presents the same
concept as the MONOSORP project, but it uses air solar collectors, which eliminates the need for a water to air
heat exchanger and in the reactor, a packed bed of zeolite spheres is used instead of the honeycomb monoliths as
in the MONOSORP project [Rebecca Weber et al., 2016].
1.3. Sorption storage systems alternatives
Regarding the physical storage principle, sorption storage systems are under the category thermo-chemical heat
storage. Some alternatives for these systems are the sensible heat storage and the latent heat storage systems.
Briefly explaining, sensible heat storage utilizes the energy that was stored during a temperature change in the
material, which can be in a solid or liquid form, and does not involve a material phase change during the
process. The amount of heat stored depends on specific heat capacity, volume, material density, and the
temperature variation. The most common sensible heat storage materials are water, thermal oils, liquid metals,
earth materials and concrete blocks. It is desirable that the storage material has a high specific heat capacity,
long term stability under the thermal cycling, good compatibility with its container and low cost [Lavinia
Socaciu, 2012].
In the latent heat storage systems, on the other hand, the energy storage results from a change in phase of the
material, which usually is from solid to liquid (fusion) or from liquid to vapor (vaporization). These materials
are called phase change materials (PCM) and the phase change happens, theoretically, at an exact temperature
point for pure PCM. One of the main advantages of the latent heat storage is the capacity to store a great amount
of energy with a small temperature change, hence have a high storage density, and one of the major drawbacks
is the poor thermal conductivity [Lavinia Socaciu, 2012].
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2. Mathematical Model
The basis of the numerical model developed in this work is an open sorption storage system with a fixed zeolite
13XBF bed as discussed in [Barbara Mette, 2014]. An axial humid air flow drives the sorption process and
allows direct charging/discharging of the sorption material. The cylindrical storage is divided into cylindrical
segments (nodes) for numerical simulation purposes. The axial heat conduction between two neighbored store
nodes is modeled using lamax, which represents the effective axial heat conductivity of the storage material. In
order to perform the numerical simulations, the model is based on the following assumptions:






The model assumes a one-dimensional approach, where no radial influence is considered
A homogeneous model for storage material and air flow is used, i.e., it is assumed that the air leaves
each store node with the node temperature TS(i), where (i) represents the node number
The specific heat capacities of the solid and air are not function of the humidity or of the temperature in
the system
The sorption equilibrium is modelled by the Dubinin-Astakhov-approach and the reaction kinetics is
described by a linear driving force ansatz.
The specific heat capacity of the air is not a function of the humidity or of the temperature in the
system; the specific heat capacity of the solid is only a function of humidity (water loading) but not of
the temperature in the system.

The underlying assumption when modeling a rotating drum instead of a static cylinder is that the material is
always ideally mixed. This means the water uptake of the material is equal for all particles, therefore the heat
generated is also equal. Under this assumption, we can approximate the rotating drum by the model for a fixed
bed with using just a single node. . A multinode fixed bed model for open sorption processes was developed by
IGTE within the SolSpaces project and implemented in the simulation software TRNSYS [Sebastian Asenbeck,
2016]. For the current research work presented here, the model has been re-implemented in
MATLAB/SimulinkTM by the ASIC team. Table 1 presents the variables used in the following equations
adopted in the model.

2.1. Main equations
Table 1: Parameters Table

Parameter
XS
mG0
MS0
XGin
XGout
ρS0
As
TS
Tbrd
cpS0
cpS1
l
KLDF
t
Cborder

Unit
kg/kg
kg/h
kg
kg/kg
kg/kg
Kg/m3
m2
⁰C
⁰C
kJ/kg/K
kJ/kg/K
m
1/s
h
kJ/K

Meaning
Water uptake of store node
Dry gas mass flow rate
dry mass of storage material
absolute humidity of inlet gas flow
absolute humidity of outlet gas ow
Mean density of dry adsorbent material
Airflow cross sectional area
Temperature of store node
Border temperature
specific heat capacity of the dry zeolite
specific heat capacity of the adsorbed humidity
Node length
Kinetic factor
Time
Thermal mass of store border node

As previously explained, the one node model with a fixed bed is used to approximate a rotating drum in this
study. On the other hand, a multiple nodes model is used to replicate a cylindrical fixed bed reactor. The main
differences between the equations used to describe these models will be now further detailed. In order to give a
general view of the process, Figure 1 displays a simplified sketch of the storage system including the fluxes
behavior and the subdivision into nodes. With multiple nodes, the system's equations will present slight
differences depending on, in which node they are being implemented. For all the intermediate nodes, the

1166

N. Daborer-Prado et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

equations are always the same, but some terms will differ when compared to the equations employed in the
input and output nodes. Each section will present the general equations and discuss how they are implemented
in the one node and multiple nodes approaches as well as the differences between them.

Figure 1: Sorption storage system simplified sketch

 Water mass balance within the storage material:
(Eq. 1) represents the temporal change of the water loading of the zeolite due to the adsorption or desorption
processes. In other words, it represents the reaction rate, also characterized by the symbol mads and is
implemented as follows for the one node model:
𝒅𝑿𝑺
𝒅𝒕

=

𝒎𝑮𝟎
∗
𝑴𝑺𝟎

(𝑿𝑮𝒊𝒏 − 𝑿𝑮𝒐𝒖𝒕 )

(Eq. 1)

Multiple nodes model: Regarding the input node, the (Eq. 1) is implemented as previously stated, but for the
intermediate and for the output node, the absolute humidity of outlet gas flow (𝑿𝑮𝒐𝒖𝒕 ) from one node becomes
the absolute humidity of inlet gas flow ( 𝑿𝑮𝒊𝒏 ) for the subsequent node (𝑿𝑮𝒐𝒖𝒕 (i-1) = 𝑿𝑮𝒊𝒏 (i)). Thus, (Eq. 1)
can be rewritten as follows:
𝑑𝑋𝑆
𝑑𝑡

=

𝑚𝐺0
∗
𝑀𝑆0

(𝑋𝐺𝑜𝑢𝑡 (𝑖 − 1) − 𝑋𝐺𝑜𝑢𝑡 (𝑖))

(Eq. 2)

 Air humidity along the node length
(Eq. 3) results in the air humidity at the outlet of the store node (XGout) that allows the calculation of the reaction
rate (mads), which measures how fast the water mass flow is adsorbed from the air flow.
𝑑𝑥𝐺
𝜌𝑆0 ∗ 𝐴𝑆
=
∗ 𝐾𝐿𝐷𝐹 ∗ (𝑋𝑆 − 𝑋𝑆,𝑒𝑞 )
𝑑𝑙
𝑚𝐺0

(Eq. 3)

For the one node model and for all the nodes included in the multiple nodes model (input, intermediate and
output), the calculation of the air humidity along the node length will remain the same, hence, (Eq. 3) is
implemented in all the models as previously presented.
 Energy Balance Equations
(Eq. 4) represents the heat transfer in the system. It can be noticed that the specific heat capacity of the zeolite is
divided into two terms: the specific heat capacity of the dry zeolite (cpS0) and the specific heat capacity of the
adsorbed humidity (cpS1). For both terms a constant value was assumed in this model.
𝑑𝑇𝑆
𝛴 𝑑𝑄𝑆
=
(𝑀𝑆𝑂 ∗ 𝑐𝑝𝑆0 + 𝑀𝑆0 ∗ 𝑥𝑆 ∗ 𝑐𝑝𝑆1)
𝑑𝑡

(Eq. 4)

Where Σ dQS represents the sum of the heat ow rates into the store node (i), and can generically be expressed by
(Eq. 5):
𝛴 𝑑𝑄𝑆 = 𝑑𝑄𝑏𝑟𝑑 + 𝑑𝑄𝐺 + 𝑑𝑄𝑎𝑥 (𝑖) − 𝑑𝑄𝑎𝑥 (𝑖 + 1) + 𝑑𝑄𝑎𝑑𝑠

(Eq. 5)
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Where dQbrd corresponds to the heat flow from the border node to the store node, dQG is the sensible heat gas
flow into the store node, dQax is the axial heat flow coming from the neighbor store node and dQads represents
the heat of the reaction.
A second energy balance equation takes into account the store border temperature heat transfer and can be
expressed by (Eq. 6). Where dQax,brd is the axial heat flow, in the borders of the nodes coming from the neighbor
store node and dQamb represents the heat loss from the system to the ambient.
𝑑𝑇𝑏𝑟𝑑 [𝑑𝑄𝑎𝑥 ,𝑏𝑟𝑑 (𝑖) − 𝑑𝑄𝑎𝑥 ,𝑏𝑟𝑑 (𝑖 + 1) − 𝑑𝑄𝑎𝑚𝑏 − 𝑑𝑄𝑏𝑟𝑑 ]
=
𝑑𝑡
𝐶𝑏𝑜𝑟𝑑𝑒𝑟

(Eq. 6)

It is important to notice that all heat flows (UA-values) are related to the length of one node only and for
simplicity the index (i) is skipped here. (Eq. 7) express the axial heat flow coming from the left neighbor store
node.
𝑑𝑄𝑎𝑥 (𝑖) = 𝑈𝐴𝑎𝑥 . (𝑇𝑆 (𝑖 − 1) − 𝑇𝑆 (𝑖))

(Eq. 7)

(Eq. 8) represents the axial heat flow, in the borders of the nodes, coming from the left neighbor store node.

𝑑𝑄𝑎𝑥,𝑏𝑟𝑑 (𝑖) = 𝑈𝐴𝑎𝑥,𝑏𝑟𝑑 ∗ (𝑇𝑏𝑟𝑑 (𝑖 − 1) − 𝑇𝑏𝑟𝑑 (𝑖))

(Eq. 8)

Where 𝑈𝐴𝑎𝑥,𝑏𝑟𝑑 is the effective axial heat transfer rate between two border nodes:
𝑈𝐴𝑎𝑥,𝑏𝑟𝑑 =

𝜆𝑎𝑥,𝑏𝑟𝑑
. 𝐴𝑏𝑟𝑑
𝐿𝑛𝑜𝑑𝑒

(Eq. 9)

(Eq. 10) represents the heat of the reaction, where the heat of adsorption ℎ𝑎𝑑𝑠 is approximated to a mean value
and kept constant during the simulations.
𝑑𝑄𝑎𝑑𝑠 = 𝑚𝑎𝑑𝑠 ∗ ℎ𝑎𝑑𝑠 = 𝑚𝐺𝑜 . (𝑋𝐺𝒊𝒏 − 𝑋𝐺𝑜𝑢𝑡 ) . ℎ𝑎𝑑𝑠

(Eq. 10)

The sensible heat gas flow into the store node is described by (Eq. 11), in which 𝑇𝐺𝑖𝑛 is the gas temperature
entering the store node.
𝑑𝑄𝐺 = 𝑚𝐺𝑜 . 𝑐𝑝𝐺 . ((1 + 𝑋𝐺𝒊𝒏 )𝑇𝐺𝑖𝑛 − (1 + 𝑋𝐺𝑜𝑢𝑡 )𝑇𝑆 )

(Eq. 11)

(Eq. 12) corresponds to the heat flow from the border node to the store node and 𝑈𝐴𝑏𝑟𝑑 represents the effective
heat transfer rate from storage material to border
𝑑𝑄𝑏𝑟𝑑 = 𝑈𝐴𝑏𝑟𝑑 . (𝑇𝑏𝑟𝑑 − 𝑇𝑆 )

(Eq. 12)

(Eq. 13) calculates the heat loss from the system to the ambient, and 𝑈𝐴𝑎𝑚𝑏 express the heat loss rate.

𝑑𝑄𝑎𝑚𝑏 = 𝑈𝐴𝑎𝑚𝑏 . (𝑇𝑏𝑟𝑑 − 𝑇𝑎𝑚𝑏 )

(Eq. 13)

One node model: In this approach, since the system is formed by one node only, there will be no axial heat
being transported from one node to the other, thus, the axial components (𝑑𝑄𝑎𝑥 (𝑖) and 𝑑𝑄𝑎𝑥 (𝑖 + 1)) in the sum
of the heat flow rates (Eq. 5) are disregarded. Hence, (Eq. 5) is implemented in the model as showed below:

𝛴 𝑑𝑄𝑆 = 𝑑𝑄𝑏𝑟𝑑 + 𝑑𝑄𝐺 + 𝑑𝑄𝑎𝑑𝑠
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Regarding the second balance equation (Eq. 6) once again the axial components are neglected. After replacing
(Eq. 12) and (Eq. 13) into (Eq. 6), it will be expressed as follows:

𝑑𝑇𝑏𝑟𝑑 [ − 𝑈𝐴𝑎𝑚𝑏 . (𝑇𝑏𝑟𝑑 − 𝑇𝑎𝑚𝑏 ) − 𝑈𝐴𝑏𝑟𝑑 . (𝑇𝑏𝑟𝑑 − 𝑇𝑆 )]
=
𝑑𝑡
𝐶𝑏𝑜𝑟𝑑𝑒𝑟

(Eq. 15)

Multiple node model: Since the system is subdivided into several nodes, (Eq. 6) and (Eq. 7) will present
different terms depending on the node in which it is applied:


Input node: the term 𝑑𝑄𝑎𝑥,𝑏𝑟𝑑 (𝑖) will be neglected and (Eq. 6) will be written as:

𝒅𝑻𝒃𝒓𝒅 [− 𝑼𝑨𝒂𝒎𝒃 . (𝑻𝒃𝒓𝒅 − 𝑻𝒂𝒎𝒃 ) − 𝑼𝑨𝒃𝒓𝒅 . (𝑻𝒃𝒓𝒅 − 𝑻𝑺 ) − 𝑼𝑨𝒂𝒙,𝒃𝒓𝒅 . (𝑻𝒃𝒓𝒅 (𝒊) − 𝑻𝒃𝒓𝒅 (𝒊 + 𝟏))]
=
𝒅𝒕
𝑪𝒃𝒐𝒓𝒅𝒆𝒓

𝑑𝑄𝑎𝑥 (𝑖) = − 𝑈𝐴𝑎𝑥 . (𝑇𝑆 (𝑖) − 𝑇𝑆 (𝑖 + 1))


(Eq. 16)

(Eq. 17)

Intermediate node: For this node, axial heat and axial border heat are coming into and out of the store
node from the previous and subsequent nodes respectively. Thus, (Eq. 6) and (Eq. 7) are defined as
below:

𝑑𝑇𝑏𝑟𝑑
1
=
. [− 𝑈𝐴𝑎𝑚𝑏 . (𝑇𝑏𝑟𝑑 − 𝑇𝑎𝑚𝑏 ) − 𝑈𝐴𝑏𝑟𝑑 . (𝑇𝑏𝑟𝑑 − 𝑇𝑆 ) + 𝑈𝐴𝑎𝑥,𝑏𝑟𝑑 . (𝑇𝑏𝑟𝑑 (𝑖 − 1) − 𝑇𝑏𝑟𝑑 (𝑖))
𝑑𝑡
𝐶𝑏𝑜𝑟𝑑𝑒𝑟
− 𝑈𝐴𝑎𝑥,𝑏𝑟𝑑 . (𝑇𝑏𝑟𝑑 (𝑖) − 𝑇𝑏𝑟𝑑 (𝑖 + 1))]

(Eq. 18)

𝑑𝑄𝑎𝑥 (𝑖) = 𝑈𝐴𝑎𝑥 . (𝑇𝑆 (𝑖 − 1) − 𝑇𝑆 (𝑖)) − 𝑈𝐴𝑎𝑥 . (𝑇𝑆 (𝑖) − 𝑇𝑆 (𝑖 + 1))

(Eq. 19)



Output node: Regarding the last node, axial heat and axial border heat are only coming into the store
node from the preceding node, hence, (Eq. 6) and (Eq. 7) can be expressed as follows:

𝑑𝑇𝑏𝑟𝑑
1
=
. [ − 𝑈𝐴𝑎𝑚𝑏 . (𝑇𝑏𝑟𝑑 − 𝑇𝑎𝑚𝑏 ) − 𝑈𝐴𝑏𝑟𝑑 . (𝑇𝑏𝑟𝑑 − 𝑇𝑆 ) + 𝑈𝐴𝑎𝑥,𝑏𝑟𝑑 . (𝑇𝑏𝑟𝑑 (𝑖 − 1) − 𝑇𝑏𝑟𝑑 (𝑖))]
𝑑𝑡
𝐶𝑏𝑜𝑟𝑑𝑒𝑟

(Eq. 20)

Regarding (Eq. 7) the only difference will be that this node presents the axial heat and the axial border heat only
coming out of it, thus only a negative sign will be added in the beginning of (Eq. 7). Next section presents the
results obtained with the one node and multiple nodes models and a sensitivity analysis performed on the inputs
and some selected parameters based on the results achieved.

3. Simulation Results
A comparison between the simulations performed with one node and 4 different variations of the multiple nodes
model (namely, 3 nodes, 5 nodes, 7 nodes and 10 nodes models) was carried out. The investigation targeted the
final output temperature of the system [Ts (⁰C)], energy [kWh] and power [kW]. In these simulations, 5 kg of
zeolite 13X was used, with an initial water uptake of 0.1 kg/kg and an absolute humidity of the inlet air of 0.008
kg/kg.
3.1. Temperature, Power and Energy

Figure 2 presents the output temperature of the air in the last node of each model. As predicted, the node
temperatures start at ambient temperature (20 ⁰C) and then increase (up to 50 ⁰C) while the adsorption in
happening. After some time, the temperatures in the store nodes decrease, implying that the adsorption no longer
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occurring. Here it is possible to observe that the one node model presents a smoother function than the multiple
nodes approaches, and that it achieves lower maximum temperatures, but, on the other hand, it keeps a higher
ΔT for longer times in comparison with the multiple nodes model. Same behavior happens with the power
output of the system (Figure 3).

Figure 2: Output temperatures for different nodes simulations

Figure 3: Power obtained in the different simulations

Figure 3 represents the power obtained with the system for each simulation. It is possible to observe that a
higher amount of power is obtained in the beginning of the simulation, representing the time period when the
adsorption process is taking place, and with time the power decreases, which indicates the period when the
adsorption has ceased.
In both figures it is possible to notice that the one node model differs from the multiple node models, but that in
general all models present the same curves shapes, meaning that the model developed in this work can well fit
the one node and the multiple nodes models. The amount of energy obtained with the one node model was
around 1.1 kWh, while with the multiple node approach it was 1.15 kWh, which proves that the difference in the
final energy achieved with both approaches is not substantial.

3.2. Water uptake of storage material


One node model

The material has an initial water uptake of 0.1 kg/kg and as expected, the water uptake increases till it reaches
the maximum possible uptake of the material, which in the simulation is around 0.33 kg/kg, under the maximum
water load of the sorption material (0.34 kg/kg) as can be seen in Figure 4. The water uptake depends on the
temperature and humidity of the inlet air-stream which were respectively 20 ⁰C and 0.008 kg/kg.

Figure 4: Water uptake of storage material with one node
model
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Multiple nodes model

Figure 5 displays the water uptake of the storage material after each one of the nodes. One can notice that the
water uptake in the last node presents a time delay in comparison with the first node, this happens because the
water contained in the humid air is mostly retained by the first node and then when the air reaches the next node,
less humidity is available to be absorbed by the storage material.

3.3. Sensitivity Analysis
During the sensitivity analysis study, the impact of the inlet gas mass flow rate mGi and the absolute humidity of
inlet gas flow XGi on the final results was analyzed. The investigation was performed on the multiple nodes
model with a total number of 3 nodes. The main goal of this analysis was to understand how the change in the
inputs affects the final results of the model. This investigation targets the final power [W] and temperatures [⁰C]
outputs. Both inputs had their values changed in a range of 4 different values that were combined between each
other. The vectors of values used to run the new simulations can be checked below:


mGi = [200, 300, 400, 500]



XGi = [0.006, 0.007, 0.008, 0.009]

Inside the vectors the values in bold represent the ones used initially in the simulations. The other values in the
vector were chosen by increasing and decreasing the original value in steps of 100 and 0.001 for the mGi and XGi
respectively. Figure 6 till Figure 9 display the temperatures outputs with the input changes.

Figure 6: Case 1: XGi fixed as 0.006 kg/kg and mGi varying

Figure 7: Case 2: XGi fixed as 0.007 kg/kg and mGi varying

Figure 8: Case 3: XGi fixed as 0.008 kg/kg and mGi

Figure 9: Case 4: XGi fixed as 0.009 kg/kg and mGi

For case 1, presented in Figure 6 the absolute humidity of inlet gas flow XGi is fixed with a value of 0.006 kg/kg,
while the inlet gas mass flow rate (mGi) changes. For the cases 2, 3 and 4 the same procedure was adopted, but at
this time, the absolute humidity of inlet gas flow is fixed at 0.007 kg/kg, 0.008 kg/kg and 0.009 kg/kg
respectively. From this study some conclusions were achieved:


For the same absolute humidity of inlet gas flow, the lower the mass flow rate, the longer is the period

1171

N. Daborer-Prado et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

of time while the high temperatures in the system were kept. The reason for this behavior is that, with a
lower gas flow rate, the time that the adsorbent material will have to perform the adsorption processes
increases, enabling the release of heat due to the adsorption process to happen for longer times.


The greater the absolute humidity of the inlet gas, the higher the temperatures achieved in the process
and also the smaller the amount of time while the high temperatures in the system were kept. This
happens because with a high air humidity, more water will be available to be adsorbed by the storage
material and more heat will be released in the process, allowing the temperature in the nodes to
increase. On the other hand, the storage material achieves its maximum water uptake faster and the
higher the humidity in the air, the shorter the process time.

Figure 10 till Figure 13 represent the change in the power obtained in the system, due to the changes in the
inputs parameters.

Figure 10: Case 5: XGi fixed as 0.006 kg/kg and mGi varying

Figure 11: Case 6: XGi fixed as 0.007 kg/kg and mGi varying

Figure 12: Case 7: XGi fixed as 0.008 kg/kg and mGi varying

Figure 13: Case 8: XGi fixed as 0.009 kg/kg and mGi varying

Similarly, to the previous cases, for cases 5, 6, 7 and 8, the absolute humidity of inlet gas flow (XGi) is fixed
with values of 0.006 kg/kg, 0.007 kg/kg, 0.008 kg/kg and 0.009 kg/kg respectively, while the inlet gas mass
flow rate (mGi) varies. Comparing the results, the following observations can be made:
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When integrating the results for each of the cases, the amount of energy obtained will be the same. This
happens because the amount of material and the humidity in the air are constant in each individual
case.



For the same absolute humidity of inlet gas flow, the higher the gas flow rate, the higher the amount of
power obtained in the system, but also the smaller the period of time while the maximum power is
held. When comparing to the previous cases, it is possible to observe that with a higher gas flow rate,
the maximum temperatures are achieved in a shorter period of time. Therefore, since the possible
amount of energy that can be obtained in each case is always the same; the system will reach a
maximum power output faster for higher gas flow rates.
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The greater the absolute humidity in the air, the greater is the amount of power achieved in the system.
The reason is that with more water vapor in the air, the amount of water available to be adsorbed by the
storage material is higher and consequently, an increase in the node temperature will happen, leading to
a higher power output in the system. On the other hand, the material reaches its maximum water uptake
in a shorter period of time, decreasing the adsorption process rate and which causes the power output
decrease.

3.4. Desorption Process
In order to simulate a desorption process, the following parameters were used:


Initial water uptake of storage material (X S) = 0.3 kg/kg



Absolute humidity of inlet gas flow (XGi) = 0.006 kg/kg



Inlet gas temperature (TGi) = 200 ⁰C

All the other parameters remained the same as used in the previous simulations. Figure 14 displays the behavior
of the water uptake with time, during a desorption process. In this case, the zeolite 13X starts the simulation
already saturated with water (0.3 kg/kg) and the results show that, only after a period of around 10 hours, the
material would reach a water uptake of 0.1 kg/kg.

Figure 14: Water uptake of store node during desorption (Xs)

Figure 15: Output temperature during desorption (TSout)

In order to perform a desorption process, a hot and dry air should be the inlet air to the system, therefore, T Gi =
200 ⁰C was chosen. In this process, the zeolite begins with an ambient temperature of 20 ⁰C and during the
desorption the storage temperature increases, and after a period of almost 10 hours, it reaches nearly 200 ⁰C,
which corresponds to the inlet temperature of the air (Figure 15)

4. Conclusions
This paper focused on developing a mathematical model of a seasonal sorption storage system with a rotating
drum. The model uses as dynamic inputs the inlet gas mass flow rate (mGi), absolute humidity of inlet gas flow
(XGi) and temperature of inlet gas flow (TGi).
The simulations suggest that under similar operating conditions, the rotating drum is able to provide a
temperature increase to the process air for a longer time, compared to the fixed bed reactor. This is at the cost of
a decreased maximum temperature. The total energy is, however, the same for both setups since the equilibrium
conditions of the storage material are precisely the same at the end of the simulation. When comparing the
results achieved with multiple nodes models, basically no difference could be noticed between the models with
> 5 nodes, which means that with a 5 node model, the system can be already fully described with no more need
to increase the number of subdivisions (which also increases the computational time).
Studies performed and simulation models developed by Barbara Mette et al., 2014 and Rebecca Weber et al.,
2016, were used as base and also as a validation method of the system here designed. The final results were
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really satisfactory, and proved that the mathematical model here presented can be used in any further
applications.

4.1. Future Work
With a fully functional model, one of the subsequent objectives of the project is to implement the sorption
storage system into a passive house, in order to keep its room temperature at a certain desired level. Further
recommendations for the enhancement of the results and better understanding of the system are:


Execute a validation of the model using measurements from the experiments with the real system
developed in [Bernhard Zettl et al., 2018].



Creation of a model that takes into account the full system developed by Zettl et al., 2018 including the
desorption of the material in the furnace, the heat exchangers included in the system and the material
transport throughout the system.
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Abstract
Nowadays, thermochemical storage systems show high theoretical energy performances and are even considered
as more appropriated than sensible or latent storage systems, especially for long-term thermal storage.
Nevertheless, in thermochemical reactor, agglomeration phenomenon caused by the formation of hydrates on
the surface layer of the bulk salt usually occurs. To counteract this negative effect, composite materials
composed by a porous matrix with impregnated salts are under investigation. The present contribution focuses
on the LaCl3, which is one of the most promising salts, in order to provide a better understanding of its energetic
properties. First studies were carried out at the salt crystal scale and then at larger scale of the thermochemical
reactor with impregnated matrix. Studies of LaCl3 crystal provide the thermodynamic equilibrium and the
reactor scale highlights temperature distribution and humidity variations during storage/release of heat.
Keywords: Thermochemical Heat Storage, Hygroscopic Salt, Sorption, Desorption, Lanthanum Chloride.

1. Introduction
In a context of a progressive depletion of the world’s fossil fuel reserves, researches are turning toward
renewable sources, and more specifically solar energy. Solar is free, unlimited, abundant, greenhouse gas-free
source of energy, it seems to be an excellent solution for heating buildings efficiently. However, because of the
intermittent nature of the solar energy, heat storage and especially long-term thermal energy storage is no longer
a possibility but a necessity, for building application.
There are several types of thermal heat storage systems. The most common are sensible and latent [1]–[3].
Nevertheless, due to their important thermal losses and storage volume, there are not the most appropriated for
long-term heat storage. Thermochemical storage seems to be a good alternative to heat buildings sustainably and
without heat loss. Thermochemical heat storage is based on the thermal effect of a monovariant reversible
chemical reaction between a solid and a gas (eq.1). Two types of thermochemical systems exist: open and close
systems. Open systems have been identified as the most promising for heat storage in building applications. In
these systems, the reactive solid is crossed by a moist air flow at atmospheric pressure [4]. This paper focuses on
hydrate/water pair, whose are the most promising pairs for building applications [5]–[7]:
⇔

(eq. 1)

The reaction is endothermic during dehydration and exothermic during hydration. The equilibrium condition
(peq and Teq) of the sold/gas reaction follows the Gibbs relation, expressed with the equation 2. ΔHr represents
the enthalpy of the reaction and ΔSr, the entropy.
Gibbs equation:

(eq. 2)

In thermochemical heat storage, energy heat is stored as a chemical potential form. it means that chemical
reaction will be performed and heat will be released when the two materials will be associated. No thermal
losses are expected as opposed to sensible or latent energies. The storage period can be as long as needed.
Furthermore, thermochemical storage presents the advantage to have a high energy density, superior to those of
the sensible and latent heat storage systems. The two storages mediums are hygroscopic salt crystals on one side
and water on the other, as it is represented in Figure 1. In this heat storage system, heat stored is directly linked
with: the amount of the storage material and the heat of reaction [8].
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Figure 1: Thermochemical heat storage system in a house (left) and the reversible chemical reaction (right).

Thanks to its high theoretical performance, thermochemical heat storage is tending towards getting ahead of
other energy storage systems as sensible or latent storages, especially for long term thermal storage [6].
However, as it is shown in Figure 2, all these devices are not at the same technology readiness level (TRL) and
thermochemical storage system is still a not yet a mature technology [5]. As a matter of fact, sensible heat
storage has the higher TRL.

Figure 2: Energy density of physical and chemical changes [5]

Over the past decade, studies from different authors and countries have been carried out in order to determine
the most promising hygroscopic salts hydrates for heat storage systems for building application. Indeed, several
studies compared from ten to more than three hundred salts to each other using step-by-step screening. Some
authors have only conducted experimental campaigns; while others like Richter et al. [11] have prilimary,
carried out feasibility study based on theoretical analysis of thermodynamic data, and then achieved an
extensive experimental analysis of the reversibility, reaction hysteresis and cyclability. A number of salts, with
incompatibles characteristics for building application (such as toxicity, corrosiveness, cyclability potential or
operating and regeneration temperatures) were first removed from the list of potential candidates. Then, energy
density or reversibility capacities were investigated for each remaining salts [7], [9]–[11]. Two recent studies
carried out by N’Tsoukpoe et al. [10] and Richter et al. [11] showed similar results and identified strontium
bromide (SrBr2), magnesium sulphate (MgSO4) and lanthanum chloride (LaCl3) as the three most promising
salts for thermal heat storage applications.
Unlike SrBr2 and MgSO4 which were the subject of a number of studies and investigations, LaCl3 is not wellknown and the literature dealing with this salt is limited. Most of the studies concerned its thermodynamic
properties but some results differ from each other.
One of the main drawbacks of thermochemical systems is the implementation of the solid reactive material.
Although packed bed of pure materials have been largely studied [1], this implementation presents many
disadvantages, such as transfer limitation, performances degradation due to microstructure change, melting and
aggregation after excess hydration [12], [13]. Salt hydrates can be confined into porous matrix to turn into
composite reactive materials in order to overcome the aforementioned issues. They are composed by inorganic
salts hosted in porous matrix, which can be active (zeolite, silica gel) or not (expanded graphite, or vermiculite)
[12]. Recently, promising composite using honeycomb ceramics as a non-active porous matrix proved the
feasibility of the concept [14]. However, a number of scientific and technical obstacles remain to be solved in
order to characterize and optimize the heat and mass transfers, as well as the energy density of such composite.
This paper highlights studies of LaCl3 for storage applications. The objectives of this work are to improve the
understanding of LaCl3thermodynamic properties and to validate this salt as a promising candidate for heat
storage systems for building applications. Two scales were studied. The first one focuses on the intrinsic
properties of the hygroscopic salt with the definition of the thermodynamic equilibrium diagram, whereas the
second deals with the larger scale of the thermochemical reactor by studying a non-active ceramic matrix with
LaCl3 salt hydrate impregnated.
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2. Thermodynamic study of LaCl3
2.1. State of art
LaCl3 can be decomposed from lanthanum chloride heptahydrate to anhydrous form through three consecutive
reactions, presented with the eq. 3, eq. 4 and eq. 5. The theoretical mass losses of each of the three dehydration
reactions are 19.4wt%, 9.7wt% and 4.9wt% respectively, regarding the heptahydrate solid of LaCl3, which
corresponds to a total mass loss of 34%wt.
→

(eq. 3)

→

(eq. 4)

→

(eq. 5)

Sahoo et al. [15] achieved an experimental campaign in order to evaluate some properties of the LaCl3, such as
its enthalpy and entropy of reaction. They did their research by dehydration process from LaCl3 heptahydrate to
anhydrous form. Whereupon, they made a comparison between their work and two others studies. One
experimental study, carried out by Polyachenok et al. [16] where the decomposition reactions were studied by
creating each crystalline state one by one, from an aqueous solution. And one numerical study with a
mathematical model [17], [18].
Figure 3 shows the evolution of the water vapor pressure as a function of the temperature for various studies
from the literature. The first equilibrium from LaCl3 heptahydrate to trihydrate is represented in blue. The
second equilibrium is in orange and the last one in green. Figure 3 shows that the results from literature do not
overlap, which evidence the need of further experimental results. Therefore an experimental campaign was
conducted. Thermodynamic equilibriums were studied at a constant pressure set in dehydration process. For
each water vapor pressure, three experimental points were identified by studying mass losses and heat flow
variations.

Figure 3 : Thermodynamic diagram on LaCl3 – literature
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2.2. Material and method
In order to define thermodynamic equilibrium state of LaCl 3, some experimental campaigns were carried out by
studying mass loss and heat stored during dehydration process. All these studies were based on
Thermogravimetric Analysis (TGA) with SETARAM SENSYS Evolution, France instrument (TG-DSC). TGA
characterization consists in measurement of sample mass variation compared to a reference while the
temperature of the sample is programmed in a controlled atmosphere (i.e. temperature and water vapor
pressure). Indeed, SETARAM Sensys Evolution TG analyzer has been coupled with SETARAM WETSYS
controlled humidity generator. All our experimental analyses were carried out in flowing nitrogen controlled
atmosphere (50 mL/min).
Thermodynamic analysis was carried out by dehydration process of LaCl 3, from heptahydrate to anhydrous
form. Each sample was prepared with about 3mg of crushed powder of hydrated lanthanum chloride and
dehydrated at a constant pressure set (depending on the case studied) and a temperature gradient set from 20°C
to 200°C. Three pressures sets were studied: 5mbar, 10mbar and 25mbar. For each samples, a first step was
done (stabilization phase or preheating) at a constant pressure and temperature, in order to ensure that each salt
hydrate samples was in the same initial conditions and so, same crystalline structures before starting dehydration
process. Then, the second step is the ‘dehydration phase’. During this phase, samples were heated up to 200°C
with the constant heating rate of (0.05, 0.2 or 0.5K.min-1 depending on the case studied). The lower the heating
rate is, clear and precise the reaction steps are. Figure 4 explains the experimental protocol for the
thermodynamic study of dehydration of this salt hydrate, from heptahydrate to anhydrous form. Because the
crystalline state of the salt depends on its pressure and temperature, the stabilization temperatures of each
sample were adjusted in order that salt crystals always stays in their heptahydrated state; i.e. in the LaCl3.7H2O
form. For the sample studied at 5mbar, the stabilization was done at 30°C, then heated up to 200°C. The
stabilization temperatures of the two others samples were 40°C and 50°C for 10 mbar and 25mbar respectively.

Figure 4: Evolution of the temperature and pressure sets - Thermodynamic study at 10mbar (LaCl3)

Similarly to the well-known effect of shift of the melting and solidification peaks to low and high temperature
for phase change material analysis by DSC (due to the high energy involved during phase change, inertia and
heat transfer resistances inside the sample) [19], heating rate has an influence, which could be no-negligible, on
the clarity of the results and the reading accuracies of the ATG-DSC results of the thermochemical reactions.
Thus, some investigations were done for these three pressures studied. A first experimental campaign was
carried out with the constant pressure of 10mbar for three different heating rates: 0.05, 0.2 and 0.5K.min -1. Then,
a second experimental campaign was carried out at 5mbar for two heating rates (0.2 and 0.5K.min-1). For the last
one, a sample of crushed LaCl3 was studied at 25mbar and a heating rate of 0.5K.min-1.
The onset temperature of each of the three-step reaction was considered at the intersection line between the
beginning of the mass loss and the triggering of the endothermic peak, as it is represented in the Figure 5.

1179

J. Dussouillez et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Figure 5: Determination of the onset temperature

2.3. Results and discussion

Figure 6: Mass loss and heat flow of a 3mg of LaCl3 powder - Dehydration to 200°C at 0.5K/min and 10 mbar – ATG-DSC

Figure 6 presents the three reaction steps of dehydration of LaCl 3 characterized by three mass losses and
three endothermic peaks. These results were obtained thanks to the experimental protocol described previously,
at of 10mbar pressure set. The first dehydration step corresponds to 4 water molecules loss which represents
19.4%wt compared to the initial mass of solid hydrate. The second mass loss corresponds to the next two
molecules of water for a percentage of mass loss equivalents to 12%wt. The last step is the loss of the seventh
and the last water molecule (6.8%wt). Enthalpy of reaction can be found by studying the heat flow curve, which
is characterized by an endothermic peak in dehydration process. Indeed, the stored heat is directly linked to the
area of each endothermic peak. The values of enthalpy of reaction are given in Table 1 for each of the three
decomposition reactions of LaCl3.
Table 1: LaCl3 intrinsic characteristics: enthalpy and entropy of reaction – three reaction steps of LaCl3

Reaction step

Mass loss [%wt]
19,4
12,0
6,8

[J/mol(H2O)]
57 000
62 000
73 000

[J/K]
142.6
137.5
149.8

Figure 7 presents the results obtained for the three dehydration steps of LaCl3, for three different heating rates. It
can be noticed that the onset temperature of the dehydration is shifted to higher temperature when the heating
rate increases. This precision and difference of reading is even more important for the last two step reactions.
Indeed, for the last dehydration reaction, from LaCl3 monohydrate to anhydrous form, the onset temperature
read is about 129°C at 0.5K.min-1, whereas it is 117°C at 0.05K.min-1, then a difference of 12°C when the
heating rate is divided by 10. The heating rate has therefore a relatively influence on the onset temperature, and
it can be noticed that it is linear. So, by connecting the three experimental points for each of the three reaction
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steps, we can obtain the ‘real’ onset temperature by considering the heating rate of 0K.min-1. Nevertheless, the
slope is not identical for the three chemical reactions. In order to confirm and validate these results, a second
experimental campaign was carried out at 5mbar and with the two heating rate: 0.2 and 0.5K.min -1 (‘real’ onset
temperature obtained were presented in the Table 2. Results were conclusive and close to the 10mbar pressure
ones with different heating rate. The ‘real’ onset temperatures (at 0K.min-1) were deduced for 5mbar from this
second experimental campaign. Moreover, results obtained at 25mbar were extrapolated thanks the slope of the
two other and the lasts ‘real’ onset temperatures were defined. Those ‘real’ onset temperatures from the three
experimental points of each reaction steps were represented in yellow color in the Figure 8. They were then
combined with the experimental enthalpy of reaction (discussed previously) and fitted thanks to the Gibbs
equation (eq. 2) in order to find the three entropies of reaction (see Table 1). Finally, thermodynamic
equilibriums of LaCl3 are presented in the Figure 8. Our results, detailed hereinafter do not show convergence
with any particular literature. Indeed, our results for the first dehydration step are close to those found thanks to
the mathematical model, whereas, results for the second step show an agreement with Polyachenok’s
experimental studies and the third decomposition reaction seems to be close to those of Sahoo et al [15], [16].

Figure 7: Dehydration temperature in [°C] with the dehydration rate in [°C/min] for the three step reactions of LaCl 3.7H2O
decomposition at 10 mbar. Theoretical onset temperatures (at 0°C/min) are represented with an arrow on Y axis.

Figure 8: Thermodynamic diagram on LaCl3 – literature and experimental work
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Table 2: 'Real' onset temperature obtained for the three-step reaction at 5, 10 and 25mbar
Reaction step ‘real onset
temperature’
[°C]
Pressure [mbar]
5

32.5

74.1

106

10

42.3

82

117.1

25

55.4

94.3

130.3

3. Large scale study of LaCl3 – Thermochemical reactor with impregnated
matrix
In order to improve heat and mass transfers inside the reactive material, a non-active ceramic porous matrix was
considered in this paper. This matrix should enable salt crystals to be physically separated from each other and
is expected to greatly enhance the effectiveness of our thermochemical reactor by contributing to the increase of
energy released.
3.1 Design of the composite
The ceramic matrix used in this study was manufactured by 3D printing by MATEIS laboratory. More precisely,
they were printed with robocasting, a technology which consists on the micro-extrusion of a paste in the three
space directions. First, ceramic paste was formulated from hydrogel to guarantee a good printability. Then,
ceramic paste was printed through a 400 µm diameter with a scaffold design. Finally, the final parts were
obtained by a debinding and partial sintering step. Figure 9 shows the manufacturing by 3D printing and the
final composite material.

Figure 9: Ceramic porous matrix: a) 3D printing ; b) 2cm3 porous matrix ; c) Impregnation of matrix in a solution of LaCl 3

Some experimental campaigns were carried out in order to elaborate the composite material with salt hydrate
impregnated into matrix. To anticipate the scale-up of the composite elaboration, it is important to determine the
fastest and the most effective protocol which will impregnate the largest amount of salt in the shortest time.
Whereupon, feasibility and strength tests were carried out on impregnated matrixes in order to define the best
composite design. The first tests led to the determination of the optimal conditions of matrix impregnation with
the largest amount of salt possible. In order to evaluate the percentage of impregnation of porous matrix
depending on their characteristics, three parameters were tested: the impregnation time, the number of
impregnation, and the initial porosity of the matrix. Concerning these three experimental campaigns, only LaCl3
solution was used. For the test of the influence of the impregnation time, several matrixes were tested at
different periods of impregnation varying from ten minutes to two hours. Regarding the study of the number of
impregnations, only two successive impregnations were done and about the influence of the initial matrix
porosity, two matrixes with of different compositions were compared (16% and 75% of porosity). Moreover,
influence of the nature of salt hydrate was also investigated in order to evaluate if one salt from the three is
better for this type of study. Three saturated salt solutions of were prepared with LaCl 3, SrBr2 and MgSO4.
Solubility of each salt is presented in the Table 3 and expressed in gram of hydrated salt per gram of water.
Matrixes were dived into one of the three salt solutions, during the same period of time before being heated.
Table 3: Salt hydrates solubility

Salt hydrate
LaCl3.7H20
SrBr2.6H20
MgSO4.7H20
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Molar mass [g/mol]
371
355,5
120,37

Solubility in water (20°C): [g/g of water]
293,4g/100mL
71 g/100mL
107 g/100mL
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After weighting-in with a microbalance (at 0,01g accuracy), each empty matrix was dived into a saturated salt
solution. After impregnation (time depending of the case studied), impregnated matrixes were put on a heater
and dehydrated at 150°C during about 5h. They were then weighed in order to evaluate the quantity of salt
impregnated. The impregnation rate was expressed in percentage in function of the dehydrated mass, as it is
detailed in the equation 6. Initial mass correspond to the mass of the empty matrix, i.e. before impregnation,
whereas, dehydrated mass is the final mass of the matrix, after impregnation and heating.
[wt.%]

(eq. 6)

Impregnation tests results are presented in the Table 4. For each experimental test, reproducibility was carried
out. This is hightlighted with the second subscript number in the matrix name. Good impregnation abilities for
matrix with a high porosity rate (75%) are observed. The impregnation rate is around 61% after 30 min for this
matrix, while it is 15.5% for the matrix with 16% of porosity. Furthermore, Table 4 shows that after 15 minutes,
the increase of impregnation time does not allow a significantly increase of the impregnation rate. Thus after 15
minutes the impregnation rate is of 31% and is of 33% after 1h. Note that several impregnations have no
significant impact. as a consequence of these results, the MATEIS laboratory succeeded in doing ceramic
porous matrix with a higher porosity level at 85% and an impregnation time of 30 minutes has been chosen.
Table 4: Influence of the protocol of the matrix impregnation with LaCl3

Influence tested
Porosity 75%
Porosity 16%

Impregnation time

Number of
impregnation

Matrix
M1
M11
M2
M22
M3
M33
M4
M44
M5
M55
M6
M7

Time
30 min
30 min
15 min
30 min
1h
10 + 10 min
20 min

% Impregnation
62.78
60.8
15.15
16.09
31.23
30.21
32.82
32.04
33.1
33.29
32.2
26.7

Concerning the study of the influence of the type of salt, results presented in the Table 5 show a higher
impregnation level (in percentage of weight) for the SrBr2 and the LaCl3 by following the equation 6. However,
regarding the molar mass of each salt, MgSO4 has a better impregnation level in percentage of mole per gram
due to its low molar mass.
Table 5: Influence of the type of salt

Matrix
SrBr2
MgSO4
LaCl3

Time
M1
M11
M2
M22
M3
M33

35 min
35 min
35 min

% Impregnation
(cf. eq 6)
40.38
38.29
16.79
17.84
34.1
35.74

% Impregnation
(mol)/g
1.14E-03
1.08E-03
1.40E-03
1.48E-03
9.19E-04
9.63E-04

Once impregnated, it was important to test the airflow resistance of these matrixes. An experimental campaign
was carried out to evaluate the maximum flow-rate that can get through the matrix without damaging it or
leading to a loss of material related to the separation of salt crystals with the matrix. A thermochemical reactor
of few centimeters long was manufactured in 3D-printing. It was designed to host a ceramic matrix of 1cm² and
variable thickness from 1mm to 1cm. Figure 10 presents the 3D-printed reactor with an impregnated ceramic
matrix.
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Figure 10: 3D-printed thermochemical reactor with 1cm² ceramic porous matrixes

An experimental bench test was set up to tests the 3D-printed thermochemical reactor with different matrixes
impregnated from 20min to 2h. It is presented in the Figure 11. Two pressures sensors were installed upstream
and downstream of the flowmeter. The flow rate passing through the matrix was controlled by the pressure set
point upstream. The study was conducted for flow rate ranging from a few liters per minute to 400l/min.
The study had shown conclusive results. No mass loss or destruction of the matrix was observed, which is
encouraging for the next characterization studies.

Figure 11: Experimental bench test for the maximal flow-rate test

3.2 Performances characterization of the LaCl3 composite material
In order to characterize this composite material and to evaluate its thermal performances, a characterization
bench test was set up. The variation of the moist air temperature at the reactor inlet and outlet was studied for
different flow rate during the composite hydration. Firsts experiments were carried out on the 1cm² impregnated
porous matrix thanks to the 3D-printed reactor. Then, these results were compared with salt bed for the same
experimental conditions.
For these studies, experimental bench test was equipped of a humidifier in front of the thermochemical reactor
(3D-printer or hydration column). The micrometer screw installed at the humidifier outlet was 100% open to
allow a high relative humidity upstream of the reactor. Two thermocouples were installed on both sides of
reactor, in order to be able to calculate the temperature variation between the inlet and the outlet of the system.
Moreover, a humidity sensor was installed at the outlet of the reactor.
First series of tests were achieved with two different ceramic matrixes impregnated of LaCl3. The first matrix
studied was impregnated into a saturated salt solution of LaCl3 during 1h40, which corresponds to a percentage
of impregnation of 31.2% of mass; whereas, the second matrix was impregnated only 20 min for a mass
impregnated at 20.8% of LaCl3. For each matrix, several flow rates were successively tested from few liters per
min to about 16l/min.
Results obtained on two different matrixes are presented in the Figure 12. The solid line in the Figure 12
represents the results of the tests carried out on the first matrix, and the dash line, those obtained with the second
matrix. Results of the temperature variation between the inlet and the outlet of the thermochemical reactor, show
that the ΔT increase when the flow rate decreases. It means that, the time spent by the moist air into the reactor
seems to be too short and thus limiting. This phenomenon increases with the velocity. Finally, more the velocity
is more the moist air to be heat is, with the same heat of reaction. Regarding the temperature variation for the
first matrix, it can be noticed that the ΔT is very low for the highest flows, but regarding water vapor pressure
(Pvout), chemical reaction is still occurred because of the high humidity level at the outlet of the reactor.
However, it is not the case for the second matrix: the outlet humidity level is very high, which means that there
is much more channeling and preferential crossing in this matrix. Indeed, there is not enough salt impregnated in
this second matrix and thus not sufficient contact between wet air and salt crystals.

1184

J. Dussouillez et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Figure 12: Variation of temperature in °C (left) and water vapor pressure Pvout in mbar (right). The solid lines represent the matrix
1: 1h40 impregnated; the dash lines represent the matrix 2: 20min impregnated – Impregnated matrix in 3D-printed reactor

The second series of tests were carried out on LaCl3 salt bed into a hydration column. Figure 13 presents the
humidifier directly connected to the hydration column. For this experimental campaign, several amounts of salt
(from 3mm to 15mm) were tested and for each one, several flow rates were successively passed through the
hydration column from lowest to highest flow. In the same way as previously with the 3D-printed
thermochemical reactor, the hydration column was connected on both sides with thermocouple and humidity
sensors at the outlet of the column. A picture of the humidifier and the hydration column is presented in the
Figure 13. Results of the different amounts of salt are almost similar, that is why only those obtained with 4mm
amount of LaCl3 salt hydrate were presented.

Figure 13: Humidifier and hydration column

For the first flow (i.e. the lowest) tested at 4mm, results show a variation of temperature higher of 3°C at the
beginning of the chemical reaction, then the temperature variation drastically decrease in the salt reactive bed.
This rapid rise in temperature followed by a sudden drop is quite typical of thermochemistry, especially for
reactive salt bed in thermochemical reactor. Indeed, at the beginning, a lot of salt is ready to react at the same
time. The chemical reaction seems to be very fast. After only the first two flow rates tested during about one
minute each, there is already no longer temperature variation. It might be assumed that there is no longer
chemical reaction either, but as it is showed in the Figure 14, the outlet water vapor pressure is low and it means
that hydration is still occurring, but not enough to have a significant variation of temperature. Nevertheless, after
mixing the salt bed, the same results as before were obtained, which means that all the salt did not react but just
the first layer of the reactive bed. This last observation may highlight the possible agglomeration phenomenon
and the need to impregnate salt crystal in porous matrix in order to prevent this phenomenon.

Figure 14: Temperature variation in °C (left) and water vapor pressure Pvout in mbar (right) – 4mm Salt bed in hydration column
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In order to conclude about these results on salt composites and ceramic matrix characterization, we can observe
different issues impacting their thermal performances. Tests on impregnated matrix showed channeling problem
into the matrix which led to pore contact between reactive salt and wet air, and highlighted the need to
impregnate more salt in the matrix. Moreover, tests on reactive salt bed evidence the low variation of
temperature into the reactive salt bed. Nevertheless, it is important to note that the two reactors were not isolated
and thermal losses might not be negligible.

4. Conclusion and perspectives
LaCl3 was two scales studied. First, the crystal’s scale provides a better understanding of its thermodynamic
properties. The thermodynamic study of the LaCl3 showed that heating rate has an influence on the onset
temperature. Indeed, the higher the dehydration rate, the lower the accuracy. The definition of the ‘real’ onset
temperature by a graphic method yielded highly accurate results and allowed the definition of the
thermodynamic diagram of this salt. Then, the extrapolation for the others couples (pressure / temperature) was
done using the Gibbs equation. Our results were compared to those of the literature, obtained thanks to
experimental and modeling studies. They showed convenient results with a mathematical model, especially for
the first and the third thermochemical reactions (respectively from LaCl 3 heptahydrate to trihydrate and from
LaCl3 monohydrate to anhydrous form).
The second scale studied on LaCl3 was about a technologic solution to avoid agglomeration phenomenon and
increase heat and mass transfers in the reactive material. Ceramic porous matrixes were manufactured by the
laboratory MATEIS to the objective of prevent and counteract this negative phenomenon. Design protocols
were studied and showed that the fastest and the most effective way to impregnate ceramic porous matrix with
salt hydrate is to dip the empty ceramic porous matrix into a salt-water solution during 30 minutes. Then, studies
on two different thermochemical prototypes (one to test impregnated matrixes and the other a salt bed)
highlighted the lack of salt into ceramic porous matrix because of their low surface and volume, and might
evidence the agglomeration phenomenon into the reactive salt bed.
Based on these results, a bigger ceramic porous matrix (2cm3 of volume) was manufactured by 3D-printing by
MATEIS laboratory. Another thermochemical reactor will be set up. Azote gas will be used as wet air to pass
through the thermochemical reactor composed by the 2cm3 impregnated ceramic matrixes. To study the mass
and enthalpy variations, the inlet gas temperature and humidity will be controlled and the outlet characteristics
of the air will be measured. These results will be compared with those of literature and modeling studies.
Moreover, in order to have a better understanding of the temperature field distribution in the thermochemical
reactor, a germanium plate will be disposed on a lateral face. With an infrared camera, variations of the
temperature field distribution within the reactor during the chemical process (sorption or desorption) will be
seen. Likewise, a glass plate will be placed on the upper face of the reactor. Thanks to this plate, physical
changes of crystalline structure during hydration or dehydration will be observed throughout the ceramic porous
matrix. This study of the LaCl3 at larger scales will allows access to the temperature distribution within the
thermochemical reactor and will highlight temperature and humidity variations.
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Nomenclature

Indices

h

molar enthalpy, J/mol

eq

equilibrium

p

pressure, Pa

g

gas

R

gas constant, J/mol/K

in

inlet

T

temperature, K

out

outlet

Greeks symbols
standard enthalpy of reaction, J/(mol.s)

Exponents
0

reference

standard entropy of reaction, J/(mol.s)/K
stoichiometric coefficient, molG/molS
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Abstract
A novel concept for the integration of latent heat storages in the refrigerant cycle of air conditioning systems
is presented. A pilot installation of a VRF system (variable refrigerant flow) to verify the performance of the
system is under preparation. The latent heat storage (LHS) is in direct heat exchange with an evaporating or
condensing refrigerant flow. Thus, temperature losses by an intermediate heat carrier loop are eliminated.
Furthermore the integration of the storage shall not affect the evaporation and condensation level of the air
conditioning system in order to keep the energetic efficiency of the system unchanged. During loading the
LHS is cooled by evaporation of refrigerant in parallel with two indoor units, allowing for system operation
at standard suction pressure. During unloading the storage serves as a condenser, connected in series between
the two indoor units. In this phase air-conditioning is continued, while action of the compressor is reduced to
50% load, approximately. Energy flows and efficiency are discussed for the different phases of the cycle.
Keywords: Thermal storage, Latent heat storage, Phase change material, PCM, Air conditioning, VRFSystem
1. Introduction
The increased use of renewable energy sources leads to a growing demand for storage systems facilitating an
efficient and consistent use of these energies. In the field of heating and cooling applications huge potential
is seen in latent heat storages (LHS). The new approach which is presented in this paper comprises loading
and unloading of the LHS by means of direct heat exchange with the refrigerant. The concept shall be
applied for a Variable-Refrigerant-Flow heating and cooling system (VRF-System) which is driven by the
electricity output of a PV generator. In VRF systems which directly act on the supply air flow no secondary
heat carrier is available for integration of a heat or cold storage. Thus, a thermal storage in direct contact to
the refrigerant cycle offers a straightforward solution with minimal technical complexity.
The characteristics of latent heat storage are described in detail by Dincer and Rosen (2011), starting from
the thermodynamic, kinetic, chemical, technical and economic criteria and ending up with several case
studies. Furthermore (Hauer et al. 2013) and (Mehling and Cabeza 2008) present a detailed characterization
of Phase Change Materials (PCM) and give an overview of different design concepts for latent heat storages.
In this field, several investigations focus on the research of phase change materials with different phase
change temperatures aiming at a characterization and realistic modeling of the process to optimize the design
of the storages (Frazzica et al., 2017), (Fan et al., 2016), (Palomba et al., 2017), (Oro et all 2012). In these
studies a heat carrier fluid is used to charge and discharge the storage. Up to now, loading and unloading of
the latent heat storages by direct heat exchange with the refrigerant is not a common technical concept. As a
first implementation an air-source heat pump system with a latent heat storage supporting the defrost mode
of the heat pump has been developed and introduced into the market (Daikin). By this means, inversion of
the refrigeration cycle in defrost mode is avoided, allowing for continuous operation of the heat pump and
increased heating comfort.
In this publication, a concept for activating alatent heat storage by direct heat exchange with the refrigerant
supporting the output of useful heating or cooling is presented and analyzed. The development offers
increased flexibility of operation, allowing for high energetic efficiency and intelligent interaction with the
grid.
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2. System concept: Air-conditioning system with latent heat storage
A novel concept of integrating the storage directly into the refrigerant cycle is proposed. Key aspect is the
impact on pressure and temperature levels of the refrigerant cycle induced by conventional heat storage
concepts. As a characteristic feature of the concept, the loading and unloading processes of the LHS take
place through direct evaporation and direct condensation of refrigerant in the heat exchanger embedded in
the storage, respectively. The novel aspect of the proposed configuration is given by separation of the
evaporator component in two parts and by switching of the hydraulic interconnection of the components: The
loading process is realized in parallel connection of the two evaporator units (EU) and the LHS which allows
a loading of the storage at the nominal evaporation temperature. To use the stored thermal energy with the
provided temperature level of the storage, during unloading a serial flow of the refrigerant through the
evaporator units and the LHS is established, providing almost full capacity of the refrigeration system with
substantially reduced operation of the compressor (Korth et al, 2019b). Fig. 1 shows the loading process of
the storage (left) and unloading process of the storage (right) in the log(p)-h diagram. The loading process
can be described by the following steps:
Compression of the refrigerant vapor by the compressor
Condensation of the refrigerant with heat rejection to the environment in the condenser unit
Expansion of the refrigerant through the three parallel expansion valves to evaporation pressure
Evaporation of the refrigerant in parallel in both evaporator sections and in the LHS by absorption
of heat from the room and by heat extraction from the LHS, resulting in a crystallization of the
PCM.
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Fig. 1: The loading process of the storage (left) and unloading process of the storage (right) in the log(p)-h diagram.

During the unloading process the following steps take place:
1-2
2-3
3-4
4-5
6-7
7-8
8-1

Compression of the refrigerant vapor by the compressor
Condensation of the refrigerant in the condenser unit with heat rejection to the environment
Expansion of the refrigerant in the expansion valve to evaporation pressure pe1 of EU1.
Evaporation of the refrigerant with heat absorption from the room in EU1.
Condensation of the refrigerant with heat rejection into the LHS on the same pressure level
(Te1=Tc;St) assuming that no pressure drops occur within the internal cycle.
Control of the refrigerant flow rate, avoiding retention of liquid refrigerant in the LHS.
Evaporation of the refrigerant with heat absorption from the room in EU2 at standard evaporation
temperature of the system (Te2 = Te)
3. Air-conditioning system for validation of the concept

For validation of the proposed system concept, an air conditioning system based on a commercial VRF
multi-split system for heating and cooling is installed. For the ease of continuous laboratory investigation a
novel system type has been chosen, allowing installation of all system components inside the building. For
this purpose the compressor unit and outdoor heat exchanger are installed inside the building with air ducts
providing connection to the ambient air (Daikin 2018). Serving as a model system for development of the
cascaded latent heat storage integration, the following VRF system configuration has been chosen: One
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outdoor unit with a nominal heating and cooling capacity of 14 kW, three indoor units with a nominal
cooling capacity of 3,6 kW and a nominal heating capacity of 4 kW. For the analysis of the operation the
following measurement equipment is installed:





10 Pt100 temperature sensors
4 pressure gauges with 0,1% accuracy
4 differential pressure gauges with 0,05 % accuracy
2 Mass flow sensors (Coriolis flow meter)

Fig. 2 shows a simplified flow scheme of the system in cooling mode with the position of the sensors. The
evaporating units EU1 and EU2 are supplied by one refrigerant line but can also be run independently. In
addition, the storage can be implemented in between these units to realize the above concept for the
integration of the storage. This requires an additional interconnection and a liquid receiver avoiding transfer
of gaseous refrigerant and providing a separation of pressure between the pair EU1/LHS and the following
evaporator unit EU2. The evaporating unit EU3 serves as a reference unit and is supplied independently with
refrigerant from the compressor (in heating mode) or the condenser unit (in cooling mode), respectively. As
usual in VRF systems, the liquid refrigerant is subcooled by an additional heat exchanger (“Subcooler”) in
the core (compressor) unit in order to avoid flashing of the refrigerant along the distributed piping of the
system. The subcooling effect is provided by evaporation of a small quantity of refrigerant which is extracted
from the main refrigerant cycle. Apart from the temperature sensors and absolute pressure gauges, the
differential pressure gauges shall allow a precise analysis of the operation, in particular the separation of the
pressure levels in EU1, LHS and EU2. The thermal design of the latent heat storage is governed by the
intended mode of use: If the system shall allow peak shaving, the LHS shall provide approximately 50% of
the capacity of the indoor units for a period of a few hours. Consequently, the thermal design aims at a
thermal duty of about 4 kW providing a thermal content of 7,2 kWh.
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Fig. 2: Simplified flow scheme of the VRVi System with latent heat storage in cooling mode.

4. Cycle analysis and theoretical model for the reference system
To analyze and characterize the reference system a physical simulation model of the air conditioning system
has been set up in the Software Engineering Equation Solver (EES). The aim is the description of the steady
state of the cycle. This model is the basis for further investigations concerning the integration of the LHS in
the refrigerant cycle. The heat exchangers are modeled based on UA-values and logarithmic mean
temperature difference. In the calculation model, the evaporating units are divided into two sections, taking
into account evaporation and superheating of the refrigerant. The condensing unit is covered by an overall

1190

T. Korth et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

UA-value. For determination of the compressor work an isentropic coefficient is applied. The input
parameters include the basic information, i.e. the boundary conditions, of the refrigerant cycle, obtained from
the operation of the real installation. Table 1 lists values of selected parameters of the system operating in a
steady state under typical conditions.
Table 1: Selected parameters out of experimental data of the reference system operating in a steady state.

Pressure in bar

Temperature in °C

𝑝

𝑝

𝑇

𝑇

9,1

22,7

4,1

37,3

Refr. mass flow in kg/s
̇
0,061

0,018

𝑇

23,9

𝑇
28,8

𝑇
11,3

Capacity in W
̇

̇

𝑇

̇

3464

3494

̇

38,7
Efficiency

̇

3464

12485

2012

5,2

5. Simulation model: Operation of the latent heat storage
The analysis of the system performance with latent heat storage integrated in the reference system (as
described in section 2) is realized on basis of the simulation model described in section 4. All input
parameters are taken from the reference operation (Table 1), while the phase change temperature is set to 10
°C. For the storage characterization a validated one-dimensional simulation model is used (Korth et. al
2019a). The calculation models of the reference air conditioning system and the LHS are linked and a full
storage cycle consisting of the loading and unloading process is analyzed in comparison to the operation
without the storage (see Table 1). Due to the innovative nature of the system configuration with cascaded
integration of the LHS, for the integral concept no further validation with reference to literature data can be
given.
Thermal model of the latent heat storage
The calculation model of the latent heat storage incorporates the growth of the crystallized zone within the
PCM volume coupled with direct evaporation of refrigerant inside the heat exchanger tubes passing through
the storage. For the crystallization of the PCM an ideal radial propagation of the phase front is assumed,
starting from the refrigerant tubes passing through the volume of the LHS. As result, a time dependent heat
resistance RPCM(t) for thermal conduction across the storage material is obtained. Finally, the time-dependent
overall thermal resistance
for the heat transfer between the LHS and the refrigerant inside the
tubes is calculated by equation 1, taking into account the evaporation of the refrigerant inside the tube (
),
and thermal conduction across the tube wall (
) and in the PCM volume (
𝑡 ). By equation 2, a
relation between the time-dependent diameter
of the crystallized cylindrical PCM zone and the
current state of charge (SOC) is given. When the storage volume is completely liquid (SOC=0), the phase
front coincides with the outer surface of the tube (d PCM(t)=dtube,o); when the storage is fully solidified
(SOC=1) the maximum diameter of the cristallized PCM volume is attained (dPCM(t)=dPCM,max).

𝑡
(eq.1)

((

)

)

(eq. 2)

Loading of the storage
In loading mode the LHS is connected in parallel to the evaporation units EU1, EU2 and EU3. By
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evaporation of the refrigerant in the heat exchanger of the storage heat is extracted from the LHS. Finally, the
phase change material is completely solidified. The evaporation takes place at the nominal evaporation
pressure, given by the suction pressure of the compressor. Fig. 3 shows the process in the log(p)h-diagram
(full line, blue) in comparison to the reference operation (dotted line, red). The condensing pressure rises as a
consequence of the additional cooling demand of the storage that has to be released by the condensing unit.
This temperature increase is at a maximum at the beginning of the loading process and follows a decreasing
trend according to the decreasing capacity of the LHS over the course of time. As a consequence the specific
enthalpy difference of the evaporation (state points 1 to 3, blue full line) decreases. That results in an
increase of the refrigerant mass flow at EU1, EU2 and EU3 for a constant cooling capacity. In addition, an
extra amount of refrigerant is required for operation of the LHS. To meet these requirements the compressor
capacity rises. In total, the overall system efficiency represented by the EER decreases. A quantitative
analysis is given in the following sections.
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Fig. 3: Refrigerant cycle in the log(p)h-diagram (refrigerant: R410a) in normal operation (dotted line, red, steady state) and
during loading of the storage (full line, blue, state points at the beginning of the process).

Unloading of the storage
In unloading mode, the LHS is integrated in the serial interconnection EU1-LHS-EU2, while EU3 operates
in parallel to this sub-system (see section 2). In this mode, refrigerant flow through the EU1-LHS-EU2
subsystem is controlled by only one expansion valve at the inlet to EU1. Controlled variable is the refrigerant
superheat at the outlet of EU2. During condensation of the refrigerant in the heat exchanger of the storage,
heat is absorbed by the PCM resulting in a phase change from solid to liquid. This condensation takes place
at a medium pressure level. Fig. 4 shows the process in the log(p)h-diagram, again in comparison to the
reference operation (dotted line, red). In this case the condensation temperature can be decreased because the
storage absorbs a certain amount of heat, providing a reduction of the heat duty of the condenser. This
temperature decrease is valid for the whole unloading process.
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Fig. 4: Refrigerant cycle in the log(p)h-diagram (refrigerant: R410a) during unloading of the storage in cascaded configuration
(state points at the end of the process).

During unloading, again a characteristic decrease of the storage capacity occurs, influencing the operation of
EU1 (state points 9 to 10, blue full line). With falling capacity, a growing fraction of the refrigerant remains
in liquid state at the outlet of EU1, resulting in a decrease of the specific enthalpy and the vapor quality
(from about x=0,95 to x = 0,7) at state point 10. Furthermore, due to the increasing thermal resistance the
condensation pressure in the storage and thereby the evaporation pressure in EU1 rises slightly over the
course of time. Both aspects result in a capacity decrease of EU1. This is discussed in detail below. As a
consequence of the storage operation, a higher specific enthalpy difference is provided to EU2 (state points
12 to 3) as compared to the reference situation without storage. Thus for operation at unchanged external
operating conditions and constant cooling capacity, a lower refrigerant mass flow is passing through EU2.
Due to the lower condensation level in comparison to the reference cycle, EU3 also operates with a higher
specific enthalpy difference (state points 1 to 3), resulting in a decrease of the refrigerant mass flow to meet
the required cooling capacity. In total, during unloading of the LHS the overall refrigerant mass flow is
decisively decreased, providing a substantial decrease of the compressor capacity. As a benefit of the
contribution of the LHS, which covers a part of the cooling load, in this phase the overall system efficiency
represented by the EER is increased. Of course, for a fair comparison a complete cycle – comprising loading
and unloading of the storage – has to be taken into account, as described below.
As a proof for the cycle analysis given above, Fig. 5 presents the temporal profiles of the thermal capacity,
the refrigerant mass flow, the compressor capacity and the EER. Thereby a full storage cycle is taken into
account. In addition, each diagram shows the reference state given by the system operating without storage at
steady state, as given in Table 1. The thermal capacities ̇
and ̇
(top left) show an almost constant
trend according to the reference state, while ̇ shows a constant trend during the loading process (0:00h to
1:27h), followed by a decreasing trend during unloading of the storage (1:27h to 4:01h). The trend of the
storage capacity ̇
can be divided into three phases: a constant beginning for about 20 minutes, followed
by a strong decrease until the end of the loading (at 1:27h) and a rather constant capacity during unloading
(1:27h to 4:01h). The overall integral of the storage capacity equals zero, due to the assumption of negligible
thermal losses. The constant trend at the beginning is a result of the limitation of the refrigerant mass flow by
the selection of the expansion valve. Simultaneously, excessively high capacities of the storage are avoided,
which might induce an overload situation for the entire refrigeration system.
During unloading, EU1 and LHS interact directly. Thus, the decreasing trend of ̇
the storage perfectly reflects the decrease of the storage capacity.

during unloading of
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Fig. 5: Analysis of a full storage cycle: Thermal capacity, refrigerant mass flow (accumulated), compressor capacity
(accumulated) and EER each plotted against the time. The loading process starts at 0:00 and ends at 1:25 h, while the
unloading process lasts from 1:27 h to 4:01 h.

The refrigerant mass flow diagram (top right) emphasizes that the mass flow ̇
of the
standard system is increased versus ̇
, when the LHS is loaded in parallel to the operation of the
evaporator units (EU). This is a result of the increase of the condensing pressure during the loading process
and the related decrease of the specific enthalpy difference at the evaporator units (EU), as discussed earlier.
̇
represents the refrigerant mass flow used for subcooling of the refrigerant before leaving the core
(compressor) unit. The total refrigerant mass flow ̇
is obtained by adding the flow through the LHS.
During unloading of the storage, the overall refrigerant mass flow ̇
is almost halved. This is mainly a
result of the serial interconnection providing a contribution of the LHS to the total cooling output of the
system. In addition, a slight decrease of the mass flow through EU3 is visible, resulting from the increased
specific enthalpy difference at the evaporator units. The reduction of the overall mass flow also affects the
subcooler heat exchanger positively.
The profile of the compressor capacity (bottom left) shows a clear congruence with the refrigerant mass
flow. It is obvious that the loading process of the LHS requires more capacity
while the unloading
process needs less capacity input, in agreement with the refrigerant mass flow processed in the different
phases of the cycle. Moreover it is elucidated that the increase of the condensation pressure level has a
decisive negative influence on the efficiency by increasing the compressor capacity (
vs.
).
The overall efficiency is illustrated in Fig. 5 (bottom right), based on the following definition of the
:
̇
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For this definition, the cooling effect stored in the LHS and provided by the LHS during loading and
unloading, respectively, is integrated in the overall balance. Thus, the heat duties regarded for the
determination of the EER do not reflect the current supply of cooling to the user. Rather, this definition
describes the cycle efficiency of a vapor compression cycle for the operating conditions of the cycle during
operation with LHS, i.e. modified pressure levels of evaporation and condensation and modified specific
enthalpy differences induced by the integration of the LHS, as discussed above.
The loading process starts with an
value that is 1,3 less than
, following an
increasing trend. This is in agreement with the decrease of the condensing pressure throughout the loading
process of the LHS. The constantly higher
during unloading of the storage results from the
lowered condensing pressure.
Fig. 6 contrasts the reference air conditioning system (AC-System) without LHS and the AC-System with
LHS by comparing the overall compressor energy (left) and the cooling energy (right). For this comparison,
only the useful output of the system is taken into account, i.e. only the useful cooling provided by the
evaporator units (EU) during loading (1:27 h) and unloading of the LHS (2:34 h) is integrated over the time.
As a result of this analysis an effective EER is defined, characterizing the performance of the system by the
cumulated energy balance, covering a complete operational cycle.
∫ ̇

̇

̇

𝑡

(eq. 4)
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∫
In total, for the same operating conditions the VRF system with LHS requires slightly more compressor
energy compared to the reference AC-system, providing a little less cooling energy. The effective EER is
calculated to
compared to the systems efficiency of
. Thus, a
slightly negative effect of the usage of the storage in terms of energy efficiency of the system is found. Yet,
on the other hand the configuration with thermal storage offers flexibility for improved interaction with the
electric grid or utilization of beneficial ambient conditions.
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Fig. 6: Overall compressor energy (left) and overall cooling energy (right) for the standard AC system and the system with LHS
(with contribution of the loading and unloading phase).

Analysis of the storage operation
To analyze the heat transfer process during loading and unloading of the latent heat storage Fig. 7 shows the
UA values, thermal capacities and temperatures, each plotted against the state of charge (SOC) of the LHS.
During the loading process, evaporation of the refrigerant at temperature 𝑇 in the heat exchanger of the LHS
is driven by heat transfer from the PCM with phase change temperature 𝑇
(cf. Fig. 7 bottom left). In this
phase heat is extracted from the PCM volume. Due to the increase of the thickness of the solidified PCM
layer, the thermal resistance increases substantially, resulting in a strong influence on the temporal profile of
the heat transfer.
The unloading process is composed of heat extraction from the room by evaporation of the refrigerant in the
evaporation unit 1(Fig. 7 bottom left: 𝑇
against 𝑇
) linked with condensation of the refrigerant vapor
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in the LHS, driven by heat absorption by the melting PCM (Fig. 7 bottom left: 𝑇

against 𝑇

).

For both cases, loading and unloading of the LHS, a strong decrease of the UA value for the heat exchange
between refrigerant and PCM volume is found (cf. Fig. 7 top, right), given by the increasing thermal
resistance of the PCM layer in solid or liquid state, respectively. Yet, this temporal behavior is not equally
reflected by the profiles of the thermal capacity of the storage during loading and unloading, as shown in Fig.
7 (top, right). This difference can be explained by analyzing the complete heat transfer process in both
phases, as shown in Fig. 8 and Fig. 9.
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Fig. 7: Characterization of the LHS: UA values, thermal capacities, temperatures each plotted against the state of charge
(SOC).

In Fig. 8 and Fig. 9 the thermal resistance (left) and driving temperature difference for the processes are
displayed. The loading process (Fig. 8) is characterized by operation with constant driving temperature
difference between PCM and refrigerant and a strong increase of the thermal resistance of the PCM layer
by a about 500%. Consequently, a strong decrease of the thermal capacity
occurs during this phase. During unloading (Fig. 9) a cascaded heat transfer from room air, via refrigerant to
the PCM takes place. Again, a strong increase of the thermal resistance
of the
increasing PCM layer is found. Yet, the overall heat transfer is dominated by the thermal resistance between
room air and refrigerant
. The later stays constant during the unloading phase,
resulting in an only moderate increase of the total thermal resistance between room air and LHS
by
about 50%. As a consequence of the reduced heat transfer, the heat extraction from the room air decreases,
resulting in increasing air outlet temperatures leaving the evaporator unit EU1 which is serially coupled with
the LHS. Thus, the mean air temperature, given as an average of the inlet and outlet temperature passing
through the EU1 increases, providing a positive effect for the overall heat transfer from room air to the PCM
volume in the LHS. This trend of increasing driving temperature difference to some extent counterbalances
the increase of the thermal resistance, resulting in an only moderate decrease of the thermal capacity of the
LHS during unloading. In total a rather strong temporal change of the thermal capacity is found for the
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loading process, while the unloading process with two-stage heat transfer from room air to the LHS exhibits
an only moderate decrease of the capacity.
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Fig. 8: Loading process of the LHS: Thermal resistance and temperature difference plotted against the state of charge (SOC).
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Fig. 9: Unloading process of the LHS: Thermal resistances and temperature differences plotted against the state of charge
(SOC).

6. Conclusion
A novel concept for the integration of latent heat storages (LHS) in the refrigerant cycle of air conditioning
systems is analyzed in relation to system operation without LHS under same conditions. Information about
the performance of the reference system has been gained by analysis of the operation of a pilot installation of
a VRF system. The off-the-shelf multi-split system is equipped by comprehensive measurement for detailed
analysis of the system performance. According to the novel concept, the latent heat storage is directly
integrated into the refrigerant cycle, forming a cascaded configuration with two evaporator units. The
underlying heat transfer processes are analyzed with regard to driving temperature differences and thermal
resistances. In the unloading phase, the cascaded interconnection of the LHS leads to an attenuated decrease
of the storage capacity in comparison to the characteristic behavior of latent heat storages coupled to a waterbased heat carrier. The novel concept aims at increased flexibility of the air-conditioning system. By
integration of the thermal storage, consumption of driving energy from the grid and provision of useful
cooling can be decoupled, offering positive effects for the stability of the grid and improved utilization of
renewable energy sources. In addition, the temporal flexibility offers the potential to operate the system at
favorable ambient conditions with increased energetic efficiency.
As expected, under standard operation conditions the integration of the storage has a slightly negative effect
on the energy efficiency of the system. However, a clear advantage over conventional concepts of storage
integration is expected in terms of energy efficiency. This will be demonstrated by further analysis.
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NOMENCLATURE
d
̇
p
P
̇
T
𝑇

diameter in m
Refrigerant mass flow (kg/s)
pressure (bar)
compressor capacity
thermal capacity (W)
thermal resistance (K/W)
temperature (°C)
temperature difference (K)

Indices
c
condensation
e
evaporation
LHS Latent heat storage
ref
refrigerant
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Abstract

Feasibility of the concept of an innovative high temperature latent heat storage with active scraper mechanism to
enhanced discharge heat flow was demonstrated in 2016, showing advantages of the active over the passive concept.
However, parasitic power for the movement of the scrapers was high due to abrasion on the bearings for the scraper
slide. A new scraper mechanism, where the mounting was changed from central slide to a portal frame, was designed
and tested, showing some reduction in parasitic power, however, not in the expected range.
Therefore, investigation was redirected to focus on improved performance through non-stick coating of the heat
exchanger plate, to eliminate or diminish adhesion of the salt on the heat exchanger surface. Various coatings were
tested. Initial results with self-made coatings led to a glass coating of Polyox Borosilicate, in which the adhesion of
the sodium nitrate salt was so low, that the salt was easily removed with a sharp-edged scraper. Further investigations
focused on commercially available coatings for high temperature applications. Initial oven-tests showed easy spalling
of the salt from the coatings. A test rig was built, to be able to test samples directly in a bath of nitrate salts, with
cooling of the surface inside the molten salt, representing a more realistic test environment. Under these conditions,
adhesion mechanisms were very different from the initial test results and no satisfactory result was obtained, the
solidified salt was firmly attached to all coatings, same as to the non-coated plate.
Keywords: latent heat storage, PCM, high temperature, non-stick coating, active, power-to-heat, process heat.

1. Introduction
A major challenge of latent heat storages is the unfavorable characteristic within the discharging process, due to the
insufficient heat transfer between the liquid storage medium and the heat transfer fluid, caused by low thermal
conductivity of the storage media and the increase of the solid layer on the heat exchanger surface during discharge
process. Active concepts (Zipf et al., 2013), (Pointner et al., 2014), (Nepustil et al., 2016) have the potential for a
steady discharge heat flow and even for separation of capacity and power in future designs (Laing-Nepustil et al.,
2015).
Another important issue for our future energy system is coping with fluctuation in electricity generation. Here,
power-to-heat options with latent heat storage will provide flexibility at high exergy level (Laing et al., 2015). For
this application, efficient and cost effective electrical charging of high temperature storage is an important issue.
The application fields for high temperature PCM storage are in industrial processes and power plants, with storage
temperatures up to 350 °C. Known organic non-stick coatings have low temperature resistance up to approx. 250 °
C, therefore research focuses on inorganic coatings.

2. Description of Concept
An innovative active concept for latent heat storage was developed, using flat plate heat exchanger and moving linear
scrapers to keep the thickness of the solidified PCM constant after initial discharging. Proof of concept was
successful, however, parasitic power was quite high. A re-design of the scraper mechanism was done to reduce
parasitics. The re-designed linear scraper mechanism is shown in Fig. 1. The mounting is changed from a central
slide to a portal frame, supported by four ball bearings. Two bearings each are guided in a track on each sides of the
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storage. For exact positioning in relation to the cooling plates, two bearings each are mounted in the middle of the
traversal trusses, and guided along the middle track. The cooling plates are also fixed by this support frame, in order
to avoid the relative movement due to thermal expansion, to keep the gap between scraper and cooling plate constant.
The support frame is fixed to the storage containment, so the cooling plates can be fixed to the containment bottom
without risking relative movement. The number of scrapers is doubled and they are fixed to the traversal trusses. By
doubling the number of scrapers, each scraper will only move along half of the cooling plate length. This in turn
allows for more variations on scraper velocity and momentum. The scrapers have a telescope mechanism and a radial
form at the lower tip. When the solid layer, caused by heat losses through the bottom of the containment, reaches the
lower tip of the scraper, it can move upwards, reducing the momentum from sliding along the solid layer noteworthy.

Fig. 1: Re-design of linear scraper mechanism with a portal support frame

Test results with the new scraper mechanism showed only a reduction of scraper parasitics of about 20-30%, which
was not satisfying.
Another aim for the second generation design of the active latent heat storage is to combine the electrical heating
with the cooling plate for power-to-heat applications. With this, the amount of components and material inside the
storage can be minimized, while maximizing the available heat exchanger surface. The same heat exchanger surface
can be used for charging and discharging (Nepustil et al., 2016). A promising solution offers thick film technology.
With this PTC (positive temperature coefficient) technology any geometry of heater surface can be printed on a metal
substrate. The heating layers are electrically insulated with further layers of film coating. As the layer thickness is
less than 50 micro meters, thermal resistance is very low. The printed layer is very robust and not sensitive to
breakage or thermal shock. When printing thick film heaters onto the heat exchanger plates, it is obvious that one
might implement the outer layer as a non-stick coating to reduce adhesion of the solidified salt on the heat exchanger
plate.
As test results with the re-designed scraper mechanism are still not satisfying, further development is focused on the
investigation of non-stick coating for the heat exchanger plates, independently from the thick film heater
development.

3. Non-Stick Heat Exchanger Surface
The aim is, to develop a high-temperature-resistant non-stick coating for the heat exchanger inside the phase change
storage. With such a coating, it is expected that during discharge of the storage, the adhesion between the crystalized
PCM and the heat exchanger will be so low that the solidified PCM will be easily removed from the heat exchanger
plate by some moving mechanism, resulting in constant high heat flux.
3.1 First coating tests
Different methods were tested to create a non-stick coated surface (Patsoh, 2017). A nano-scale coarse structure
helps to minimize the contact surface between coating and Nitrate salt. As a result, interfacial tension between salt
and coated surface is reduced. This non-stick property is above all due to the layer thickness and the undulating
surface morphology of the coating. Promising results were obtained with borosilicate glass powder, mixed in a binder
of polyethylene oxide and demineralized water (Polyox Borosilicate), applied on etched surface of stainless steel
(Fig. 2). The samples were dried for 5 minutes at ambient temperature and then heated up in the furnace to 950 °C.
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To test adhesion of sodium nitrate on the coated surface, a vessel with sodium nitrate was heated in the furnace to
350 °C. The sample plate was also heated up to 315 °C. Then the sample was immersed into the molten salt several
times, with approx. 6 seconds at ambient air in between for crystallization. When the solid layer reached about 3 mm,
it was tried to remove the slat layer from the plate by pushing with a sharp-edged scraper on the salt.

Fig. 2: Sample with Polyox Borosilicate glass coating with an applied layer of Sodium nitrate (left) and after salt was removed (right).
(Patsoh, 2017)

With this manual method of applying the coating, layer thickness was uneven and reproducibility was difficult.
However, it looks like a promising option, especially as on the thick film heaters, a thin layer of glass material is
applied as an overglaze.
3.2 Commercial Coatings
Since there are different non-stick coatings already existing in the market, however, very few for high temperature
applications, the next step was to test some of them, which have temperature stability of at least 260 °C. Therefore,
eutectic mixture of sodium/potassium nitrate with a melting point of 222 °C is used for adhesion tests.
The tested sample plates and the selected coatings are listed in Tab. 1. For the tests, samples of stainless steel with a
size of 150 mm by 100 mm by 2 mm were coated on one side. A non-coated stainless steel plate is used as a reference.
Tab. 1: List of sample plates investigated

Coating
trade name

Supplier

Max. application
temperature

None

Base material

Stainless Steel V4A

PFA Ruby-Red®

Hüni GmbH + Co. KG, Germany

260 °C

X5CrNi18-10

PFA 7152

Hüni GmbH + Co. KG, Germany

260 °C

X5CrNi18-10

ChemCoat 1501F

Impreglon Surface Technology Group,
Aalberts Industries, Germany

260 °C

X2CrNiMo17-12-2

DURAQUARZ®

acs Coating Systems GmbH, Germany

400 °C

X5CrNi18-10

DURAPEK®

acs Coating Systems GmbH, Germany

280 °C

X6Cr17

Fig. 3 shows first wetting tests with water, dropped on the coated surface (left side) and the uncoated sample (right
side). The clear result is, that all the coatings to be tested are less wetted than the uncoated steel plate.

Fig. 3: Water drop on PFA Ruby Red (left) and uncoated steel plate (right).
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Fig. 4 shows wetting tests with the eutectic salt mixture. Left side shows a crystallized salt drop on the ChemCoat
sample and right side on the uncoated steel plate. The eutectic salt mixture showed high contact angles on all surfaces,
including the non-coated stainless steel.

Fig. 4: Crystallized salt drop on ChemCoat (left) and uncoated steel plate (right).

For better understanding, whether the salt is easier to be scratched away from the different coatings, the following
experimental setup was built up (Fig. 5): The different samples were heated up in the oven to 240 °C. Molten saltmixture (54% KNO3 and 46%NaNO3) with the same temperature was dropped onto the samples. Then the oven was
switch off to let the samples slowly cool down over night. On the next morning it was tested, whether the salt is
easier to be scratched away from the coated samples than from the uncoated steel plate. No difference was observed
between the coated samples and even the uncoated steel plate; the salt could be removed easily with the finger from
all samples.

Fig. 5: Testing plates in the oven, wetted with molten salt.

Fig. 6: Test to remove crystallized salt from Ruby Red with
hammer and chisel

When the samples are cooled down to ambient temperature, of course there is a strong influence of the different
thermal expansion coefficients, which might support the salt to flake off. Therefore, the next step was to observe,
whether there is a difference, when sample and salt are not cooled down completely before trying to scratch it away,
to minimize the influence of the different thermal expansion coefficients. This setup is also much closer to real
application conditions. After applying the molten salt onto the samples, the oven temperature was regulated to 200
°C and the plates were kept for about three hours in the oven. After this time, the plates were fixed in a bench vise
and the salt was removed by a chisel and a hammer (see Fig. 6). In order to protect the coating from the sharp chisel,
the tool itself was covered with a piece of plastic. It was observed that the adhesion between salt and sample was
slightly higher than in the previous test with cold samples, but the salt could also be removed in a flake. Only on the
Duraquarz coating, the salt stuck even a bit harder than on the uncoated steel.
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Overall, these qualitative pretests showed no satisfying results, as there are many external influences which are
hard to eliminate. Therefore, the samples were tested under realistic environment, immersed in molten salt and
cooled on the uncoated side in a specially designed test rig.
3.3 Testing under realistic environment
A test rig was built up, to compare different coatings regarding their non-stick properties and behaviour in the molten
salt under realistic conditions. The rig includes an aluminum element with a W-shaped channel for cooling the plates
with an air-flow and a mechanism to manually scratch the crystallized salt away (Fig. 7). On each side of the cooling
plate, a test sample plate can be attached. The construction is fixed in a stainless steel containment, filled with 22 kg
eutectic mixture of sodium/potassium nitrate. To melt the salt, two heating elements are attached to the walls of the
containment. The molten salt containment is inserted in a well-insulated containment, to minimize side effects. Two
thermocouples are attached between the test sample and cooling plate on each side (Fig. 8).

Fig. 7: Test rig for investigation of high temperature non-stick coatings in nitrate salts

Fig. 8: Test rig for investigation of high temperature non-stick coatings in nitrate salts

The process of testing remains same as above: The salt is melt by the integrated heating elements. Then two plates
are inserted into the salt and fixed to the cooling element. One of the plates is always the uncoated stainless steel as
reference. Then the cooling process is started. As soon as the temperature falls to 230 °C, the scraping process is
started. According to the tact of an acoustic signal, the scraper is moved manually, until the resistance gets too high
and the scraper is unable to be moved anymore.
3.2 Results and Discussion
None of the samples showed a non-stick behavior. The salt stuck to the surface and the scraper only scratched salt
from the solidified salt layer. From the qualitative testing, no significant differences between the uncoated reference
sample and the different coated samples could be observed.
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Fig. 9 to Fig. 13 show the coated samples after tests in the test rig. About 80 % of the sample plate was immersed in
the salt. All samples show a sliding track just above the immersed part, which is due to cooling effects on the top of
the test rig, where salt solidifies around the scraper mechanism, forming an increasing salt crust (Fig. 14). This salt
crust is eventually leading to a blocking of the scraper mechanism.
The two PFA coatings, PFA Ruby Red (Fig. 9) and PFA 7152 (Fig. 10), are ripped off at some points by the load
along the sliding line. Here the coating is foil-like.
On the ChemCoat 1501F sample (Fig. 11), the coating was damaged through mechanical load in the top side.
The Duraquarz coated sample (Fig. 12) was damaged through handling with pliers. The Durapek coating (Fig. 13)
showed the highest mechanical resistance and showed no relevant marks.

Fig. 9: PFA Ruby Red. Sliding track just below the upper bore
holes, damage of the coating on the right side of the sliding
track.

Fig. 10: PFA 7152. Sliding track just below the upper bore
holes, damage of the coating on the left side and on the right
bore hole of the sliding track.

Fig. 11: ChemCoat 1501F. Sliding track below the upper edge
visible.

Fig. 12: Duraquarz, damaged on the top side through
handling with pliers.

Fig. 13: Durapek, hardly damaged, sliding track slightly
visible.

1204

D. Laing-Nepustil et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 14: Salt crust around not immersed scraper part, causing a blocking of the scraper mechanism

4. Conclusions
There is a strong influence of cooling mechanism and temperature on the spalling of the salt from coated and uncoated sample plates. This is due to internal forces caused by the different thermal expansion coefficients, but the
presence of oxygen might also be of influence (v. Wartenberg, 2007).
All wetting and adhesion test with drops of molten salt on the sample plates or dipping of samples in molten salt are
not representative for the latent heat storage application. Therefore, oven tests are not sufficient for adhesion tests in
latent heat applications.
Investigation of wetting and adhesion between nitrate salts and cooling plates needs a realistic test environment, like
the test rig described.
Fully immersed samples in nitrate salt showed no spalling behavior of the salt from the coated samples. Also with
mechanical load from the scraper, the solid salt layer could not be removed from the cooling plate, only salt was
scraped off from the solid/liquid interface. In the qualitative testing described, no difference between coated and uncoated surfaces could be observed.
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Abstract
Thermal energy storage systems using phase change materials (PCM) should meet the application requirements
in terms of technical and economical parameters. The storage capacity and storage density are the two main
parameters for the selection of a suitable storage material. However, among the technical parameters, high
thermal power is one of the most challenging characteristics for a PCM thermal storage. Most of the materials
currently used as PCM have intrinsically low thermal conductivity; therefore, the component design has to
compensate this. This paper presents a definition of a set of parameters to describe PCM heat exchangers in
terms of capacity and density. Furthermore, a power performance assessment is proposed based on the analysis
of the results obtained for different storage systems based on the same geometry. A validated numerical model
is used to assess the suitability of the proposed parameters to compare PCM systems with different
configurations and operation conditions. The influence of Biot number, Stefan number, HTF volume and NTU
(varied by different mass flows) on the proposed parameters is studied.
Keywords: Thermal Energy Storage, Phase Change Material, performance, power, overall heat transfer
coefficient

1. Introduction
Thermal energy storage based on liquid-solid phase change materials is considered as a key technology for the
integration of renewable energy sources. The storage capacity and storage density are the two main parameters
for the selection of a suitable storage material. However, not only the capacity, but also the thermal response of
the system during charging and discharging must fit the application requirements. Among the technical
parameters, high thermal power is one of the most challenging characteristics for a PCM thermal energy storage;
however, most of the currently used PCMs have intrinsically low thermal conductivity. Thus, this shortage has
to be compensated by a proper component design.
The traditional approach to face this challenge has relied on the simulation of several design options until an
adequate solution is achieved, which is time consuming. Furthermore, the new literature developments/results
are rarely presented based on standardized parameters. Consequently, the comparison of the performance of
systems published in different sources cannot be done directly or, sometimes, is not even possible. Kalapala &
Devanuri (2018) reviewed more than 150 references found in literature on the influence of design parameters
and operational conditions (mass flow and inlet temperature) on the performance of latent heat exchangers. The
parameters used in the comparison are the energy stored, melting fraction over time, charging/discharging
periods and heat transfer rate. Performance is assessed according to these parameters. The results are not
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comparable between different geometries, not even between the same geometries studied by different authors.
Fornarelli et al. (2019) numerically studied the influence of the geometry on the heat transfer in a latent heat
storage where the PCM volume and the heat transfer surface are kept identical. The thermal performance of the
two geometries is compared in terms of complete melting times. Another recent example can be found in
Zondag et al, (2018). In this work a shell and tubes latent heat exchanger is investigated and a lab prototype
PCM thermal storage is experimentally tested. The results are shown as overall thermal power output over time,
time dependent thermal power and state of phase. Delgado et al. (2015) compared the technical performance of
PCM slurries heat exchangers with the information provided in literature and highlighted the difficulties to
estimate common performance parameters. Pinnau (2009) compared different latent thermal energy storage
systems in terms of storage density (more specific the actual storage density related to the theoretical maximum)
and a normed power. Later on Brüggemann et al. (2017) compared their results to the one of Pinnau (2009).
Alternatively, a proper understanding of the influence that the geometry and configuration have on the
performance of PCM components could aid during the design stage. This could be based on a deeper analysis of
response curves obtained from experimental tests. Unfortunately, since various key properties, such as
temperature, PCM effective heat capacity, density and viscosity are not constant over the charging and
discharging processes, the heat exchanger performance shows a transient nature. Therefore, as it is deeply
justified in Groulx (2018), conventional heat exchanger analysis (ε-NTU, LMTD) is not directly suitable for the
performance assessment. Unlike steady state heat exchanger analysis, transient heat exchanger analysis is very
complex. Some references (Gao et al (2015). and Amagour et al. (2018)) present the transient heat transfer
effectiveness ε(t) as a performance parameter for the evaluation of heat exchangers under unsteady-state
condition. Analytic solution, CFD and experimental characterization are the approaches adopted. In those cases,
the non-steady state conditions are due to a change in the temperature at the inlet or a variation of the HTF mass
flow over time. In any of them non-steady state conditions are inevitably caused by the change of the overall
heat exchange coefficient (U) over time. Nevertheless, some examples of ε-NTU approach applied to PCM heat
exchangers are found in literature. Ismail et al. (1999) present a performance study based on dimensionless
numbers for PCM heat exchangers. In this study, the efficiency is defined based on a ideal heat exchange during
charging assuming the PCM temperature at the higher temperature over the melting temperature range.
Numerical results show the proposed parameters: solidified mass fraction, NTU and effectiveness over
dimensionless time for different Biot numbers and dimensionless radio. Belusko et al. (2012) applied this
methodology to the flat plate geometry. In this study, the sensible heat contribution was ignored and the
effectiveness is defined as in boiling or condensation processes, assuming a uniform PCM temperature.
Effectiveness is then compared over the phase change for different Reynolds and for two different fluids (water
and air). In this work, authors highlight the difficulty to define the temperature for the ε-NTU methodology n
PCM heat exchangers. Ma et al.(2018) proposed dimensionless design parameters of a one-tank thermocline
heat storage system based on the effectiveness-number of transfer units method. In this work, the actual heat
exchanged is evaluated using an outlet temperature of the HTF estimated as an average over time. However, no
unified procedure that allows a proper comparison of the response curves of PCM components has been
developed up to date.
There are also other previous works that have dealt with this issue: various technical parameter definitions can
be found in Rojas et al. (2011) and Romani et al. (2018). However, the overall comparison in terms of power
and capacity aimed in this work is not completed in those approaches.
Accordingly, as an initial step to advance towards generally applicable performance parameters, it is herein
intended to compare the experimental response curves of several PCM components developed by various
laboratories and for different applications. This paper presents a definition of a set of parameters to describe
PCM heat exchangers in terms of capacity and density. Furthermore, a power performance assessment is
proposed based on the analysis of the results obtained for different storage systems based on the same geometry.
A validated numerical model is used to assess the most adequate evaluation of the proposed parameters. The
concluding recommendations would be used for the further development of the methodology within the working
group PCM of the IEA SHC-ECES Task58-Annex 33 (http://task58.iea-shc.org/) on compact energy storage.
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2. Methodology
2.1 PCM components and experimental setups
Among the existing geometries and configurations of PCM components, flat plate geometry was selected for
this study. The PCM is enclosed within plates that show prismatic shapes. These containers can present different
aspect ratios and they might be arranged vertically or horizontally. The HTF flows through the outer part of the
plates, so an external shell is needed to encompass both the PCM plates and the HTF. The external shell is
assumed to be adiabatic except for the validation of the numerical model where heat losses are taken into
account.
The main characteristics of the PCM components studied are: i) system A consists of 14 hollow aluminum
prismatic plates containing PCM. The plates are placed parallelly and separated by small aluminum strips. The
HTF channels are formed by the space that the plates leave between them. The HTF is water with a mass flow
of 2.4 kg/min. PCM thickness is 16 mm and it contains 11.8 kg of commercial PCM, Rubitherm RT60. ii)
system B is a real scale PCM-air heat exchanger where the PCM is encapsulated in aluminum flat plates. Air
mass flow is 1.68 kg/min, PCM thickness is 5 mm and contains 135 kg of commercial PCM Rubitherm, RT27.
The two experimental setups used for the model validation and comparison of results consist of closed loops.
The mass flow, inlet and outlet temperatures of the HTF are registered. The HTF inlet temperature can be
controlled and successive charging and discharging cycles can be set up.
2.2 Performance parameters
A selection of suitable parameters for the assessment of PCM components for TES systems was first performed.
The technical parameters are defined in two categorical groups: capacity and power.
Capacity
The capacity parameters were selected based on a performed literature review and they are shown in table 1.
The parameter descriptions and required calculation steps found in literature were discussed and completed
when considered necessary. Following the obtained procedure, a capacity assessment of different TES
laboratory-scale prototypes previously realised by the authors in their respective institutions was performed.
Tab. 1: Capacity performance parameters proposal for PCM thermal energy storage systems.

Capacity

Parameter
Energy
storage
capacity of
the system

Definition/calculation
ESCsys=ESCmat+ESCcomp

Units
kJ or MJ

Energy
storage
density

ESCsys/V

kJ/m3 or
MJ/m3

Additional information
Temperature range [Tmax,Tmin]
ESCmat=mmat·Δhmat
ESCcomp=mcomp·Δhcomp
Δh: Enthalpy variation within the
temperature range
V: Total volume of the heat exchanger,
considering insulation and vessel (m3)

Reference
[ Romani
et al. 2018]

Power
Three different approaches were attempted to evaluate the power performance of the systems. First the power
performance was assessed by comparison of the heat exchange over time. This approach is simple and
straightforward, because it only requires inlet and outlet temperatures and mass flow rate data to achieve an
initial estimation. However, the results are dependent on the system size, HTF temperature and operating
conditions. Therefore, two other approaches are proposed – an overall heat exchange coefficient (U·A, denoted
as UA [W/K], defined as the inverse of the overall heat exchanger resistance) and a normalized power
[W/(m3·K)].
The exchanged energy can be evaluated applying an energy balance to the heat transfer fluid (assuming no
phase change in the HTF) as described in fluid (eq. 1). Attending to the heat transfer between two bounded
streams, the evaluation of the UA [W/K] is proposed in equation 2. The average temperature difference between
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the two streams (HTF and PCM) is defined in equations 3-5.
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Due to the transient process and the non-uniform temperature distribution along the heat exchanger, the proper
evaluation of the average temperature difference is essential. Thus, the most adequate definition of reference
temperatures Tref is investigated. In this study, six different alternatives were defined and studied as reference
temperatures, divided in turn into three different groups, as follows.
A first group comprises temperatures that can be assumed as a single value for the PCM temperature at the HTF
inlet and the HTF outlet (Tref, 1=Tref, 2) and constant. Two alternatives arose from this group: Tinitial, the initial
temperature of the storage unit and Tmelt, the melting temperature of the PCM.
The second group consists of reference temperatures as single values used for the evaluation of the temperature
difference at the inlet and at the outlet (Tref, 1=Tref, 2), but with temporary variation. The temperatures that fall
into this group are: Tmean (t), the mean temperature of the PCM and Tmax (t), the maximum temperature of the
PCM (when the discharging process is analysed).
The third group is made up of definitions of reference temperatures differentiated between inlet and outlet and
with temporary variation: Tmax / Tmin 1st PCM row (t), where Tmax corresponds to the PCM temperature at the
inlet (Tref, 1) and Tmin corresponds to the PCM temperature at the outlet (Tref, 2) – in each case close to the HTF;
and Tmean first/last column (t), which is obtained from the mean temperature of the PCM at the inlet (Tref, 1) and
the mean temperature of the PCM at the outlet (Tref, 2).
In this work, the mean UA values estimated were evaluated over the energy exchanged instead of over time (eq.
6).
(eq. 6)
In addition, the analytical mean value of the UA [W/K] was estimated according to equation 7 for discharging
(solidification) processes to compare it with the UA values obtained in the numerical simulation. Heat
convection in the liquid phase of the PCM is neglected and only the heat conduction resistance is considered.
accounts for the contact surface between the PCM encapsulation and the HTF [m2], α is the heat convection
coefficient between the heat transfer fluid and the PCM encapsulation [W/(m2·K)], k is the PCM thermal
conductivity of the solid phase [W/(m·K)] and PCM_thickness is the thickness of the plate (encapsulation)
containing the PCM [m].
_
∗

∗ ∗

(eq. 7)

Finally, the third approach was a parameter of normalized power in relation to the volume (power compactness)
and temperature differences (operation temperatures). This parameter is defined in this work as
,
[W/(m3·K)] (eq. 8).
∆

(eq. 8)

Where V is the volume of the storage [m3],
[W] is the mean of the exchanged power using an exchanged
energy basis – identical to the procedure for UA – and ΔT [K] is the temperature difference evaluated in
[K] evaluated in equation 10. In these equations, HPCM and HHTF are the corresponding
equation 9 with ,
enthalpies [J] as a function of temperature of the PCM and the heat transfer fluid in the storage unit. This
procedure is similar to the one of Pinnau (2009), but with a different definition of ΔT [K].
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∆T
T

,

,

(eq. 9)
_
_

(eq. 10)

Aiming to assess the suitability of the proposed parameters to compare PCM systems with different
configurations and operation conditions, the study on the influence of Biot number, Stefan number, HTF volume
is accomplished using a numerical
and NTU (varied by different mass flows) on the estimated UA and
model that describes the thermal performance of a flat plate PCM heat exchanger. It consists of one large plate
with a PCM volume of 0.2 m³ and a thickness of 0.1 m. The HTF volume is given in table 2 and the artificial
PCM with a melting point of 42 °C has a constant heat capacity of 2000 [J/(kg·K)], a thermal conductivity of 1
[W/(m·K)] in the design case, a constant density of 1000 [kg/m3] and a latent heat of 200000, 100000 or 1
[J/kg]. The heat transfer coefficient is predefined and independent of the mass flow (except for the validation),
but is varied together with the thermal conductivity of the PCM to achieve different Biot numbers. It is
important to mention that for all variations the theoretical UA value is identical. In this study, two different
initial temperatures and two different HTF were investigated. The use of the numerical model allows for the
evaluation of the UA with the aforementioned temperature definitions which are not measured in all the
experimental cases available in this research. Furthermore, considerations such as subtracting the thermal effect
caused by the initial mass of HTF inside the system can only be faced by numerical simulations. However, the
experimental tests are used for the validation of the numerical model. The numerical study on the influence of
Biot number, Stefan number (varied by different L), HTF volume and NTU (varied by different mass flows)
results in 81 different cases studied for both HTF fluids and initial temperatures. Table 2 shows the range of the
parameters varied in the numerical study.

Tab. 2: Parameters varied in the numerical study

Variation 1

Variation 2

Variation 3

Biot number

50

24

8.4

HTF volume in m³

0.01

0.02

0.04

NTU air

3.05

1.53

0.76

NTU water

0.74

0.37

0.18

Stefan number (solid+liquid), Tinitial = 43 °C

0.11

0.22

22000

Stefan number (solid+liquid), Tinitial = 52 °C

0.2

0.4

40000

values obtained for the different HTF
The resulting standard and mean deviations of the mean UA and
and different initial temperature were analysed. The lowest standard deviation is considered as the selection
criteria for the aimed parameter, which enables the comparison of different systems with different operation
conditions. In addition, in the case of mean UA values, the deviation from the analytical value informs about the
suitability of the definition to describe the heat transfer process as described in the analytical value. It is worth
highlighting that the same main assumptions are made in the analytical definition of UA and in the numerical
model. This information will be useful when other geometries will be faced.

3. Numerical model
The numerical model is based on a simple quasi-two-dimensional approach and the diffusion in flow direction is
neglected. Based on the experimental set-up described in section 1, the simulation domain forms a storage unit
with block-shaped PCM plates and rectangular flow channels for the HTF. The governing one-dimensional
equation for the PCM is
(eq. 11)
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and the one for the HTF is
(eq. 12).
The latent heat of the PCM is integrated in the apparent heat capacity
with the help of an error function
is used to account for the heat transfer between the PCM and the
(see Rösler and Brüggemann (2011)) and
HTF. Heat losses, which are taken into account by
are only considered for the comparison with the
experimental results. A channel wall is not explicitly simulated but it is integrated in the heat transfer
coefficient for the comparison with the experiments and the heat capacity of the channel wall as well as the
container is added to the HTF in this case. The discretization of equations 11 and 12 is based on the Finite
Volume Method and each HTF cell is connected to the first cell of one column of PCM cells. The numerical
model is implemented in MATLAB Simulink by means of so called Level 2 C MEX S-functions. No correction
and iteration of the temperature and enthalpy field is performed and therefore it was checked if the strong
is captured by the applied Simulink solver (ode23tb) for stiff problems. For this
temperature dependency of
purpose, the model was validated against the analytical solution of the Stefan problem. Here it was seen that a
mesh resolution of 20 nodes in y-direction in the PCM will lead to a maximum relative deviation (i. e. the error
in the temperature in relation to the temperature span of the problem) of the numerical results from the
analytical solution of about 2 %, which is acceptable. In addition, the basis of the numerical model was also
verified previously against CFD results from ANSYS Fluent ( https://www.ansys.com/products/fluids/ansysfluent).
Finally, the numerical model was validated against the experimental results of system A described in section 2.1
For this purpose, one water reservoir was added at the inlet and one at the outlet of the original numerical
model. Before comparing the numerical results to the experimental ones, a mesh independency study was
performed. Table 3 shows the absolute mean and maximum deviations of the outlet HTF temperature for
different mesh in relation to the finest mesh studied. As a compromise between computing time and accuracy,
the 100 x 20 grid was chosen for all following simulations and for the simulations regarding the experiments the
reservoirs were implemented with 10 cells each. Comparing the numerical results with the experimental ones
revealed the following. The mean of the absolute deviation of the outlet temperature is 0.16 K and the
corresponding maximum deviation is 2.23 K. In addition, the deviation of the thermal energy released was
determined and will be presented in relation to the maximum energy released in the experiment. Following this
approach, the mean and maximum absolute deviation of the thermal energy released are 3.26 % and 4.79 %,
respectively. Considering the uncertainties of the given material properties and the ones of the determination of
the heat losses, the results represent a satisfactory validation.
Tab. 3: Absolute mean and maximum deviations of the outlet HTF temperature compared to the finest mesh.

Mesh size in x- and y-direction
and the reservoirs
120 x 30 + 20 x 2
100 x 20 + 10 x 2
60 x 10 + 10 x 2
20 x 5 + 5 x 2

Mean deviation in K

Max deviation in K

0
0.0086978
0.0286078
0.0792472

0
0.02729
0.07805
0.18425

4. Results
Capacity
The technical performance of the involved PCM components were estimated according to the defined
parameters and compared among each other. As an illustrative example, the obtained capacity parameters
evaluated for the studied systems (storage capacity and the storage density) are presented in Table 4, along with
the main characteristics of the used heat transfer fluids.
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Tab. 4: Heat transfer fluid, mass flow, storage capacity and storage density of 2 PCM systems

System A

System B

HTF mass flow (kg/min)

2.4

1.68

HTF fluid

water

air

2.95

24.4

78

44

Energy storage capacity of the system (MJ)
3

Energy storage density (MJ/m )

Power
The initial attempt of the power performance of the system was to compare the exchanged heat rate over time
(Figure 1). As shown in table 4, the studied systems have different sizes and operation conditions which are
reflected in the power curves shown in figure 1. An example of the different curves with two different inlet
temperatures of the HTF for one system is also shown for system B.

4

System A
System B (Tmax)
System B (Tmin)

Q [kW]

3
2
1
0
00:00:00

00:45:00

01:30:00

02:15:00

03:00:00

03:45:00

Time [hh:mm:ss]

Fig. 1: Power evolution over time of the evaluated PCM systems

As explained in section 2, aiming to find parameters which enable the comparison of performance
independently of size and operation conditions, the overall heat exchange coefficient over the heat exchange
parameters are proposed.
surface and
To find the proper UA estimation methodology for PCM heat exchangers, two additional evaluation
considerations have been examined. The first one is the range considered in the evaluation (stop criteria) and the
second one is the initial heat capacity of the HTF in the storage system at the initial temperature. In this work,
the influence of the stop criteria for the evaluation is studied comparing results applying a stop criterion of 99 %
and 90 % of transfered heat in relation to a complete discharging.
The influence of the stop criteria was analized for the different reference temperatures and the 81 cases
simulated.
The results in figure 2 show that the mean UA values estimated over the exchanged energy instead of an
estimation over time have a weak dependency on the stop criterion. Additional tests not shown here revealed
that UA values evaluated over time have a strong dependency on the stop criterion. Therefore, the mean UA
used for comparison in all the cases in this work correspond to the mean over the exchanged
value and
energy and a stop criteria of 99 % of the total exchanged energy.
As it can be seen in figure 3, the HTF mass amount within the system (which is at the initial storage temperature
at the beginning of the experiment) can noticeably increase the initially exchanged thermal energy values. If the
thermal capacity of the HTF is not negligible compared to the one of the PCM, the outlet HTF temperatures
registered at the beginning are not influenced by the heat release of the PCM as long as a through flow of the
HTF has not taken place. Therefore, the outlet temperatures are in theory temperatures of the storage unit in the
beginning of the experiment, which lead to an ill-defined ΔTm. This work has analyzed and considered these
phenomena when water is used as HTF – for air this effect was negligible due to the low volumetric heat
with water as HTF are analysed
capacity of air. In the following results, the mean UA values and
subtracting (cutted) and not subtracting (uncutted) this thermal capacity of the HTF.

1212

A. Lazaro et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

UAmean [W/K]

300

200

100

0
0

20

40

60

80

Case study
T_mean Qstop 0.90%
T_mean Qstop 0.99%
T_max Qstop 0.90%
T_max Qstop 0.99%
T_initial Qstop 0.90%
T_initial Qstop 0.99%
T_melt Qstop 0.90%
T_melt Qstop 0.99%

Fig. 2. : Dependency on the stop criteria of mean UA values estimated over exchanged energy in the 81 case studies simulated for air
as HTF fluid, an initial temperature of 52 °C and temperatures Tref evaluated as Tmelt.
4000
3500

System A
System B

UA [W/K]

3000
2500
2000
1500
1000
500
0

0

600

1200

1800

2400

3000

time [s]
Fig. 3: Experimental UA [W/K] values over time for the two HTF studied: water (System A) and air (System B)

The estimated UA values obtained in the numerical model are shown in figures 4 to 6.
Figure 4 shows the mean UA values obtained for air as HTF. As explained in section 2, the parameter variations
of Biot number, HTF volume, NTU and Stefan number result in 81 cases per initial temperature and HTF.

Fig. 4: UA mean values obtained with the proposed temperatures for Tref for air as HTF for T initial =43ºC (parameter variation
from 1 to 81) and T initial =52ºC (parameter variation from 82 to 162)

1213

A. Lazaro et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 5: UA mean values obtained with the proposed Tref for water as HTF and T initial 43ºC: cutted (left) and uncutted (right)

Fig. 6: UA mean values obtained for the parameter variations of Biot number, HTF volume, NTU and Stefan number for air and
water as HTF using Tmax and Tinitial as temperatures Tref.

The estimated
obtained are shown in figures 7 and 8. Figure 7 shows the obtained
values over the
parameter variations of Biot number, HTF volume, NTU and Stefan number for air and water as HTF using Tmax
and Tinitial as temperatures Tref.. The estimated
over the normed thermal capacity flow are shown in figure
8. As it was seen that the cutted evaluation gives less reasonable results than the uncutted one only the uncutted
results are presented.
6000

W/(m³·K)

5000

air T_initial = 43 °C

air T_initial = 52 °C

water (uncutted) T_initial = 43 °C

water (uncutted) T_initial = 52 °C

4000
3000
2000
1000
0

parameter variation

Fig. 7:
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5000

Water (uncutted) T_initial = 43 °C
Air T_initial = 43 °C

4500

3

Qnormed [abs(W/(m ·K))]

4000
3500
3000
2500
2000
1500
1000
500
0
0

500

1000

1500

2000

2500

3000

3500

4000

4500

3

normed mass flow [W/(m ·K)]
Fig. 8:

values obtained over normed HTF thermal capacity flow (

) for air and water as HTF and T initial 43ºC.

5. Discussion
Table 4 shows the proposed capacity parameters evaluated for the studied systems. It can be observed that the
aimed information (energy that can be stored/released and total volume needed) is provided and systems can be
compared.
As shown in Figures 4 to 6 the temperatures used as reference temperatures Tref in the evaluation of the
logarithmic mean temperature ∆ to estimate the UA values lead to differences among each other higher than
500%. Moreover, reference temperatures without differentiation between inlet and outlet are easily inconsistent
with the evaluation of the logarithmic mean temperature difference and present mathematical lack of definition
when the temperature level of the HTF at the inlet and at the outlet in relation to the reference temperature have
different positions resulting in a negative value of the ratio within the logarithm. That is the case with Tmelt and
Tmean(t). Furthermore, these two definitions of reference temperatures show high deviations in estimated mean
UA values, a strong dependency on the mass flow, but they are not so much influenced by the type of HTF. The
third group of proposed definition of reference temperatures shows the higher deviation of estimated mean UA
values. Tmax / Tmin 1st PCM row (t) present deviations of on average about 700 % to the analytical UA value and
the UA estimations with the other reference temperatures. Tmean first/last PCM column (t) shows the second
highest deviations with more than 100 % on average.
gives acceptable results for both HTF, water and air, with deviations in the order of 20 % to
The use of
30 %. As shown in figure 5, when
is used as reference temperature and the HTF presents considerable
thermal capacity inside the system at the beginning of the experiment, the effect of the thermal capacity should
be subtracted for a proper evaluation of the mean UA value.
(t)
The lowest deviation on average in estimated mean UA values for both HTF result for the definition of
as reference temperature for discharging processes. These deviations are in the range of 13–27 % for air as HTF
and 17–35 % for water (Figure 6). It is worth highlighting that in case of water as HTF, the proper mean UA
(t) relies on the cutting process to subtract the initial thermal capacity of the HTF from the
evaluation with
registered data.
(t) or
as reference temperatures is influenced by the
The mean UA estimation evaluated with either
mass flow/NTU and the normed melting enthalpy/Stefan number. These influences are noticeable for all tested
NTU and become significant for a change of the Stefan number from 0.22 and 0.4 to a practical pure sensible
case with a Stefan number of 22000 and 40000 for initial temperatures of 43 °C and 52 °C, respectively (Figure
6). The Biot number generally shows a low influence and when air is used as HTF, the influence is smaller than
parameter shows a low dependency on the design and operation conditions except
for water. The normed
for the mass flow/NTU (Figure 7). Therefore it is recommended to plot it over a normed thermal capacity flow
parameter intrinsically alleviates the effect of the thermal capacity of
as depicted in figure 8. The normed
estimation
the HTF being able to be estimated directly from the experimental results. Then for the normed
the need of known parameters is reduced to
, Volume, HTF inlet and outlet temperature and mass flow as
well as the enthalpy/temperature curve of the PCM.
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6. Conclusions
The technical performance description of heat exchangers used as thermal energy storage systems involving
liquid to solid phase change processes should consider capacity and power parameters. While capacity
parameters are commonly found in literature, normalized power-related parameters are still required to design
and compare new systems. The conventional heat exchanger analyses (ε-NTU, LMTD) are not directly suitable
because of the transient nature of the phase change.
Regarding capacity, two parameter definitions were evaluated in this paper: Energy storage capacity of the
system and Energy storage density. These two parameters were suitable to inform on the thermal energy that
can be stored and released by the system and the total volume that the system requires.
Concerning power parameters, the exchanged heat rate over time depends on size and operation conditions of
the TES system. Two alternative parameters were studied and depicted recommendations for its evaluation were
.
proposed: i) the estimation of mean UA values ii) the estimation of a normed parameter
Aiming to estimate the mean UA parameter useful to compare different systems and reduce the influence on
operation conditions, the recommended procedure would consist of: i) evaluating the UA value from the
exchanged energy divided by the logarithmic mean temperature difference, using the maximum temperature of
the storage when a discharging process is analyzed, Tmax(t), as reference temperature. If the information on
temperature distribution inside the system is not available, the initial temperature of the storage system would be
the best alternative to Tmax(t) ii) when water is used as HTF, the power delivered by the system during the period
of time when the initial thermal capacity of the HTF inside the system is flowing out of the system should be
subtracted and not taken into consideration when the mean UA value is evaluated iii) use of exchanged energy
basis for the mean UA evaluation instead of time basis, which also noticeably reduces the influence of the stop
criterion (transferred heat in relation to exchanged energy in a complete discharging). The obtained mean UA
values can be normed to volume of storage when different sizes of TES are to be compared.
parameter is: i) evaluating the mean exchanged
The recommended procedure to estimate the normed
) using an exchanged energy basis ii) evaluating the temperature difference according to equation
power (Q
parameter according to equation 8. Note that when water is used as
9 and equation 10 iii) evaluating the
HTF, the power delivered by the system can be considered in the evaluation of the normed parameter
without any subtraction of the initial thermal capacity of the HTF inside the system.
Future research effort is required in order to validate the proposed methodology for different geometries wider
range of parameters, charging (melting) and different heat exchanger configurations.
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Abstract

The porosity of the packed bed latent heat storage (LHS) system oscillates in the radial direction, leading to the
non-uniformity of the flow field, which further affects the heat transfer and heat storage performances at
different locations. In this paper, a three-dimensional packed bed LHS system model is established. The reason
for radial porosity oscillation is revealed by intercepting a series of cylindrical surfaces along the radial direction,
and the model is verified by experimental data. The numerical results show that the radial velocity distribution
of the heat transfer fluid (HTF) and the radial temperature distribution of the phase change material (PCM) are
consistent with the radial porosity distribution. The liquid fraction change of the PCM over time in the radial
direction indicates that the PCM melts faster at locations with higher porosity. In addition, the effect of different
aspect ratios on the flow, heat transfer and heat storage in the packed bed LHS system are studied. The radial
porosity of the packed beds with different aspect ratios shows different distributions, and the closer to the center
position, the greater the difference. Furthermore, the flow velocity of the HTF near the wall is faster with larger
aspect ratio, which results in a faster heat transfer and heat storage rate of the PCM capsules at the near wall
region. As the aspect ratio increases, the charging time can be greatly reduced, and the average charging power
can be also improved, but the pressure drop within the packed bed increases rapidly.
Keywords: latent heat storage, three-dimensional packed bed, radial porosity, liquid fraction, aspect ratio

1. Introduction
Due to the reduction of traditional energy reserves and the requirement of environmental protection, the
proportion of renewable energy utilization continues to increase. Solar energy has the advantages of clean, safe,
and inexhaustible, and utilization methods mainly include photovoltaic power generation and solar thermal
utilization. However, solar energy is intermittent, which requires the energy storage technology to ensure its
stable operation. In solar thermal utilization, latent heat storage has the characteristics of large energy density,
stable operation temperature and technical maturity (Zhao et al., 2018). The application of latent heat storage
can greatly reduce the volume of the heat storage tank, thereby reducing the construction cost (Zhang et al.,
2016). In the design of heat storage tank, the heat transfer efficiency of the packed bed is higher than that of the
traditional shell-and-tube heat exchanger (Li et al., 2018b). On the one hand, the diameter of PCM capsules is
usually several tens of millimeters, so capsules have shorter heat transfer distances (Alam et al., 2015); on the
other hand, since the HTF flows directly through the gaps between the PCM capsules, the packed bed has a
larger heat exchange area (Anderson et al., 2015). Therefore, the packed bed LHS system has a great potential in
solar thermal utilization. The researches on the packed bed LHS system include numerical simulation and
experimental research. Numerical simulation can provide important guidance for experimental research, and
thus has been widely studied. However, some assumptions and the calculation methods used in previous
numerical studies did not apply to the packed bed model. For example, the porosity in a packed bed was
considered to be uniform (Zhao et al., 2017). In fact, there exists a wall effect in the packed bed, and the
porosity will oscillate in the radial direction, especially near the wall (Mueller, 2005). The ratio of the tank
diameter (Dtank) to the PCM capsule diameter (dp), known as the aspect ratio, is an important parameter for
evaluating the oscillation trend. When the aspect ratio is less than 10, the oscillation of the radial porosity will
be more prominent (Freund et al., 2003). Although some relevant studies have considered the change of radial
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porosity, the representative element volume (REV) method was used (Bellan et al., 2015). But each
representative element volume cannot represent the information in the region, especially at the capsule’s surface
where the HTF exchanges heat with the capsule. Therefore, the REV method cannot reflect the heat transfer
between the PCM capsules, and is no longer suitable for the scale. Therefore, based on the actual packing
process of capsules, a three-dimensional packed bed LHS model is established, and the influences of radial
porosity distribution and different aspect ratios on flow, heat transfer and heat storage performances in the
packed bed LHS system are further studied.

2. Modelling
2.1 Physical model
The three-dimensional packed bed model is established in an open source software Blender. The Blender
software embeds Python scripts, and the Bullet Physics Library allows it to calculate the collision and friction
between rigid bodies under the gravity field (Partopour and Dixon, 2017). In the modelling process, a cylindrical
container is first built by programing in Blender, then small capsules are continuously generated above the
container to fall. After all the capsules have finished falling, the establishment of the three-dimensional packed
bed model is completed. The radial porosity distribution of a three-dimensional packed bed model is compared
with that of Mueller’s work and the corresponding aspect ratio is 7.99 (Mueller, 1992). In Fig. 1, it can be
observed that the two curves both oscillate and match well with the other one, which proves the reliability of the
established model. Besides, the change of radial porosity in the packed bed also indicates that the internal
porosity cannot be simply assumed to be uniform, further proving the necessity of establishing a threedimensional packed bed model.
1.0

Model
Mueller

Porosity

0.8
0.6
0.4
0.2
0.0

0.5

1.0

1.5 2.0 2.5 3.0
Distance from wall/dp

3.5

4.0

Fig.1: Comparison of radial porosity distributions when aspect ratio = 7.99

In the packed bed, the contact type between the capsules is point contact, which is not conducive to the meshing
process. In order to solve this problem, there are four methods to deal with contact points: overlaps, gaps, caps,
and bridges, as shown in Fig.2. Studies have shown that the bridges method can obtain the best results in the
situation with heat transfer (Dixon et al., 2013). Therefore, after completing the packing process of the capsules
in Blender, the coordinates of the capsules are obtained to calculate the distance and the unit vector of each two
capsules. Then small cylinders are inserted as heat bridges in the middle of two capsules, and the diameter of the
small cylinder is dp/10. The effect of the addition of the small cylinders on the average porosity of the packed
bed is 0.05%-0.08%. As for the treatment of the contact points between the capsules and the container wall, the
gaps method is adopted. After enlarging the diameter of the container by 1 mm, a narrow gap is formed between
the capsules and the container wall.

Fig. 2: Methods to deal with contact points: a) overlaps, b) gaps, c) caps, d) bridges
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Li et al. (2018a) built a packed bed LHS system filled with 385 PCM capsules, and the aspect ratio was 7.65.
The PCM in the capsules is ternary carbonate Li2CO3-K2CO3-Na2CO3 (32–35–33wt%), and its thermal
properties are shown in Tab. 1. According to the experiment details, a physical model is constructed as shown in
Fig. 4. The extended inlet part and outlet part are added to eliminate the influence of the inlet and outlet on the
packed bed part as much as possible. The charging time of the system is defined as the time when the central
temperature in the PCM capsule at the outlet position reaches 1K lower than the inlet temperature. The PCM
temperature evolutions at different heights during charging process are selected to verify the correctness of the
three-dimensional packed bed LHS model. During charging process, the initial temperature T0 of the packed bed
is 598.15K. The inlet is the mass flow inlet boundary condition, Tin = 738.15K=
, qin 260kg ⋅ h -1 , and the outlet
is the pressure outlet boundary condition, Pout = 101325Pa . When calculating the total heat storage and heat
storage efficiency of the packed bed LHS system, the heat stored in the capsule shell and the container tank in
the form of sensible heat is also considered.
Tab.1: Thermal properties of PCM

PCM

Tm/℃

Li2CO3-K2CO3-Na2CO3
(32–35–33wt%)

395.1

△H/kJ kg-1
273.0

λ/W m-1 K-1

Cp/J kg-1 K-1

ρ/kg m-3

1.69(s); 1.60(l)

1540(s); 1640(l)

2310

Fig. 3: Schematic diagram of three-dimensional packed bed LHS system

2.2 Mathematical model
2.2.1 Assumptions
(1) The effect of gravity on HTF flow is ignored;
(2) The convection effect of the PCM in the capsules is ignored;
(3) Radiation heat transfer of the HTF and the PCM capsules is ignored.
2.2.2 Governing equation for HTF
In the packed bed LHS system, the Reynolds number based on mean velocity is defined as (Gunjal et al., 2005):
Re p =

ρ (uin ϕ )d p
µ

(eq. 1)

Where φ represents the average porosity of the packed bed, it is calculated from the volume of the PCM
capsules and the volume of the container and φ = 0.426. The Reynolds number in the packed bed LHS system is
calculated as Rep=3053.61, so the flow is turbulent flow (Eppinger et al., 2011). Considering that the heat
transfer surface of the PCM capsule is spherical, and in order to enhance the wall treatment, the flow model of
the HTF is RNG k-ε turbulence model. Then the governing equation of HTF in the packed bed LHS system can
be written in the following format (Argyropoulos and Markatos, 2015):
Continuity equation:
∂ρ ∂ ( ρ ui )
+
=
0
∂t
∂xi

Momentum equation:
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∂
∂
∂p
∂
−
+
( ρ ui ) +
( ρ ui u j ) =
∂t
∂x j
∂xi ∂x j

  ∂ui ∂u j 2 ∂ui
+
- δ ij
 µ 
  ∂x j ∂xi 3 ∂x j



' '
 − ρ ui u j 



(

)

(eq. 3)

Energy equation:
∂
∂
∂
( ρ E ) + ( ρ ui E ) =
∂t
∂xi
∂xi



c p µt  ∂T
+ui (τ i j )eff 
 λ +

σ T  ∂x j



(eq. 4)

K equation:
∂
∂
∂
=
(ρ k ) +
( ρ ku
i)
∂t
∂xi
∂x j


µt
 µ +
σ
k


 ∂k 
 + Gk − ρε

 ∂x j 

(eq. 5)

ε equation:
µt ∂ε 
ε
ε2
∂
∂
∂ 
( ρε ) +
( ρε ui ) =
− Rε
( µ + )
 + C1ε Gk − C2ε ρ
σ ε ∂x j 
k
k
∂t
∂xi
∂x j 

(eq. 6)

Where the turbulent viscosity μt, the generation of turbulence kinetic energy Gk and the additional term Rε are
given by (Yakhot and Smith, 1992):
µt = ρ Cµ

k2

(eq. 7)

ε

 ∂u ∂u j
Gk µt  i +
=
 ∂x
 j ∂xi
=
Rε

 ∂u j

 ∂xi

(eq. 8)

Cµ ρη 3 (1 − η / η0 ) ε 2
⋅
β
1+βη 3

, Si j
η = Sk ε , S = 2Sij Sij =

(eq. 9)
1 ∂ui ∂u j
(
)
+
2 ∂x j ∂xi

(eq.10)

The constants in above equations are Cμ= 0.0845, C1ε=1.42, C2ε=1.68, η0=4.38, β=0.012。
2.2.2 Governing equation for PCM in the capsules
For PCM in the capsules, since the internal natural convection is neglected, the energy equation can be
expressed as (Xia et al., 2010):
∂
( ρ pcm H pcm ) − ∇ ⋅ (λpcm ∇Tpcm )=0
∂t

(eq.11)

Where Hpcm represents the enthalpy of PCM, defined as the sum of sensible heat and latent heat:
Tpcm

H pcm =
h0,pcm + ∫ Cp, pcm dTpcm +∆H

(eq.12)

T0

Where h0,pcm is the enthalpy of PCM at the initial temperature. △H represents the latent heat released of PCM
during the charging process, defined as ∆H =
β L . L is the latent heat of PCM, and β is the liquid fraction of

PCM. β can be written as following at different temperatures:
β = 0 , while Tpcm < Ts

(eq.13)

β = 1 , while Tpcm > Tl

(eq.14)

β=

Tpcm − Ts
Tl − Ts

, while Ts ≤ Tpcm ≤ Tl

(eq.15)
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Where Tpcm, T0, Ts, Tl represent the temperature of the PCM, the initial temperature, the onset melting
temperature and the ending melting temperature, respectively.
2.3 Meshing and validation
Since there are hundreds of PCM capsules randomly filled in the packed bed, unstructured grids are adopted to
generate the mesh. The shrink-wrap method is used to generate the surface mesh, after which the volume is
filled with the polyhedral meshes (Partopour and Dixon, 2017). In this process, the mesh quality is optimized to
above 0.3. In grid-independent verification, the maximum grid size of the PCM capsule is set to dp/12, dp/14,
dp/16 and dp/18, and the pressure drop at the inlet and outlet, as well as the charging time of the packed bed
LHS system are calculated. In Figure 5, it can be seen that as the maximum mesh size decreases, the pressure
drop of the inlet and outlet increases first and then stabilizes, while the charging time is first reduced and then
stabilized. Therefore, the grid size of dp/18 is selected for the mesh generation.
140

64
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136

Charging Time(min)

Pressure Drop(Pa)

138

62

134
132

61

130

60

128
126

Dp/12

Dp/14

Dp/16

Dp/18

Dp/20

59

Maximum Surface Mesh Size
Fig.5: Grid-independence verification

Li et al. (2018a) tested the temperature evolutions of the PCM capsules along the height direction z/H = 0.25,
0.5, 0.75, as shown in Figure 6a. In order to verify the reliability of the three-dimensional packed bed LHS
system model established in this paper, the simulation results are compared with the experimental data, as
shown in Figure 6b. It can be obtained that the simulation results of the model at the three locations agree well
with the experimental data, and the results at z/H=0.75 match the best. However, the simulation results at
z/H=0.25 are faster than the experimental results, and there are two reasons for this. First, the process of
promoting the inlet temperature from 598.15K to 738.15K in the calculation is completed in a short time, while
the temperature change in the experiment requires a certain heating time, so the temperature rise of the
calculation model is faster than that of the experiment at the beginning. Second, the influence of the inlet
temperature change has a greater impact on the PCM capsules near the inlet, therefore the PCM capsule near the
outlet shows better results. In general, the comparison between calculation and experimental results validates the
reliability and effectiveness of the three-dimensional packed bed LHS system model.
480
460

Temperature(℃)

440
420
400

z/H=0.25
z/H=0.5
z/H=0.75
Li-z/H=0.25
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380
360
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320

a
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b

Fig. 6: a) schematic diagram of packed bed LHS experiment system; b) comparison of calculation results with experimental data
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3. Results and discussion
3.1 Flow analysis
For the packed bed LHS system model with the aspect ratio of 7.65, the variation of the radial porosity is shown
in Fig.7b, and in order to show it more intuitively, several cylindrical surfaces at different radial positions inside
the packed bed model are intercepted, as shown in Fig.8. The distance of the a-h cylindrical surfaces from the
tank wall are 0, 0.5dp, dp, 1.44dp, 1.88dp, 2.32dp, 2.76dp, 3.24dp, respectively. The solid area on the
cylindrical surface represents the HTF, and the white area represents the PCMs in the capsules. Therefore, the
ratio of the HTF area to the whole surface area on each cylindrical surface is the porosity of that radial position,
and it can be seen that the porosity of the cylindrical surfaces a, c, e, g is higher than that of cylindrical surfaces
b, d, f, h. And the reason for the oscillating distribution of the radial porosity inside the packed bed is related to
the process of packing capsules and the spherical shape of the capsules. Take the bottom view of the packed bed
for illustration, as shown in Figure 7a. During the packing process, capsules tend to fill the space close to the
wall first, and then fill the space in the center (Mueller, 2010). Therefore, the arrangement of the capsules near
the wall will be regular, and the arrangement of the capsules at the tank center will be somewhat random. At the
wall surface, the PCM capsules have only point contacts with the tank wall, so the porosity of this position is
close to 1, which means that the cylindrical surface is almost HTF, as shown in Fig. 8(a). At the position 0.5dp
away from the wall, the cylindrical surface just passes through the center of the capsules, meaning that the PCM
area will occupy most of the area of the cylindrical surface, and the porosity will be reduced to 0.15, as shown in
Figure 8(b). Similarly, at the position dp away from the wall, the capsules near the wall are also in point contacts
with the inner capsules. Gaps will be formed near the contact positions and the porosity becomes
correspondingly larger with a value of 0.67, as shown in Fig. 8(c). Therefore, the cylindrical surfaces
represented by the blue circles in Fig. 7a has a larger porosity than the cylindrical surfaces represented by the
orange circles. As a result, the porosity on the cylindrical surface in the radial direction exhibits an oscillating
distribution. But since the arrangement of capsules at the tank center is more random, this oscillating tendency
will be gradually weakened, meaning that the wall effect on the internal porosity slowly decreases.
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Fig. 7: a) Bottom view of the packed bed model; b) Radial porosity and velocity distribution in the packed bed

Fig. 8: Radial cylindrical surfaces inside the packed bed model (a-h represent the surfaces with the distance from the tank wall
being 0, 0.5dp, dp, 1.44dp, 1.88dp, 2.32dp, 2.76dp, 3.24dp)

Accordingly, the velocity magnitude distributions of the HTF at different radial positions are shown in Fig.9,
with the inlet mass flow rate being 260 kg·h-1. The flow velocity of the HTF on the cylindrical faces a, c, e is
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lower than that on the cylindrical faces b, d, f, which is the same as the porosity distribution on the cylindrical
surfaces. The radial porosity distribution and velocity distribution are summarized in Fig. 7b, and it can be
observed that at the wall, although the porosity is close to 1, the flow velocity is 0 due to wall viscosity. In the
radial direction away from the wall, the velocity increases sharply and subsequently changes with the oscillation
of the porosity. When the HTF enters the packed bed, it flows through the gaps between the PCM capsules.
Locations with more gaps allow more HTF to flow through, thence the velocity of the HTF is faster where the
porosity is larger.

Fig. 9: Velocities of HTF at the radial cylindrical surfaces (a-g represent the surfaces with the distance from the tank wall being
0.5dp, dp, 1.44dp, 1.88dp, 2.32dp, 2.76dp, 3.24dp)

3.2 Heat transfer and heat storage analysis
In order to illustrate the changes of PCMs along the radial direction during the charging process, the
temperatures and liquid fractions of the PCMs at the cylindrical surfaces mentioned above are calculated at
different times, as shown in Fig. 11 and Fig. 12. The temperatures and liquid fractions of the PCMs fluctuate
along the radial direction, in accord with the radial porosity distribution. The biggest fluctuation occurs at the
near wall region, where HTF velocity fluctuates dramatically. At 600s, with temperatures reaching the melting
point, the PCMs begin to melt and the liquid fractions increase. During phase transition temperature range, the
PCMs need to absorb a large amount of heat to promote their temperatures. Therefore, although temperature
differences of the PCMs on the cylindrical surfaces are small, the liquid fractions vary a lot. At 2400s, the liquid
fractions all equal to 1 and the temperatures of the PCMs are almost the same, indicating that the charging
process is about to finish. From the above, the velocity non-uniformity would cause temperature fluctuation, and
the amplitude of the fluctuation gradually decays from the wall toward the center. In order to observe the heat
storage of the PCMs on different cylindrical surfaces, the liquid fractions of PCMs at 600s are depicted in Fig.
13. It intuitively shows that PCMs melt faster on the surfaces with higher porosity, and PCMs near the HTF
inflow side in the capsules melt faster.
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Fig. 11: Radial temperature evolutions of PCMs
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Fig. 13: Liquid fractions of PCMs at the radial cylindrical surfaces (a-g represent the surfaces with the distance from the tank wall
being 0.5dp, dp, 1.44dp, 1.88dp, 2.32dp, 2.76dp, 3.24dp)

3.3 The effect of the aspect ratio
In this paper, the effect of different aspect ratios (4, 5, 6) on the flow, heat transfer and heat storage in packed
bed LHS system are studied. The inlet and outlet boundary conditions remain unchanged, but the tank wall is set
as adiabatic. The heat storage of the three packed bed LHS systems are designed to be almost the same, which is
beneficial to further analysis and comparison. Based on this principle, the number of PCM capsules in the three
packed beds is determined and summarized in Tab. 2. In Fig.14, the internal radial porosity distributions of the
packed beds with different aspect ratios are compared, and it can be easily obtained that the radial porosity
distributions all oscillate but have different trends. The radial porosity distributions are substantially same over a
distance of 1.5 dp from the wall, but the closer to the center, the greater the differences. For the packed bed with
the aspect ratio of 4, the diameter can be filled by 4 capsules, and capsules are in point contacts at the tank
center, at which gaps are formed and consequently the porosity is large, as shown in Fig. 15a. For the packed
bed with the aspect ratio of 5, the diameter can be filled by 5 capsules, thus the tank center is occupied by the
capsules, and the central porosity is almost zero, as shown in Fig. 15b. For the packed bed with the aspect ratio
of 6, the central porosity should be as large as that of the packed bed with an aspect ratio of 4 theoretically.
However, since the tank center is a little far away from the tank wall, the influence of the wall is weakened, so
the packing of capsules at the tank center tends to be random, which is consistent with the radial porosity
distribution of the packed bed with the aspect ratio of 7.65.
Tab. 2: Parameters of the packed bed LHS systems with different aspect ratios
Tank Diameter：240mm

Tank Height：500mm

Ratio 4

Capsule Diameter：60mm

Number of Capsules：105

Ratio 5

Capsule Diameter：48mm

Number of Capsules：205

Ratio 6

Capsule Diameter：40mm

Number of Capsules：354

Thickness

Tank Thickness：6mm

Shell Thickness：2mm

Porosity

Tank

0.0
1.0
0.8
0.6
0.4
0.2
0.0
1.0
0.8
0.6
0.4
0.2
0.0
1.0
0.8
0.6
0.4
0.2
0.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0
Ratio4

Ratio5

Ratio6

0.5

1.0

1.5

2.0

Distance from the wall (Dp)

2.5

3.0

Fig. 14: Radial porosity distributions of the packed bed models with different aspect ratios
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a

b

c

Fig. 15: Bottom view of the packed bed models with different aspect ratios: a) ratio 4, b) ratio 5, c) ratio 6

The flow velocity distributions inside the three packed bed LHS system models are illustrated in Fig. 16. It can
be observed that the radial velocity distributions are consistent with the radial porosity distributions. However,
the flow velocities near the wall in these packed beds are quite different. As the aspect ratio increases, the
diameter of the PCM capsule decreases, so that the gaps formed near the contact points between the capsules
and the container wall are smaller. For the hot air with the same mass flow rate, the flow velocity will be larger
at the gaps near the wall accordingly. Further, the radial liquid fraction distributions of the packed beds when t =
1200s are shown in Fig. 17, which are basically consistent with the radial porosity distributions. Wherein for the
packed bed with the aspect ratio of 6, the heat storage process of the PCM in the capsules near the wall is faster
than that at the tank center because the flow rate near the wall is far larger.
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Fig. 16: Radial flow velocity distributions of the packed bed
LHS systems with different aspect ratios
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Fig. 17: Radial liquid fraction distributions of the packed bed
LHS systems with different aspects ratio at 1200s

The total heat storage in the packed bed LHS system includes the heat stored in the PCM, the PCM capsule
shells, and the heat stored in the tank wall. Among them, the heat stored in the PCM includes the sensible heat
in the solid state and liquid state, as well as the latent heat during phase change, while the heat stored in the
PCM capsule shells and the tank is sensible heat. Hence the total heat storage in the packed bed LHS system can
be expressed as:

Qtotal = Qpcm + Qshell + Qtan k

(eq.16)

Qpcm =mpcm [Cp,s (Tm − T0 ) + ∆H + Cp,l (Tin − Tm )]

(eq.17)

Qshell =mshell Cp,shell (Tin -T0 )

(eq.18)

Qtank =mtank Cp,tan k (Tin -T0 )

(eq.19)

During the charging process, heat storage of the packed bed LHS system can be obtained by the first law of
thermodynamics:
=
Qstored

∫ m (c
f

T

pf,in f,in

− cpf,out Tf,out )dT

Therefore, the charging efficiency of the system during charging process is defined as:
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ηch arg e =

Qstored
Qtotal

(eq.21)

The average charging power can be defined as (Li et al., 2018a):
Paver =

Qstored

(eq.22)

τ ch arg e

In Fig.18, heat storage and the average charging power of the packed bed LHS systems with different aspect
ratios are calculated. As the aspect ratio increases, the average charging power of the packed bed LHS systems
are increased. Furthermore, the charging time decreases with the increase of aspect ratio, and the charging time
of the three systems are 121.03 min, 89.73 min, and 79.80 min respectively, as shown in Fig.19. It can be
obtained that the results of the system with the aspect ratio of 4 differ a lot from those of the system with the
aspect ratio of 5 and 6. The reason is that the capsule diameter of the system with the aspect ratio of 4 is 60 mm,
while capsules in systems with the aspect ratios of 5 and 6 have diameters of 48 mm and 40mm, accordingly the
heat transfer distance is 80% and 66.67% of 60mm. Only considering the charging time and average charging
power, the system with the aspect ratio of 5 or 6 is more suitable for applications than the system with the aspect
ratio of 4. However, as the aspect ratio increases, the pressure drop within the packed bed LHS system also
increases rapidly, as shown in Fig.19. Therefore, when the packed bed LHS system is considered to be used in
practical situations, it is necessary to comprehensively consider the charging time, the charging power, as well
as the pressure drop.

8.0x103

Heat Storage(J)

8.0x106
Ratio 4
Ratio 5
Ratio 6

6.0x106

Q

P

6.0x103

4.0x106

4.0x103

2.0x106

2.0x103

0.0

0

20

40

60

80

100

120

140

Average Charging Power(W)

1.0x104

1.0x107

0.0

160

Charging Time(min)
Fig. 18: Heat storage and the average charging power of the packed bed LHS systems with different aspect ratios
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Fig. 19: Charging time and pressure drop of the packed bed LHS system with different aspect ratio
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4. Conclusion
In this paper, the necessity of establishing a three-dimensional packed bed LHS model is proposed by analyzing
the existing numerical methods of packed bed. The three-dimensional packed bed LHS model is constructed by
programming in Blender, and the internal radial porosity distribution of the model has a high degree of
agreement with the experimental data. Moreover, the accuracy of the model is further verified by comparison
with experimental results during the charging process. The reason why radial porosity shows an oscillation
distribution is demonstrated by intercepting different cylindrical faces along the radial direction. Porosity
changes sharply near the wall, while the change of porosity near the tank center is more moderate. The
oscillating distribution of radial porosity leads to the non-uniform flow velocity distribution and then further
affects the heat transfer in the packed bed. The velocity distribution of HTF and the temperature distribution of
PCMs are consistent with the distribution of porosity. Therefore, PCMs melt faster at the positions with higher
porosity. In addition, the effect of different aspect ratios (4, 5, 6) on the flow, heat transfer and heat storage in
the packed bed LHS system are studied. The radial porosity of the packed beds with different aspect ratios
shows different distributions, and the closer to the center position, the greater the difference. As the aspect ratio
increases, the packing of PCM capsules at the tank center becomes more random. Furthermore, the flow velocity
of the HTF near the wall also increases, which results in a faster heat transfer and charging rate of the PCM
capsules at the near wall region. Finally, when the aspect ratio increases, the diameter of the PCM capsule is
greatly reduced, so the charging time can be greatly reduced, and the average charging power can be also
improved. However, the pressure drop within the packed bed LHS system increases with the increase of the
aspect ratio. It is significant to comprehensively consider the charging time, the charging power, as well as the
pressure drop, when the packed bed LHS system is applied to practical situations.
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Abstract
Two packed bed latent heat storage systems for medium temperatures are experimentally compared during
charging cycles. The first storage system consists of a packed bed of spherically encapsulated eutectic solder
(Sn67Pb37). The second latent heat storage is a cascaded system consisting of 20 spherically encapsulated
eutectic solder capsules at the top of the storage and 20 spherically encapsulated erythritol capsules at the
bottom in a storage ratio of 1:1. Sunflower Oil is used as the heat transfer fluid for the experiment tests. The
cascaded latent heat shows greater values of the charging energy and exergy rate since two phase change
transitions for the eutectic solder and erythritol release greater latent heat than the single PCM system during
low flow-rate charging (4 ml/s). For charging with a high flow-rate (8 ml/s), the cascaded storage system shows
better energy and exergy charging rates before the bottom PCM melts. After melting of the lower temperature
PCM at the bottom, the temperature increases at the bottom of the cascaded system and the single PCM system
shows higher charging energy and exergy rates.
.
Keywords: Charging; Cascaded latent heat storage; Erythritol; Eutectic solder; Packed bed latent heat storage

1. Introduction
Latent heat storage systems have the advantages of a higher thermal energy storage density and a nearly isothermal behaviour during the storage and release of energy as compared to sensible heat storage systems. There
have been limited recent studies on packed bed latent heat storage using oil packed bed TES systems for
medium to high temperature applications [1-2]. Using oil instead of air is justified by the fact that a lower
pumping power is required and the design of the storage system is less complicated since fewer pressurized
components are required. Sunflower Oil has been selected as a heat transfer fluid (HTF) since it is cheap, food
grade and readily available, non-toxic and possesses characteristics comparable to other commercial HTFs as
previously investigated in [3]. Erythritol has recently been proposed as a suitable phase change material (PCM)
for medium temperature applications [4], but no study has ever been done on it in a packed bed cascaded storage
configuration. Limited recent work has also suggested metallic solders [5-6] as suitable PCMs for medium
temperature domestic applications to cater for drawbacks of super-cooling exhibited by organic and inorganic
PCMs.
Cascaded thermal energy storage (TES) systems using two or more phase change materials (PCMs) are a recent
innovation and experimental literature is limited to only a few recent papers [7-8], especially for medium to high
temperatures. The results of the cascaded systems [7-8] showed better performance as compared to single PCM
based systems. The aim of the paper is thus to compare a single PCM eutectic solder packed bed latent heat
TES system with a two PCM (eutectic solder/erythritol) packed bed cascaded system during charging cycles
using Sunflower Oil as the heat transfer fluid. The work presented will add to the limited experimental work that
has been done on metallic PCM systems and cascaded TES systems. To the best of our knowledge, no cascaded
system using a metallic PCM and an oil HTF has ever been reported.
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2. Experimental setup and procedure
Erythritol was poured into twenty spherical aluminum capsules with diameters of 0.05 m and wall thicknesses of
0.001 m. The capsules were manufactured as hollow spheres with openings at the top to allow for pouring of
PCM. The volume of the PCM in the capsules was about 80 % of the total internal volume of the capsule to
allow for thermal expansion. The volume to be poured into the capsule was measured very carefully with a
small measuring cylinder. Small crystals of erythritol were used so that it could be poured easily in its solid
form into the capsules. After pouring of erythritol, two capsules of erythritol had K-thermocouples fixed onto
them to measure the PCM temperatures. These thermocouples which extended into the centre of the spheres
were fastened on the top of the spheres. The thermocouples acted both as sealing mechanisms and also as
temperature monitoring devices. The rest of the PCM capsules were sealed with screw caps. Fig. 1 shows a
PCM capsule with a screw cap and one with a thermocouple screw cap. Extra care was taken to ensure that
approximately the same mass of erythritol was placed inside each capsule. The total mass of each capsule was
measured before and after encapsulation with an electronic balance to ensure that the capsules had almost the
same mass of PCM inside them. Erythritol capsules were heated up to their melting points in an oil bath to
ensure that there were no PCM leakages before they were put into the storage tank.
The process for encapsulating the eutectic solder was slightly different. 2 mm thick solder wire was inserted
into each of the 40 capsules from the top opening until a volume an internal volume 80 % was covered. A screw
driver was used to press down on the solder wire to ensure that the solder occupied the maximum volume. Care
was taken to ensure that all 40 capsules had approximately the same mass of solder inside them as with case of
erythritol. The melting procedure was done with the eutectic solder capsules to check for PCM leakages before
inserting them into the storage tank.

a

b

Figure 1. (a) Aluminium PCM capsule with screw cap. (b) Aluminium capsule with thermocouple screw
cap [5].

Thermo-physical properties of erythritol and the eutectic solder obtained from open literature are shown in
Table 1. The mass of erythritol inside each capsule was around 44 g. The mass of the eutectic solder inside each
capsule was around 164 g because of its higher density. The thermal conductivity of the solder is higher than for
erythritol. Due to the expensive nature of the equipment involved in measuring thermal properties quoted
experimental values obtained from literature are used. Besides, previous work has been done on the thermal
properties and the scope of this study is limited to the bulk performance of PCM capsules in a storage tank
which make up the single PCM and the cascaded PCM storage system. No work has been previously reported
on the bulk performance of these systems in a packed bed storage configuration.
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Table1. Thermo-physical properties of the two PCMs
Property

Erythritol

Eutectic
(Sn63/Pb37)

Melting Temperature (oC)

118-122 [5]

183 [9, 11]

Specific Heat Capacity (kJ/kgK)

1.38 (20
(140oC) [5]

Phase change enthalpy (kJ/kg)

139.7 [5]

52.1 [10]

Density(kg/m3)

1210 [5]

8400 [11]

Thermal conductivity (W/mK)

0.130 (120 oC) [5]

50 [11]

Average mass of PCM in the
capsule (g)

44

164

o

C),

2.76

Solder

0.21 (30 oC) ( [9]

The experimental schematic of the TES system is shown in Fig. 2. The first storage system was filled with 40
eutectic solder (Sn67Pb63) PCM capsules up to Level A. For the second cascaded storage system, the top half
of the storage tank was filled eutectic solder spherical capsules (20), while the bottom half was filled with
erythritol capsules (20) in a 1:1 storage ratio. The void between the capsules/ was filled with Sunflower Oil up
to level A.

Figure 2. Schematic diagram of experimental setup [12, 13].
The electric unit (f) consisted of two copper spiral coils (power rating: 220V, 900 W each) to heat up the
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circulating oil and it was controlled by a temperature controller. The TZN4S temperature controller (g) (display
accuracy: ±0.3 %) was used to set and control the required maximum temperature. An insulated stainless steel
cylindrical storage tank (a) with a diameter of 0.3 m and a height of 0.54 m was used. K-type thermocouples
(accuracy: ± 1 %) were placed at radial distances of 0.013 m, 0.038 m and 0.064 m to measure temperature at
each axial level of the storage tank (Levels A-D). During the charging cycles valves (1), (2), (4) and (6) were
closed while valves (3), (5), (7) were opened.

3. Experimental thermal analysis
The charging energy rate (power) depends on the inlet and outlet charging temperatures of the storage tank and
is expressed as
𝐸̇𝑐ℎ = 𝜌𝑎𝑣 𝑐𝑎𝑣 𝑣̇ 𝑐ℎ (𝑇𝑐ℎ𝑖𝑛 − 𝑇𝑐ℎ𝑜𝑢𝑡 )

(1)

, where 𝜌𝑎𝑣 is the temperature dependent average density of the oil, 𝑐𝑎𝑣 is the temperature dependent average
density of the oil, 𝑣̇ 𝑐ℎ is the volumetric charging flow-rate, 𝑇𝑐ℎ𝑖𝑛 is the inlet charging temperature at the top of
the storage tank and 𝑇𝑐ℎ𝑜𝑢𝑡 is the outlet charging temperature at the bottom of the storage tank. The charging
exergy rate is given as;
𝐸̇𝑥𝑐ℎ = 𝜌𝑎𝑣 𝑐𝑎𝑣 𝑣̇ 𝑐ℎ [(𝑇𝑐ℎ𝑖𝑛 − 𝑇𝑐ℎ𝑜𝑢𝑡 ) − (𝑇𝑎𝑚𝑏 ln

𝑇𝑐ℎ𝑖𝑛
𝑇𝑐ℎ𝑜𝑢𝑡

)]

(2)

, where 𝑇𝑎𝑚𝑏 is the ambient temperature.

4. Results and discussion
Storage tank profiles for the two systems for low (4 ml/s) and high charging flow-rates (8 ml/s) are shown in
Fig. 3 The charging times for the two storage systems are seen to increase with an increase in the flow-rate.
The increase in the charging time with flow-rate has also been reported in previous work done using the same
storage system [12-13]. This is because of the increased cooling effect induced by the higher flow-rate on the
electrical heater which tends to lower the inlet charging temperature for the higher flow-rate such that the
bottom experimental limiting charging temperatures are approached at later times. Charging of the single PCM
system is terminated when the bottom temperature of the storage (T D) is around 190 oC to ensure melting of the
PCM at the bottom for the single PCM base system. Eutectic solder has a melting temperature of around 183
o
C, and this temperature ensured melting at the bottom. For the cascaded storage system, charging is terminated
when the temperatures of the bottom storage temperature (T D) are around 180 oC to ensure that the flash point
temperature of erythritol is not exceeded. The flash point temperature of erythritol is around 190 oC, and as a
safety precaution the lower bottom temperature of the cascaded system is limited to 180 oC.
The phase change process is seen to progress from the top to the bottom of the storage tank for the single PCM
system. The phase change process at the top of the storage tank (T A) starts at around 90 mins with the lowest
flow-rate since charging is from the top to the bottom of the storage tank. On the other hand, due to the lower
melting point PCM at the bottom of the storage tank, the phase change process for the cascaded system starts at
around 50 mins with TC showing the first phase change transition, followed by T D. The top storage tank
temperatures only show phase change transitions after 100 mins for the cascaded system. It also important to
note that with an increase in the charging flow-rate, the phase change processes commence at later times for
both storage systems. The increase in the flow-rate increases the heat transfer rates. This causes the rate of
temperature rise in the storage tank to be faster thus lowering the axial thermal gradients and the degree of
thermal stratification. The bottom limiting storage tank temperatures are also approached at later times which
effectively increases the charging times for both storage systems.
The axial thermal gradients for the cascaded storage system during the charging cycles are more pronounced for
the cascaded system implying more axial thermal stratification for the cascaded system. It is also important to
note that the outlet charging temperature is affected by the phase change process and it shows a similar variation
to the bottom storage tank temperature, T D. For the cascaded system, the phase change transition of erythritol is
well depicted by the variation of the outlet charging temperature. For the single PCM system, the variation of
the outlet temperature during the phase change process at the bottom of the storage tank is not as pronounced as
compared to the cascaded system. The outlet charging temperature also increases with an increase in the flowrate. Slightly higher TES temperatures are seen with the single PCM system at the end of charging as compared
to the cascaded system possibly due to the higher charging termination temperatures at the bottom of the storage
tank.
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Figure 3. Storage tank charging profiles for (a) the single PCM and (b) the cascaded two PCM system for
low (4 ml/s) and high (8 ml/s) flow-rates.

To evaluate the quantity of the stored energy and the rate at which it is stored during the charging cycles,
charging energy rate profiles are presented in Fig. 4. For the lowest flow-rate, the single PCM eutectic solder
TES shows generally higher values of the energy rate for the whole duration of charging. The charging energy
rates for the two storage systems initially rise quickly to peak values during the initial stages of charging since
the bottom outlet temperatures are low causing large initial axial thermal gradients which induce the rapid rise to
the peak values. As the bottom outlet temperatures progressively rise, the charging energy rates drop from the
peak values. For the lowest charging flow-rate (4 ml/s), the energy rate for the cascaded system shows a
secondary rise to a peak value from around 60 to 90 mins. This is possibly due the phase change transition of
erythritol (Fig. 3 (b)-4 ml/s) during this period which forces the outlet temperature to have an almost constant
value thus increasing the thermal gradient between the top and the bottom of the storage tank since the inlet
temperature of the storage tank continues to rise. The secondary peak value is barely evident in the single PCM
system when charging with the lowest flow-rate.
For the higher charging flow-rate (8 ml/s), the cascaded storage system shows a slightly better performance
between 20 and 70 mins. Once the phase change transition for erythritol at the bottom is complete, the energy
rate values drop to lower values from 80 mins to the end of charging possibly due to the faster temperature rise
at the bottom of the storage once erythritol has melted. It is important to note that the single PCM system shows
a secondary peak value around 80 mins possibly due to the drop of thermal gradient of the outlet temperature
between 60 and 80 mins (Fig. 3(a)-8 ml/s) for this system induced by possible external disturbances like heat
losses.
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Figure 4. Charging energy rates for the two storage systems using low (4 ml/s) and high (8 ml/s) charging
flow-rates.
Fig. 5 shows the charging exergy rates using low and high charging flow-rates. The exergy rate values are lower
as compared to the energy rate values since heat losses are accounted for. For 4 ml/s, the cascaded storage
system shows appreciably higher values after 60 mins, when erythritol at the bottom starts to melt. This melting
process at the bottom for the cascaded system is depicted by the rise in the exergy rate values from 60 to 90
mins. For the single PCM system, the commencement of the melting process can also be qualitatively inferred
from around 100 mins for the lowest flow-rate when the exergy rate profile starts to show a gradual slow rise
until the end of charging.
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Figure 5. Charging exergy rates for the two storage systems using low (4 ml/s) and high (8 ml/s) charging
flow-rate.
Increasing the flow-rate from 4 ml/s to 8 ml/s seems to show a faster rise of the exergy rate for the cascaded
system to the peak value although lower exergy rate values are obtained. The charging exergy rates for the
cascaded system are higher from around 30 mins to 70 mins when compared to the single PCM system. The
drop in the exergy rate values after 70 mins for the cascaded system can also be used to infer the time when the
phase change process at the bottom has finished, and the time when the temperatures at the bottom are
increasing more rapidly after melting of erythritol due to the lower thermal mass at the bottom. The single PCM
shows higher exergy rate values after 70 mins. The difference between the exergy rate values of the two storage
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systems for the higher flow-rate is considerably higher as compared to the lower flow-rate after the PCM at the
bottom of the cascaded storage system has melted. In general, it seems the storage advantages of the cascaded
system in terms of the charging energy and exergy rates are more pronounced with the low flow-rate. Increasing
the flow-rate tends to improve the storage performance of the single PCM in terms of these two evaluated
quantities.

5. Conclusion
Two packed bed latent heat storage systems for medium temperatures were experimentally compared during
charging cycles. The first storage system consisted of a packed bed of spherically encapsulated eutectic solder
(Sn67Pb37). The second latent heat storage was a cascaded system consisting of 20 spherically encapsulated
eutectic solder capsules at the top of the storage, and 20 spherically encapsulated erythritol capsules at the
bottom in a storage ratio of 1:1. Sunflower Oil was used as the heat transfer fluid for the experiment tests. The
cascaded latent heat showed greater values of the charging energy and exergy rate since two phase change
transitions for the eutectic solder and erythritol release greater latent heat than the single PCM system during
low flow-rate charging (4 ml/s). For charging with the higher flow-rate (8 ml/s), the cascaded storage system
showed better energy and exergy charging rates before the bottom PCM melted. After melting of the lower
temperature PCM at the bottom, the temperature increased at the bottom of the cascaded system, and the single
PCM system showed higher charging energy and exergy rates. In general a cascaded system is cheaper as
compared to a pure metallic PCM system, but its performance seemed to degrade when the lower temperature
PCM melted during the charging cycles with the higher flow-rate.
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Abstract
Thermochemical heat storage is a novel technique with high heat storage density and capable of large-scale energy
storage for a long time. Ca(OH)2 is a low-cost and readily available material with great application prospects,
especially in the solar thermal power generation because of the suitable heat storage temperature. In this paper, KNO3
doped Ca(OH)2 was prepared by mechanical and solution mixing, and the effect of KNO3 doping on Ca(OH)2/CaO
heat storage process was studied to compare with pure Ca(OH)2. Kinetic parameters and governing equations of
dehydration process for pure Ca(OH)2 and KNO3 doped Ca(OH)2 were obtained, which lay the foundation for the
subsequent design and simulation of heat storage system. Results have shown that 10 wt% of KNO3 doping can most
effectively reduce the reaction temperature and accelerate the heat storage process with very small loss of heat storage
density. It has been verified that the theoretical reaction data obtained by the kinetic control equation agrees well
with the experimental data. The cycling test of the pure Ca(OH)2/CaO system and KNO3 doped Ca(OH)2/CaO system
was investigated, which reveals the failure process of the KNO3 doped Ca(OH)2/CaO. Moreover, the corresponding
strategy for suppressing material failure was given.
Keywords: Thermochemical heat storage, Dehydration temperatures, Ca(OH)2, Doping, Kinetic, Cycling test,

1. Introduction
With the development of society, the shortage of fossil energy has become an increasingly serious problem which
promotes the development of renewable energy and energy-saving technologies. Solar thermal utilization and
industrial waste heat recovery technology have become the hotspot of current research. However, the discontinuity
and uneven distribution of solar energy and industrial waste heat have hindered their use. Thermal energy storage
technology is an important means to achieve solar heat utilization, industrial waste heat recovery and carbon
reduction (Miró et al., 2016; Prieto et al., 2016; Zhang et al., 2016). Compared with sensible heat and latent heat
storage, thermochemical heat storage has a larger heat storage density and capability of long-term heat storage and
the long-distance transportation of mass heat. It is a novel heat storage technology which is receiving more and more
attention (Carrillo et al., 2019).
The Ca(OH)2/CaO system in this paper is a thermochemical heat storage system which has a wide range of sources,
thus it is particularly suitable for high temperature heat storage (Xia et al., 2019). The reaction equation is shown in
Eq.(1). (Coats and Redfern, 1964). In the heat storage process, calcium hydroxide is heated and decomposed into
calcium oxide and water vapor. In the heat release process, calcium oxide reacts with water vapor to form calcium
hydroxide.
(eq. 1)
Ca(OH ) 2  CaO + H 2O
∆H =
104.4kJ mol-1
For Ca(OH)2/CaO system, many researchers have done fruitful research (Dai et al., 2018; Sakellariou et al., 2017;
Schaube et al., 2013). However, the low heat storage rate of dehydration process is a serious problem which hinders
the promotion of Ca(OH)2/CaO system. To solve this problem, some active additives were added. Kariya et al. (2016)
embedded vermiculite in Ca(OH)2 and found that the reaction rate of the composite material was enhanced. Yan and
Zhao (2016) studied the heat storage and release process of Ca(OH)2/CaO system in a fixed bed with Li doping, and
the heat storage process was accelerated. Furthermore, some salts, such as acetates and chlorides were added to lower
the dehydration temperature (Shkatulov and Aristov, 2015). However, the effects of these additives on the kinetic
parameters of heat storage reaction are still unclear, which are essential for the design of the heat storage system, and
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the relevant reaction controlling kinetic equations have not been obtained. Therefore, it is vital to obtain the
decomposition kinetic parameters and governing equations for these novel composite materials after adding additives.
There are already some kinetic researches of pure Ca(OH)2/CaO system, which have obtained the kinetic parameters
of pure Ca(OH)2/CaO system under different conditions, and the mechanism of the heat storage reaction is figured
out(Criado et al., 2014; Long et al., 2017; Schaube et al., 2012). In our previous work, Yan and Zhao (2014, 2015)
calculated the energy barrier of dehydration from Ca(OH)2 to CaO according to the first principle theory, and founded
that after doping with Li, the energy barrier in dehydration process becomes lower, which means the same heat
storage efficiency can be achieved at a lower temperature with Li doping. They also used the differential method and
integral method to obtain the decomposition kinetic equations of pure Ca(OH)2 and Ca(OH)2 after Li doping.
Since K and Li belong to the same main group in the periodic table and K is close to the position of Ca, this paper
used the inexpensive and easily available additive, KNO3, to study the dehydration process of doped Ca(OH)2. The
thermodynamic properties and kinetic parameters of the composites were obtained and compared with pure Ca(OH)2,
which provided a theoretical basis for the design and simulation of the Ca(OH)2/CaO heat storage system. In addition,
the cycling stability of the doped material was also investigated.

2. Experimental setup
2.1 Material preparation
In order to study the effect of KNO3 on the Ca(OH)2/CaO heat storage system, three different doping ratios of KNO3Ca(OH)2 composite heat storage materials were prepared, the mass ratio of KNO3 was 5%, 10% and 25%,
respectively. Both KNO3 and Ca(OH)2 were purchased from Sinopharm Chemical Reagent Co., Ltd, Shanghai, China.
The main chemical composition of the samples is shown in Tab. 1.
Tab. 1: Chemical composition and characteristics of the commercial Ca(OH)2 and KNO3

Materials

Composition

Ca(OH)2

Ca(OH)2≥95.0%

Mg, alkali metal ≤0.5%

NH4OH≤0.25%

KNO3

KNO3≥99.0%

Mg, alkali metal ≤0.26%

NH4OH≤0.001% Sulfate≤0.003%

Sulfate≤0.2%

The details and procedures of KNO3 doping are shown as follows. Agate mortar was used in the initial mechanical
mixing process. The total sample mass was strictly controlled at 6 g in each mechanical mixing process, so the weight
of KNO3 required for different samples can be calculated based on the mass fraction. Therefore, the mass of KNO3
in each mechanical mixing was 0.3 g, 0.6 g, and 1.5 g, respectively, while the corresponding Ca(OH)2 mass was 5.7
g, 5.4 g, and 4.5 g, respectively. KNO3 and Ca(OH)2 were mechanically ground in an agate mortar for 10 min. Then
the premixed sample was transferred to a 50 ml beaker and added 20 ml distilled water. The mixture was stirred at a
constant temperature of 90 °C for 1.5 h using a thermostatic stirrer manufactured by Shanghai Yangyingpu
Instrument & Meter Manufacturing Co., Ltd. After the completion of the heating, the mixture was dried at 120 °C
for 3 h using a vacuum drying oven (Shanghai Yiheng Scientific Instrument Co., Ltd.) to obtain the KNO3-Ca(OH)2
composite material. The prepared KNO3-Ca(OH)2 composite material was named as CH-N, the composite material
after CH-N dehydration was named as C-N, where N is the mass fraction of KNO3.

2.2 Material characterization
In order to study the effect of KNO3 on the heat storage process of Ca(OH)2/CaO heat storage system，the nonisothermal decomposition experiment was carried out using the DSC8000 Differential Scanning Calorimeter of
PerkinElmer. In the experiment, the sample weight was controlled between 9.1 and 9.8 mg in each test, the sample
was heated from 100 °C to 550 °C at the heating rate of 15 °C min-1. High-purity nitrogen (99.999%) was used as
the purge gas with the gas flow rate of 20 ml min-1 in the experiment. The muffle furnace (SX2-5-12, Shanghai
Tianye Electric Furnace Factory Co., Ltd, Shanghai, China) was used to test the effect of KNO3 on heat storage rate,
three grams of CH-10 and pure Ca(OH)2 were placed in the muffle furnace, and weighed every few minutes until the
sample was completely decomposed.
In order to study the effect of KNO3 on the failure process of KNO3 doped Ca(OH)2, the morphologies of samples
with different cycle times were characterized by using scanning electron microscope (SEM, Nova NanoSEM 230
instrument, USA, FEI). XRD test was also performed on samples with different cycle times. Diffraction data was
collected by step scanning using a step size of 0.02 °, a scan step time of 1 s, and a scan range of 5 °-60 ° 2θ.
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2.3 Non-isothermal kinetics characterization
In order to obtain the kinetic equation and parameters of the dehydration process, the non-isothermal dehydration
test was carried out using the STA8000 synchronous thermal analyzer of PerkinElmer. The sample weight was
controlled between 7.2 and 7.6 mg in each test; the initial temperature was set at 150 °C, then the sample was heated
to 600 °C at the heating rate of 2.5 ℃ min-1, 5 ℃ min-1, 10 ℃ min-1 and 15 ℃ min-1, respectively. Besides, high
purity argon was used as purge gas with the gas flow rate of 20 ml min-1 in the test.

3 Kinetic calculation of dehydration process
3.1 Non-isothermal kinetics of the dehydration process
According to the concept of reaction order raised by Van’t Hoff and various rate constant relations of Arrhenius
(Vyazovkin et al., 2011), the governing equation representing the non-isothermal reaction kinetics can be obtained,
which is shown in Eq. (2).
dα
A
E
) f (α )
= ( ) exp(−
β
dT
RT

(eq. 2)

Where, α is the conversion rate of the dehydration process, namely molar fraction reacted, which can be calculated
by using Eq. (3); T is the thermodynamic temperature; the constants include A, β, E, R. A is the pre-exponential factor;
β is the heating rate; E is the apparent activation energy; R is the molar gas constant; f(α) is the mechanism function
of reaction kinetics.

α
=

mini − ms M ch
×
mini × wch M H2O

(eq. 3)

Where, mini is the initial weight of sample, ms is the sample weight in real time, wch is the mass ratio of Ca(OH)2, Mch
is the molecular weight of Ca(OH)2 while M H O is the molecular weight of H2O.
2

The relationship between dα/dt and exp(-1/T) according to Eq. (2) for dehydration process of pure Ca(OH)2 and
KNO3 doped Ca(OH)2 is shown in Fig. 1 and Fig. 2 respectively. The model method was used to get more accurate
kinetic parameters, and the activation energy E, pre-exponential factor lnA and mechanism function were calculated
using the non-isothermal experiment.
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Fig. 1: The relationship between dα/dt and exp(-1/T) for dehydration process of pure Ca(OH)2
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Fig. 2: The relationship between dα/dt and exp(-1/T) for dehydration process of CH-10

3.2 Calculation procedure of the model method and error analysis
The Coats–Redfern integral method (Coats and Redfern, 1964) and the Achar–Brindly–Sharp (ABS) differential
method (Achar et al., 1966) were used to obtain the kinetic parameters.
Coats–Redfern method
g (α )
AR
E
ln=
ln(
)−
T2
β E RT
ABS method
ln

(eq. 4)

d(α )
A
E
= ln( ) −
f (α )dT
β RT

(eq. 5)

Where g(α) and f(α) are the reaction kinetic mechanism function in integral and differential forms, respectively.
The linear fitting method was used to fit the data calculated by non-isothermal experiment, where the left side of Eq.
(4) and Eq. (5) was regarded as ordinate, and the 1/T was chosen as the abscissa. According to the non-isothermal
experiment data and the reaction mechanism function above, the activation energy and pre-exponential factor can be
obtained from the intercept and slope of the fitting straight line. Three different reaction mechanism functions were
used to obtain the most suitable kinetic parameters, which are listed in Tab. 2. In order to ensure the accuracy of the
kinetic parameters, the thermogravimetric experiment results at the heating rate of 5 ℃ min-1, 10 ℃ min-1 and 15 ℃
min-1 were adopted in the kinetic calculation, while the experiment result at the heating rate of 2.5 °C min-1 was used
to check the calculated kinetic equation.
Tab. 2: Three reaction mechanism functions of gas-solid reaction mechanisms.

Reaction model

Code

g(α)

Mample (first order)

F1

-ln(1-α)

Contracting cylinder

R2

1-(1-α)

One-dimensional diffusion

D1

f(α)
1/2

α2

(1-α)
2(1-α)1/2
(1/2)α-1

The error analysis process is as follows, the system error can be calculated using Eq. (6).
2

=
us

 ∂h
  ∂h

 u (T )  +  u (α ) 
 ∂T
  ∂α


2

(eq. 6)

Where, the weight inaccuracy is 0.0001 mg for electronic balance of the TGA and the temperature inaccuracy is
0.01 ℃ for the TGA. Therefore, u(α) is ±0.0013%; and u(T) is ±0.0025%.
The error of the activation energy (E) can be calculated using Eq. (7).

=
uE

(us ) 2 + (uf1 ) 2

(eq. 7)

Where the uf1 is the fitting error of the apparent activation energy.
The error of the lnA can be calculated by Eq. (8) for the Coats-Redfern method and Eq. (9) for ABS method.

=
uln A

(uE ) 2 + (uf2 ) 2

(eq. 8)
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(eq. 9)

uln A = uf2
Where the uf2 is the fitting error of lnA.

As a result, the error of activation energy is nearly 2.64%-4.32% for the Coats-Redfern method and 2.76%-6.52%
for the ABS method, while the error of lnA is about 2.96%-5.17% for the Coats-Redfern method and 2.13%-5.90%
for the ABS method.

4. Results and discussion
4.1 Influence of KNO3 on the heat storage process
According to the DSC signal of endothermic dehydration process of pure Ca(OH)2 and samples with different doping
ratios, the onset temperature and heat storage density were calculated, the results are listed in Tab. 3. When doped
with 5% KNO3, the onset temperature of the reaction reduces from 461.43 °C to 446.48 °C, as the mass fraction of
KNO3 rises from 5% to 10%, the onset temperature of the dehydration reaction drops by approximately 15 K.
However, when the mass fraction rises from 10% to 25%, the reaction onset temperature only drops by nearly 7 K,
that is, with the increase of the mass fraction, the onset temperature of the reaction rapidly decreases. When the mass
fraction of KNO3 exceeds 10%, the reaction onset temperature decreases at a slower rate. Considering that the heat
storage density of the composite material cannot be reduced too much, 10 wt% is the optimal addition ratio of KNO3.
At this ratio, the onset temperature of the dehydration reaction can be effectively reduced, (approximately 32 K), and
the reduction of the heat storage density of the composite material can also be ignored.
Tab. 3: The onset temperature and heat storage density of dehydration reaction for pure Ca(OH)2 and KNO3 doped Ca(OH)2

Materials

Onset temperature (°C)

Heat storage density (kJ kg-1)

CH

461.43

1435.16

CH-5

446.80

1365.25

CH-10

428.49

1317.06

CH-25

421.78

1096.56

As shown in Fig. 3, the decomposition process of CH-10 took only 45 minutes while the decomposition process of
pure Ca(OH)2 took almost 80 minutes, which means the decomposition rate of CH-10 is almost twice that of pure
Ca(OH)2. Therefore, doping KNO3 can effectively increase heat storage rate and regulate heat storage temperature.
100%
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80%

60%

40%

CH-10
pure Ca(OH)2

20%
10

20

30

40

50

60

70

80

90

Time (min)

Fig. 3: The heat storage process of pure Ca(OH)2 and CH-10 in muffle furnace

4.2 Verification of the composition of CH-10
In order to evaluate the composition of CH-10, XRD test was performed. The XRD pattern is shown in Fig. 4. In Fig.
4(a), XRD pattern of pure Ca(OH)2 shows that the major phase is portlandite (Ca(OH)2), while the calcite phase
(CaCO3) can also be observed. The calcite phase can be regarded as the impurity. In Fig. 4 (b), for CH-10, reflexes
of low intensity from KNO3 can be detected, and this can prove that KNO3 has been doped into Ca(OH)2.
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Fig. 4: XRD pattern of pure Ca(OH)2 (a) and CH-10 (b)

4.3 Kinetics of pure Ca(OH)2
In the light of the model fitting process and the R-Square results in Tab. 4, the F1 model is the most suitable reaction
model for the dehydration process of pure Ca(OH)2. Besides, it is also the closest model between the integral and the
differential method. The kinetic parameters are listed in Tab. 5. After averaging the integral results and the differential
results, the final activation energy E and pre-exponential factor A for the dehydration of pure Ca(OH)2 are 7.6×104 J
mol-1 and 9.81×108 s-1, respectively. Thus, the kinetic equation can be expressed as Eq. (10).

dα
7.6 ×104
) × (1 − α )
= (9.81×108 ) × exp(−
dt
RT

(eq. 10)

Tab. 4: R-Square results of model fitting process (for pure Ca(OH)2)

Reaction model

Rs of Coats-Redfern (mean)

Rs of ABS (mean)

F1

0.9900

0.9938

R2

0.9622

0.9704

D1

0.9489

0.9349

Tab. 5: Kinetic parameters calculated by Coats-Redfern and ABS method (for pure Ca(OH)2)

Coats-Redfern

β

ABS
E (J mol )

Model

E (J mol )

lnA

Rs

5

9.0×10

4

25

0.98883

7.5×10

21

0.99116

F1

10

8.5×104

23

0.99142

6.9×104

19

0.99541

F1

15

7.6×104

20

0.98975

6.1×104

16

0.99495

F1

Mean

8.4×104

22.8

-

6.8×104

18.5

-

-1

-1

lnA

Rs

4

4.4 Kinetics of CH-10
The calculation of kinetic parameters reflects that the F1 model has the best fitting result for the dehydration process
of CH-10 according to Tab. 6. The kinetic parameters are shown in Tab. 7. The integral results and the differential
results were averaged to obtain the final kinetic parameters, the activation energy E and pre-exponential factor A for
the dehydration of CH-10 are 6.4×104 J mol-1 and 5.94×107 s-1, respectively. Thus, the kinetic equation can be
expressed as Eq. (11).

dα
6.4 ×104
= (5.94 ×107 ) × exp(−
) × (1 − α )
dt
RT

(eq. 11)
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Tab. 6: R-Square results of model fitting process (for CH-10)

Reaction model

Rs of Coats-Redfern (mean)

Rs of ABS (mean)

F1

0.9868

0.9936

R2

0.9749

0.9868

D1

0.9622

0.9622

Tab. 7: Kinetic parameters calculated by Coats-Redfern and ABS method (for CH-10)

Coats-Redfern

β

ABS

Model

E (J mol-1)

lnA

Rs

E (J mol-1)

lnA

Rs

5

8.4×104

24

0.98113

6.5×104

19

0.99348

F1

10

7.0×10

4

19

0.99010

5.2×10

4

14

0.99370

F1

15

6.6×10

4

18

0.98930

4.9×10

4

13

0.99361

F1

Mean

7.3×104

20.5

-

5.5×104

15.3

-

4.5 Verification of the kinetic control equation for pure Ca(OH)2 and CH-10
In order to check the validity of the derived kinetic equations, the thermogravimetric data at the heating rate of 2.5 ℃
min-1 was compared with the theoretical data calculated by using Eq. (10) and Eq. (11), as well as the heating rate β.
As shown in Fig. 5 and Fig. 6, whether it is pure Ca(OH)2 or CH-10, the theoretically calculated data is in good
agreement with the actual measured data, and the growth trend is consistent. Therefore, the kinetic equation can be
utilized in subsequent simulation for fixed bed.
1.0

Conversion

0.8
Experiment, β=2.5 °C min-1
Model, β=2.5 °C min-1

0.6

0.4

0.2

370

380

390

400

410

420

Temperature (°C)

Fig. 5: Comparison of theoretical and experimental results for pure Ca(OH)2 dehydration process
1.0

Conversion

0.8

Experiment, β=2.5 °C min-1
Model, β=2.5 °C min-1

0.6

0.4

0.2

0.0

360

370

380

390

400

410

Temperature (°C)

Fig. 6: Comparison of theoretical and experimental results for CH-10 dehydration process

4.6 Comparison of kinetics between CH-10 and pure Ca(OH)2
As shown in Fig. 7, the apparent activation energy will be reduced approximately 1.2×104 J mol-1 after doping
KNO3, which means that the dehydration process can be accomplished more easily with KNO3 doping and a higher
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heat storage efficiency can be achieved at the same temperature. In addition, this can explain the reduction of onset
temperature and the increase of heat storage rate after KNO3 doping.
Apparent activation energy (kJ mol-1)

90

pure Ca(OH)2
CH-10

80

∆E = 1.2×104 J mol-1

70
60
50
40

7.6×104 J mol-1

6.4×104 J mol-1

30
20
10
0

Two kinds of heat storage processes

Fig. 7: Apparent activation energy reduction caused by KNO3 doping

4.7 The cycling test of pure Ca(OH)2
Fig. 8 and Fig. 9 show the SEM images of pure Ca(OH)2 and CaO at different cycling stages. Initially, the
microstructures of pure Ca(OH)2 and CaO are loose networks like wisps of cotton wool. However, as the cycle
progresses, the microstructures of pure Ca(OH)2 and CaO become compact and irregular spheres. As shown in Fig.
10, with the cycle progressing, the corresponding peak intensity of CaCO3 is growing, indicating that the proportion
of material failure is gradually increasing.
(a)

(b)

Fig. 8: Pure Ca(OH)2 SEM images of different cycles ( (a) cycle 1; (b) cycle 25 )

(a)

(b)

Fig. 9: Pure CaO SEM images of different cycles ( (a) cycle 1; (b) cycle 25 )
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Fig. 10: XRD pattern of pure Ca(OH)2 with different cycles ( (a) cycle 1; (b) cycle 25 )

4.8 The cycling test of CH-10
Fig. 11 and Fig. 12 show the SEM images of CH-10 and C-10 at different cycling stages. It is worth noting that,
unlike the heat storage and exothermic processes of pure Ca(OH)2/CaO, the morphology of C-10 produced by CH10 dehydration is blocky rather than loose network structure. Moreover, when C-10 hydrates to CH-10, the block
structure is as if being torn apart, then eventually grows into a flower-like structure, which means that the specific
surface area of the material is increased. When CH-10 dehydrates into C-10, the flower-like structure shrinks and
eventually becomes a blocky structure. Undoubtedly, the addition of KNO3 makes the Ca(OH)2 become a flowerlike structure during the hydration process, which can enhance the heat and mass transfer. Therefore, the promotion
of dehydration of CH-10 by KNO3 is manifested in two aspects. On the one hand, it reduces the activation energy of
the reaction, on the other hand, KNO3 regulates the morphology of the material in the heat storage and exothermic
reaction, which promotes heat and mass transfer.
According to Fig. 13, the peak of KNO3 still exists after 25 cycles, indicating that the failure of the material is
completely due to carbonation, and KNO3 has good stability during the cycle. For CH-10, evacuating the reactor
before the heat storage and releasing process to insulate CO2 from the heat storage material is a recommended method
to inhibit carbonation. In addition, the cyclic stability of CH-10 after evacuating the reactor needs to be further studied.
(a)

(b)

(c)

(d)

Fig. 11: CH-10 SEM images of different cycles ( (a) cycle 1; (b) cycle 5; (c) cycle 10; (d) cycle 25 )

(a)

(b)

(c)

(d)

Fig. 12: C-10 SEM images of different cycles ( (a) cycle 1; (b) cycle 5; (c) cycle 10; (d) cycle 25 )
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Fig. 13: XRD pattern of CH-10 with different cycles ( (a) cycle1; (b) cycle5; (c) cycle 10; (d) cycle 25 )

5 Conclusions
The KNO3 doped Ca(OH)2 is a promising TCES material with great reaction performance. KNO3 doping will reduce
the heat storage temperature and evidently increase the heat storage rate. Therefore, KNO3-doped Ca(OH)2/CaO heat
storage system can be used for lower temperature heat storage, its operating temperature range can be broadened.
The kinetic parameters and corresponding control equations of pure Ca(OH)2 and KNO3 doped Ca(OH)2 were
obtained. KNO3 doping can effectively reduce apparent activation energy, which promotes the heat storage reaction.
For the cycling test analysis, unlike pure Ca(OH)2, there is a flower-like microstructure in KNO3 doped Ca(OH)2
during cycling, which reinforces the heat and mass transfer processes and promotes the heat storage reaction
accordingly. The XRD pattern shows that KNO3 has good cycling stability, which means it can still work after 25
cycles.
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Abstract
Fin is an effective and low-cost way to enhance the heat transfer performance of latent heat storage, but its
design still lacks clear theoretical guidance. In this paper, a two-dimensional model is established based on
topology optimization theory in order to obtain the optimal fin configuration in the tube-and-shell latent heat
storage. The effect of numerical parameters, such as mesh size, filter radius, penalty factor and objective
function on the optimal fin configuration is studied. Besides, the effect of natural convection in the melting
process on the optimal fin configuration is also investigated. At last, experimental validation is carried out in
which the heat transfer performance of optimized fins, triangular fins and rectangular fins is compared. It is
found that the optimized fins present dendritic distributions and show better heat transfer performance than
other fins; numerical parameters and natural convection both have significate influence on the optimal fin
configuration in latent heat storage. Topology optimization is an effective and reliable method to optimize the
fin configuration in latent heat storage.
Keywords: latent heat storage, topology optimization, heat transfer, fin, experimental validation

1. Introduction
Latent heat storage is a promising way to solve the intermittence and fluctuation of renewable energy (e.g.,
solar energy and wind energy) and industrial waste heat, but phase change materials usually suffer from low
thermal conductivity, which limits heat transfer performance of latent heat storage (Gasia et al., 2016). As a
heat transfer method, fins have advantages in terms of performance stability, manufacturing feasibility,
technical maturity and economy, etc. However, their structure optimization mostly relies on engineering
experience and lacks clear theoretical guidance, which makes it difficult to achieve the optimal heat transfer
effect.
Topology optimization can realize the high degree of freedom structure optimization under specific objectives.
So far, it has been widely applied in the field of mechanics (Eschenauer and Olhoff, 2001) and began to extend
to the field of flow and heat transfer, e.g., fin structure optimization (Alexandersen et al., 2016; Joo et al., 2017)
and flow channel design (Dilgen et al., 2018; Gersborg-Hansen et al., 2005) in the heat sink. As for latent heat
storage, Pizzolato et al. (2017a, b; 2019) first introduced topology optimization theory into the design of fin
configuration in the tube-and-shell latent heat storage and investigated the effect of natural convection, material
selection, flow arrangements and design constraints on the optimal fin configurations. You et al.(2019)
obtained and reconstructed the optimized fins by topology optimization and then compared the optimized fins
and other typical types of fins through CFD simulation. However, the effect of numerical parameters on the
optimal fin configuration in latent heat storage is not fully discussed. In addition, the experimental study and
validation still have not been carried out for the topology optimization of fin configurations in latent heat
storage.
In this study, a two-dimensional model is established based on topology optimization theory in order to
optimize the fin configuration in the tube-and-shell latent heat storage. The effect of numerical parameters,
such as mesh size, filter radius, penalty factor and objective function on the optimal fin configuration is studied.
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Besides, the effect of natural convection in the melting process on the optimal fin configuration is also
investigated. Experimental study is carried out in which heat transfer performance and phase change process
with optimized fins, triangular fins and rectangular fins are compared.

2. Model description
2.1 Physical model
Fig.1 shows the simplified two-dimensional model of tube-and-shell latent heat storage where the right half of
the cross section is taken as the design domain due to the symmetry. The design domain consists two parts:
phase change materials, ΩPCM and heat conduction materials, ΩHCM. r1 and r2 are the radii of heat transfer tube
and storage tank, respectively. The inner and outer walls are regarded as constant temperature boundary and
adiabatic boundary, respectively. In this study, r1 and r2 equal to 0.02m and 0.05m, respectively. The
temperature at inner wall, Tb, is 373K. Paraffin RT60 and aluminum are used as PCMs and HCMs, respectively,
with a volume ratio of PCMs being 15%. The thermophysical parameters of PCMs and HCMs are listed in
Tab.1. The initial temperature of the whole domain is 298.15K.

Fig. 1: Physical model of latent heat storage
Tab. 1: Thermophysical parameters of PCMs and HCMs
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Parameter

Value

Density of PCMs, ρPCM

780 kg/m3

Density of HCMs, ρHCM

2700 kg/m3

Thermal conductivity of PCMs, kPCM

0.15 W/(m∙K)

Thermal conductivity of HCMs, kHCM

214 W/(m∙K)

Specific heat capacity of PCMs, cp,PCM

2120 J/(kg∙K)

Specific heat capacity of HCMs, cp,HCM

891 J/(kg∙K)

Viscosity of PCMs, µ

0.0039 Pa∙s

Coefficient of thermal expansion, β

0.002 K-1

Melting temperature, Tm

333.15 K

Melting temperature range, T1/T2

323.15 K/343.15 K

Latent heat of PCMs, L

200 kJ/kg

Y. Zhao et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2.2 Mathematical model
2.2.1 Governing equation
Continuity equation
𝜕𝑢

+

𝜕𝑥

𝜕𝑣
𝜕𝑦

=0

(eq. 1)

Momentum equation
∂𝑢

+𝑢

∂𝑡
∂𝑣
∂𝑡

+𝑢

∂𝑢

+𝑣

∂𝑥
∂𝑣
∂𝑥

+𝑣

∂𝑢
∂𝑦
∂𝑣

=−
=−

∂𝑦

1 𝜕𝑝
𝑝 𝜕𝑥
1 𝜕𝑝
𝑝 𝜕𝑦

+ µ(
+ µ(

𝜕2 𝑢
𝜕𝑥 2

𝜕2 𝑣
𝜕𝑥 2

+
+

𝜕2 𝑢
𝜕𝑦 2
𝜕2 𝑣
𝜕𝑦 2

) − 𝛼(𝑥)𝑢

(eq. 2)

) − 𝛼(𝑥)𝑣 − 𝑔𝛽(𝑇 − 𝑇0 )

(eq. 3)

The terms α(x)u and α(x)v are brinkman terms to distinguish PCMs and HCMs as well as solid phase and
liquid phase of PCMs. Term gβ(T-T0) is the Boussinesq approximation to describe the natural convection in
liquid PCMs. α(x) is defined as following:
𝜌s (𝑥) = 1
𝜌s (𝑥) = 0

𝛼
≫ 1,
𝛼(𝑥) = { HCM
𝛼PCM (𝑇),

(eq. 4)

αPCM,liquid , 𝑇 > 𝑇m
𝛼PCM (𝑇) = {
αPCM,solid , 𝑇 ≤ 𝑇m

(eq. 5)

Energy equation
(𝜌𝑐p + 𝜌𝐿(𝑇))

𝜕𝑇
𝜕𝑡

+ (𝜌𝑐p + 𝜌𝐿(𝑇)) (

∂(𝑢𝑇)
∂𝑥

+

∂(𝑣𝑇)

𝜕

∂𝑦

𝜕𝑥

)=

(𝑘(𝑥)

𝜕𝑇
𝜕𝑥

)+

𝜕
𝜕𝑦

(𝑘(𝑥)

𝜕𝑇
𝜕𝑦

)

(eq. 6)

Here, L(T) is defined as the function of temperature T and satisfies the following equations:
𝑇

2
∫𝑇 𝐿(𝑇)𝑑𝑇 = 𝐿

(eq. 7)

1

0, 𝑇 ∈ (0, 𝑇1 ] ∪ [𝑇2 , +∞)
𝐿(𝑇) = { 𝐴1 (𝑇 − 𝑇1 ), 𝑇 ∈ (𝑇1 , 𝑇m )
𝐴2 (𝑇 − 𝑇2 ), 𝑇 ∈ (𝑇m , 𝑇2 )

(eq. 8)

where T∈(T1, T2) is the range for phase change, A1 and A2 are constants for the latent heat curve.
2.2.2 Boundary and initial condition
The inner and outer walls are both impermeable and no-slip.
𝑢=𝑣=0

(eq. 9)

The inner wall is set to a specific temperature Tb higher than melting temperature Tm.
𝑇 = 𝑇b = 373K

(eq. 10)

The outer wall is adiabatic.
𝑞=0

(eq. 11)

The initial temperature of the whole design domain is 298.15K.
𝑇 = 298.15K

(eq. 12)

2.2.3 Topology optimization:
The mathematical model of topology optimization can be expressed as follows:
∫Ω 𝑇(𝑥)𝑑𝑥

Objective

Maximum 𝑧1 (𝑇(𝑥), 𝑥) =

Constraints

𝐹(𝑢(𝑥), 𝑣(𝑥), 𝑇(𝑥), 𝑥) = 0

(eq. 14)

∫Ω 𝜌𝑑𝑉 ≤ Φ∫Ω 𝑑𝑉

(eq. 15)

𝑉

or 𝑧2 (ℎ(𝑥), 𝑥) = ∫Ω ℎ(𝑥)𝑑𝑥

(eq. 13)
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𝑥 ∈ 𝑋 = {𝑥1 , 𝑥2 , 𝑥3 … 𝑥N }

(eq. 16)

The optimization objective in this paper is to maximum the average temperature or the total enthalpy of the
whole domain within a fixed time t. The constraint (eq. 14) is the governing equation and the constraint (eq.
15) is used to limit the volume ratio of HCMs. SIMP method is used to define the design variables, which
distinguish PCMs and HCMs. In the SIMP method, penalty factor p is defined to realize the 0-1 distribution
of design variables. The thermophysical parameters are redefined as follows:
𝑝

𝑘(𝑥) = 𝑘PCM + 𝜌s (𝑘HCM − 𝑘PCM )

(eq. 17)

𝜌(𝑥) = 𝜌PCM + 𝜌s (𝜌HCM − 𝜌PCM )

(eq. 18)

𝑐p (𝑥) = 𝑐p,PCM + 𝜌s (𝑐p,HCM − 𝑐p,PCM )

(eq. 19)

𝐿(𝑥) = (1 − 𝜌s )𝐿

(eq. 20)

𝛼(𝑥) = 𝛼PCM (𝑇) + 𝜌s (𝛼HCM − 𝛼PCM (𝑇))

(eq. 21)

2.2.4 Numerical methodology
Finite element method is used to discrete the governing equations and MMA is used as the optimization method
in each iteration. Whether the momentum equations are solved depends on whether the flow in liquid PCMs
is considered. Besides, Helmholtz-type differential equation is solved as a filter method in order to ensure the
convergence:
∇ ∙ (−𝑟f ∇𝜌f ) + ∇𝜌f = 𝜌s

(eq. 22)

where rf and ρf are filter radius and design parameter after filter, respectively. The convergence criteria are all
1×10−6.

3. Experimental system
Fig.2 shows the experimental systems. In Fig.2(a), the oil bath supplies constant-temperature oil to the test
module as a constant-temperature heat source. The temperature of the oil supplied by the oil bath is fixed at
90℃. The oil temperatures at the inlet and outlet of the test module, the PCM temperature inside the test
module, and the flow rate of the oil are measured and recorded. In Fig.2(b), the tube and fins are sealed in a
quartz glass container. During the experiment, the heat oil is stored in the tube and the space between fins and
quartz glass is filled with Paraffin RT60. Six K-type thermocouples are inserted into the quartz glass container
to measure the temperature of PCMs as shown in Fig.2(b). Three kinds of aluminum fins (the optimized fins,
the triangular fins and the rectangular fins) are manufactured by wire-electrode cutting and then are sealed in
test modules, respectively. The three kinds of fins have the same volume. The optimized fins, the triangular
fins and the rectangular fins are shown in Fig.3, respectively.

Fig. 2: Experimental system

1252

Y. Zhao et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 3: Three kinds of fin configurations adopted in the experiment

4. Results and discussion
4.1 Effect of numerical parameters
4.1.1 Mesh size
Three different mesh sizes (0.0015mm, 0.001mm and 0.0008mm) are compared in which the flow in liquid
PCMs is neglected and the optimization objective is to maximum the average temperature of the whole domain
within t=300s. Fig.4 shows the effect of mesh size on the fin configuration in which the left half is the mesh
and the right half is the fin configuration. It is found that the fins show similar dendritic distributions under
different mesh sizes. When mesh size is 0.0015mm, it is obvious that there exists discontinuity in the fin
structure. As the mesh size decreases, the fin structure becomes more sophisticated with sharper boundaries.
When mesh size decreases to 0.001mm, no obvious difference exists in fin configurations compared with
smaller mesh sizes, thus the mesh size of 0.001mm is adopted in the following study.

Fig. 4: Effect of mesh size on the fin configuration

4.1.2 Filter radius
Three different filter radii (0.0003mm, 0.0005mm and 0.0008mm) are compared in which the flow in liquid
PCMs is neglected and the optimization objective is to maximum the average temperature of the whole domain
within t=300s. Fig.5 shows the effect of filter radius on the optimal fin configuration. It is found that though
larger filter radius rf can effectively alleviate the discontinuity and checkerboard of fin configuration, the fuzzy
area of fin structures is larger and more details of the fin structures are lost with filter radius rf increasing.
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Fig. 5: Effect of filter radius on the fin configuration

4.1.3 Penalty factor
Three different penalty factors (3, 4 and 5) are compared in which the flow in liquid PCMs is neglected and
the optimization objective is to maximum the average temperature of the whole domain within t=300s. Fig.6
shows the effect of penalty factor on the optimal fin configuration. It is shown that smaller penalty factor
reduces the penalty effect on the intermediate value of the design variable Φ, thus leading to more dispersed
structures and fuzzy areas.

Fig. 6: Effect of penalty factor on the fin configuration

4.1.4 Objective function
Two different objective functions (maximizing the average temperature and the total enthalpy in 300s) are
compared in which the flow in liquid PCMs. Fig.7 shows the effect of objective functions on the fin
configuration in which the left half is the fin configuration and the right half is the temperature distribution at
t=300s. It is found that the fin configuration both show similar dendritic distributions under different objective
function. When the objective is to maximize the average temperature, the fins are distributed uniformly in
shape and size, thus leading to a uniform temperature field. But when the objective changes to maximize the
total enthalpy, the fins in the upper and lower parts are large than those in the middle part, which leads to a
non-uniform temperature field.
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Fig. 7: Effect of objective function on the fin configuration

4.2. Effect of natural convection
Fig.8 shows the effect of natural convection in melting process on the optimal fin configuration and the
corresponding temperature/ flow field distributions. Due to natural convection, liquid PCMs heated by the hot
tube usually flow upward continuously and forms a closed flow loop in the cavity, which will promote the heat
charging process. Uniform-distributed fin configuration tends to suppress the flow in the cavity. In Fig.8, when
natural convection in liquid PCMs is taken into consideration, the fins in the middle part are much shorter than
those in the upper and lower parts, which forms an internal circulation flow and promotes heat transfer in
melting process. From the beginning to t=100s, PCMs absorb heat from the fins and natural convection tends
to be strong. After t=100s, natural convection begins to weaken.

Fig. 8: Effect of natural convection on the fin configuration

4.3 Experimental validation
In the previous studies, the optimized fins, the triangular fins and the rectangular fins are reconstructed through
CAD methods and their performance has been compared by CFD simulation (You et al., 2019). In this paper,
the experiment is carried out to validate the excellent heat transfer performance of the fins obtained by topology
optimization. Fig.9 shows the average temperatures of PCMs with different fin configurations. The PCM
temperature increases fastest and melting finishes at about t=17min with optimized fins. As for triangular and
rectangular fins, the average temperatures reach melting temperature at t=20.5min and t=23min, respectively.
At t=17min, the average temperature of PCMs with optimized fins is 20K higher than those of PCMs with
triangular and rectangular fins. Besides, compared with the simulation results, the temperature evolution
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obtained by experiment lags behind, because no insulation measures are taken for the test module.

Fig. 9: Comparison of average temperatures of PCMs with different fin configurations

In Fig.10, it is obviously shown that there is still a large amount of PCMs remaining solid state with triangular
and rectangular fins when PCMs completely melt with optimized fins.

Fig. 10: Comparison of liquid fraction of PCMs with different fin configurations

5. Conclusions
In this paper, the topology optimization of fin configuration in latent heat storage is carried out. The effect of
numerical parameters, such as mesh size, filter radius, penalty factor and objective function on the optimal fin
configuration is studied. Besides, the effect of natural convection in the melting process on the optimal fin
configuration is also investigated. At last, experimental validation is performed. The main conclusions are
drawn as follows:
 Optimized fins show dendritic distributions and numerical parameters have significate influence on the
optimal fin configuration in latent heat storage. Mesh size and filter radius are related to the discontinuity
of the fin configuration. Filter radius and penalty factor affect the distribution of the design variable at the
interfaces.
 Natural convection leads the fins in the middle part to be shorter than those in the upper and lower part,
thus forming a closed flow loop and promoting the heat transfer.
 The better heat transfer performance of the optimized fins obtained by topology optimization is
validated by experiment. Topology optimization is an effective and reliable method to optimize the fin
configuration in latent heat storage.
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Abstract
Hydrogen is a potential option to replace fossil fuels considering the increasing demand of energy applications.
It is naturally abundant and is regarded as a suitable energy carrier. There has been extensive research to
improve the efficiency of storing hydrogen with different methods, including gas compression, liquefaction
and sorption in metal hydrides or carbon nanotubes. A comparison of the storage methods shows that
liquefaction of hydrogen is more beneficial than compression of hydrogen in terms of higher volumetric
capacity, and it is more technologically mature than sorption technologies. This makes it more plausible for
long distance distribution. On the other hand, the obstacles in full exploitation of the method are low energy
efficiency of the liquefaction process and associated high cost. The recent research has been focusing on
increasing the energy efficiency of the storage process. This paper provides, with regard to the conventional
methods, a state of the art review of the novel and modified liquefaction process and the latest developments
in increasing the efficiency of the energy intensive process. Furthermore, the developments in combining the
hydrogen liquefaction plants with renewable energy sources are covered and reviewed. Finally, the ongoing
development of hydrogen liquefaction is highlighted.
Keywords: Hydrogen, Liquefaction, Energy Storage, Efficiency, Exergy

1.

Introduction

The increasing trend of the world energy demand requires a sustainable source of energy with a lower
environmental impact than the conventional energy resources. Energy generated from the renewable resources,
as alternative to the conventional ones, including wind and solar energy, needs to be stored through a storage
medium. Hydrogen (H2) is an interesting energy carrier. It is an abundant source of energy throughout the
world and can be harnessed in different ways. It can be produced through many processes of fuel processing
including hydrocarbon and ammonia reforming, desulfurization, and pyrolysis among others. In these
processes, hydrogen is extracted through converting fuels containing hydrogen. It can be also produced from
water through electrolysis or thermolysis processes at which hydrogen and oxygen are split apart using
electricity in a relatively wide range of operating temperature range (Nikolaidis and Poullikkas, 2017; Satyapal
et al., 2007).
Hydrogen is stored and transported in different methods. It can be compressed and stored in special high
pressure withstanding containers, or be liquefied and maintained under certain temperature and pressure
condition. It can be adsorbed in carbonic structures or can be distributed in metallic structures forming metal
hydrides.
The highly compressed hydrogen is currently the most common way to store hydrogen, however, the
compression is an energy intensive process, consuming about 15% of its low heat value (LHV) per unit mass
(Jensen et al., 2007). The drawback with gas compression is its low volumetric capacity. To increase the
volumetric capacity the compression needs to be increased, leading to a higher energy demand process.
Storing hydrogen with adsorption in carbon materials or by forming of hydrides in metals such as magnesium
and iron, composing complex metal hydrides including nitrogen-containing and boron-containing hydrides is
associated with major drawbacks as well. Storing and releasing of hydrogen in most of the hydrides are highly
endothermic or exothermic reactions, occurring at extreme temperatures, demanding significant cooling and
heating (Umegaki et al., 2009). In addition, metal hydrides suffer from low gravimetric capacity (wt %) and
low volumetric capacity (g L-1), making them unappealing to be used extensively in industrial scale(Durbin
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and Malardier-Jugroot, 2013).
Liquefaction of hydrogen is an alternative to the aforementioned methods. However, the boiling temperature
of hydrogen is about -253 °C and liquefying through reaching to such low temperature can be highly energy
consuming. Liquefied hydrogen has some advantages over the other hydrogen storage solutions. As shown in
Fig. 1, it can have as high gravimetric capacity as compressed hydrogen gas and as high volumetric capacity
as the best of the chemical hydrides or even higher. The cost of liquefaction is reported to be lower than the
compressed hydrogen and competitively low relative to hydrides (Satyapal, 2006). As compared to other
techniques, liquefaction of hydrogen is closer to the demanding conditions imposed and capacity announced
by the U.S. Department of Energy (DOE) in terms of gravimetric and volumetric capacities, as shown in Fig.
1.

Fig. 1: Gravimetric and volumetric capacity of hydrogen storage technique, illustrated based on (Satyapal, 2006)

2. Liquefaction principles and existing plants
To liquefy hydrogen it needs to be cooled down in an isobaric process to the proximity of its critical
temperature, and in a process of expansion through a throttling valve would be entered into the two-phase
region.
Hydrogen naturally exists in two forms of ortho and para depending on the spinning axis of the neutrons. If
the neutrons rotate symmetrically, the hydrogen molecule is denoted as ortho and if the spinning is asymmetric,
it is referred to as para. In ambient temperature, 75% of naturally existing hydrogen is ortho and 25 % is para
(Weitzel et al., 1958). In the liquefaction process of hydrogen the ortho type needs to be converted to para
using some catalyzers embedded in catalyst beds. Ortho hydrogen converts to para hydrogen naturally and
slowly as it is being cooled down to the boiling temperature. Since the reaction is an exothermic and causing
vaporization of some part of the liquid hydrogen, the conversion needs to be conducted and accelerated in
multistage catalyst beds embedded in the liquefaction plant (Baker and Shaner, 1978).
The liquefaction process initially began with collaboration of Carl von Linde and William Hampson in 1895,
devising a simple thermodynamic cycle used to liquefy air (Barron, 1972). The Linde-Hampson cycle, as
shown schematically in Fig. 2, was comprised of an isothermal compression process, heat exchange in a
constant pressure and a Joule-Thomson effect through an expansion valve. After an isobaric regenerative
cooling by the return line, the highly compressed air was expanded to a pressure close to the atmospheric
pressure through a throttling valve followed with a reduction in the temperature in a constant enthalpy process.
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Fig. 2: a) Schematic layout of Linde-Hampson cycle, b) T-S diagram of Linde-Hampson

The Linde-Hampson system was not able to reach the temperature needed for liquefaction of hydrogen unless
with some modifications (Barron, 1972). The Linde-Hampson system were modified to precooled LindeHampson and dual pressure Linde-Hampson systems. In the pre-cooled Linde-Hampson system, the incoming
highly compressed gas in the process was cooled down with an external cooling source prior to the regenerative
cooling, for instance, via liquefied nitrogen or a vapor-compression cycle with an appropriate refrigerant
(Barron, 1972; Matsuda and Nagami, 1998). In the dual pressure Linde-Hampson system, as shown in Fig. 3,
the compression and the throttling stages were comprised of two stages of compression and expansion. The
compression work was reduced by the double stage compression. On the other hand, instead of expansion to
the atmospheric pressure, through the primary valve the compressed gas was expanded to an intermediate
pressure and collected by a receiver. In the receiver, the gas was returned to the high stage compressor, and
the liquid entered the secondary valve expanding to the atmospheric pressure. This caused a greater mass of
gas to be liquefied, as compared to the single stage expansion. Another modification in the dual stage LindeHampson cycle was using of an isentropic expander instead of the Joule-Thomson expansion valve. This
resulted in having a greater portion of the liquefaction from the high pressure to the intermediate pressure,
reducing the work needed for the compression (Macinko et al., 1960).

Fig. 3: a) Schematic layout of dual stage Linde-Hampson cycle, b) T-S diagram of dual stage Linde-Hampson

To liquefy hydrogen with no pre-cooling, an isentropic expander was added to the Linde-Hampson cycle to
provide further cooling along the supply line. This design modification was known as Claude cycle, shown
schematically in Fig. 4. The isentropic process in the expander resulted in a far more reduced temperature of
the gas, as compared to the isenthalpic process in the Joule-Thompson effect. The expanded gas joined the
return gas regenerating further cool in the isobaric heat exchangers. Pre-cooling the supply line in Claude cycle
could be employed to improve the performance of liquefaction as well.
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Fig. 4: a) Schematic layout of the Claude cycle, b) T-S diagram of Claude cycle

Another alternative was to provide external cooling via cascade heat exchangers, instead of regenerative
cooling. Nandi and Sarangi (1993) made a comparison of Linde-Hampson and Claude cycles, both pre-cooled
by liquid nitrogen, and a hydrogen-helium cascade system, shown schematically in Fig. 5. In the cascade
hydrogen-helium design, the helium cycle was a Linde-Hampson system worked as a refrigerator for the
hydrogen cycle. The throttling valve in the helium Linde-Hampson cycle was replaced by an isentropic
expander to ensure that the helium reached down to a temperature below 20K needed for the hydrogen
liquefaction. This helped the hydrogen cycle to be operated at a pressure below the critical pressure. They
found the precooled Claude cycle more efficient than the other two systems and the helium-hydrogen cascade
system more efficient than the precooled Linde-Hampson system. This can be attributed to the inferior
thermos-physical heat transfer properties of helium as compared to hydrogen, leading to a higher exergy
destruction and a lower energy efficiency.

Fig. 5: a) Schematic layout of the H2-He cascade system, b) T-S diagram of Claude cycle

Current large-scale production systems have so far been using the Claude cycle pre-cooled by nitrogen. The
industrial-scale hydrogen liquefaction plant at Ingolstadt near Munich works based on the Claude cycle and
liquefies about 4.4 tons of hydrogen a day. The electrical energy demand of the plant is about 13.8 kWh kgLH21
with cycle efficiency of 22% (Bracha et al., 1994). In the following section, the recent development in
conceptual designs of liquefaction systems with higher efficiency are described and analyzed.
3. Conceptual design and potential for improvement
Conceptual design have been proposed with modifications to improve the efficiency of the current large-scale
industrial plants. Shimko and Gardiner (2008) proposed a cascade Joule-Brayton system. A simplified
schematic layout of the cascade helium Joule-Brayton system coupled with Claude cycle is shown in Fig. 6.
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Their theoretical analysis showed that the energy demand reduced to 7.4 kWh kgLH2-1 and the efficiency
increased to 44%. Working on a rather similar system, Quack (2002) claimed that the energy demand could be
lowered down to 7 kWh kgLH2-1. Valenti and Macchi (2008) simulated a system of four cascade Joule-Brayton
cycles working with helium, refrigerating hydrogen from 25°C down to -253°C with multi stage intercooled
compression system. It was revealed that the electrical energy consumed for the refrigeration plant could be
lowered to 6 kWh kgLH2-1.

Fig. 6: Liquefaction of hydrogen with a cascade Joule-Brayton system working with helium, illustrated based on Shimko and
Gardiner (2008)

To improve the heat transfer through the cryogenic liquefaction, a process mixture of refrigerants in the
refrigerating vapor compression cycles has been suggested. The idea is to use materials with different boiling
temperature to be used in the cascade heat exchangers in the Claude or Linde-Hampson cycle. The concept of
pre-cooling hydrogen with mixed refrigerants is shown to have a lower energy demand, as compared to
previous designs, due to higher heat transfer coefficients associated with the boiling of the refrigerants. The
refrigerating vapor compression cycle is comprised of multiple receiver vessels along the supply line of
hydrogen to separate and accumulate the evaporated refrigerants. The refrigerants boil at different temperature
providing cooling for different temperature level of the cycle. The potential refrigerants can be listed as neon,
nitrogen, methane, ethylene, ethane, propene, propane, I-butane, butane, I-pentane, and pentane. Careful
considerations need to be taken into account in designing the refrigerants composition to ensure that there
would be enough flow of each refrigerant at each temperature level to meet the cooling demand at each desired
temperature (Krasae-in et al., 2011).
Krasae-In et al. (2010) proposed and simulated the performance of a large-scale mixed refrigerants design
coupled with the Joule-Brayton cycle working with hydrogen at extreme low temperatures. A simplified
schematic layout of the design is shown in Fig. 7.
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Fig. 7: Schematic layout of large-scale liquefaction plant working with mixed refrigerant vapor compression and hydrogen
Joule-Brayton cycles, illustrated based on Krasae-In et al. (2010a)

In this conceptual design, the mixed refrigerant vapor compression cascade cycle and the Joule-Brayton
cascade cycles were aimed to cover the cooling demand for the temperature range of 25°C to -193°C and 193°C to -253°C, respectively. The used refrigerant were listed as neon, nitrogen, methane, R14, ethylene,
ethane, propane, ibutane, butane, ipentane, pentane and hydrogen. In the Joule-Brayton cascade cycles helium
was replaced by hydrogen as working fluid due to its superior heat transfer properties. An ejector was used to
recover and return the hydrogen gas to the supply line. The system was reported to have energy demand of
5.35 kWh kgLH2-1, at which 1.36 kWh kgLH2-1 and 3.99 kWh kgLH2-1 were accounted for the mixed refrigerant
cycle and the Joule-Brayton cycle, respectively. The total conceptual plant efficiency was calculated to be
about 54%.
To evaluate the performance of the concept mixed refrigerant design in real conditions, Krasae-in et al. (2011)
conducted an experiment of running a small-scale lab facility at which a mixed refrigerant vapor compression
cycle was dedicated to refrigerate hydrogen from 18°C to -158°C. The mixture was comprised of 1% neon,
10% nitrogen, 33% methane, 38% ethane and 18% butane. The energy demand was measured to be 1.76 kWh
kgLH2-1, which showed a superior performance as compared to the Ingolstadt large-scale liquefaction facilities
in Germany consuming about 4.86 kWh kgLH2-1 for the same temperature range. Another conceptual plant,
similar to the one illustrated in Fig. 7, was simulated and analyzed by Krasae-in (2014). The energy demand
was found to be 5.91 which was about half that of the Ingolstadt plant.
Sadaghiani et al. (2018) worked on a conceptual design consisted of mixed refrigerant vapor compression
system and Joule-Brayton cycles using mixed refrigerants as well as working medium. In the Joule-Brayton
cycles a mixture of 10% neon, 6.5% hydrogen and 83.5% helium was used. The system was reported to have
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energy demand of 1.36 kWh kgLH2-1 and 3.99 kWh kgLH2-1 for the mixed refrigerant and Joule-Brayton cycles,
respectively.
The liquefaction process suffers from a significant exergy destructions but significant potential has been found
to lower the losses and improve the cycle performance. Fig. 8 shows the history of exergy reduction and
efficiency improvement for some of the real and conceptual plants. The exergy losses mostly happen in
compressors, heat exchangers and expansion valves (Krasae-In et al., 2010b). As can be seen, the most recent
studies have been able to reach to an exergy efficiency of about 55% and energy demand of about 5 kWh kgLH21
.

Fig. 8: Recent development in exergy efficiency and energy demand of real and conceptual plants

The largest loss is related to the compressors in the mixed refrigerant vapor compressor and Joule-Brayton
cycles. Yuksel et al. (2017) analyzed the performance of a liquefaction plant with cascade Joule-Brayton cycles
working with helium and reached to the conclusion that by reducing the pressure ratio over the compressors
significant exergy losses can be avoided and the exergy efficiency would be improved to 57%.
One other measure for reducing the loss is lowering the suction temperature to the compressors. This means
that the mixture needs to have high enough share of low temperature boiling refrigerants like neon and methane
to ensure there would be boiling instead of sensible heat transfer down the cooling cascade line. This helps to
reduce the corrosion and fatigue in the compressors and increase their lifetime. In addition, the compression
process is associated with significant heat loss to the ambient from the compressor, resulting in a non-efficient
compression process. It is recommended to cool down the compressor by having a cooling system around it,
or to use multi-stage compression process with intercooling processes in between (Krasae-In et al., 2010b).
To reduce the exergy loss in the heat exchangers the heat transfer needs to be enhanced further so that the
matching of the temperature profiles between the hydrogen and the mixed refrigerants is improved. This could
be achieved by having enhancement techniques in the heat exchangers or by pre-cooling the hydrogen on the
supply line prior to the cascade heat exchangers. In addition, it needs to be ensured that boiling is happening
in all the cascade heat exchangers.
Improving the exergy efficiency in the expansion device could be accomplished with having a lower pressure
difference of over the expansion valves in vapor compression cycles. In the cycles, the difference of the suction
pressure and the discharge pressure needs to be as low as possible. In the expander used on the hydrogen line
it is suggested to have a higher pressure ratio which leads to a lower destruction of exergy, while it is suggested
to have a lower pressure ratio in the compressors (Ansarinasab et al., 2017).
There is also the potential to increase the efficiency; however, this is likely to require more efficient and more
expensive components in the cycle. Nevertheless, developing components with improved thermal performance
and higher efficiency.
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4. Conceptual liquefaction scenarios coupled with geothermal energy
Conceptual couplings of liquefaction plants with renewable energy resources including geothermal energy
have been proposed and studied. Kanoglu et al. (2007) evaluated the feasibility of coupling a geothermal
energy source to a liquefaction plant. Two schemes of connecting the geothermal heat source to an absorption
chiller, used to pre-cool hydrogen, and using the electrical energy generated in geothermal plants in the
liquefaction plants were assessed. It was concluded that using the geothermal heat as generator source in an
absorption chiller could be more advantageous and can have significant savings.
Kanoglu et al. (2016) investigated performance of a Claude liquefaction cycle with pre-cooled feed of
hydrogen by an absorption chiller at which the geothermal heat was used as heat source in its generator. They
reached to the conclusion that the consumption work of the pre-cooled liquefaction cycle by the geothermal
absorption chiller could be reduced by 25%. Ratlamwala et al. (2012) conducted parametric studies of
hydrogen liquefaction pre-cooled by a geothermal absorption chiller. They found that, given a constant
capacity of condenser in the absorption chiller, increasing the geothermal source temperature results in a lower
capacity of the evaporator and consequently a lower cooling of the hydrogen gas.
In a broader concept, Yilmaz et al. (2012) looked into different possibilities of hybrid coupling of geothermal
energy to production and liquefaction of hydrogen. As shown in Fig. 9 the schemes included coupling of
generated power in geothermal plants to electrolysis of water, coupling the geothermal work and heat for the
liquefaction process and devising hybrid connections of geothermal power to electrolysis of water and
liquefaction process.

Fig. 9: Different scenarios of coupling geothermal energy resource with production and liquefaction of hydrogen

It was concluded that dual use of the geothermal source can be more beneficial than the single use. For instance,
the option (a) was superior over the case (b) since the waste heat could have been used in the pre-heating of
the production through electrolysis. Analysis on the scenarios of liquefaction including options (d-f) showed
that it is more advantageous to use the geothermal resource for the pre-cooling purposes instead of using the
generated power in liquefaction plants.
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5. Concluding remarks
The liquefaction process of hydrogen and its basic principles are explained and reviewed. The recent studies
on innovative and efficient cryogenic solutions, including the concept of mixed refrigerants and the JouleBrayton cycles, are described and their influence on the liquefaction process in terms of efficiency are studied.
Couplings of renewable geothermal resources with the liquefaction is shown to be a promising coupling. It is
found that still there is significant potential to avoid exergy losses in the systems and improve the efficiency
to high extent. The review shows that exergy losses are primarily related to the components used in the
refrigerating cycles including compressors, expanders and heat exchangers.
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Abstract
The technology presented, Sunlight to Liquid or StL, has as main achievement the demonstration, for the first
time, of a fully integrated system producing liquid fuels from concentrated sunlight, water and carbon dioxide
under real on-sun conditions provided by a modular heliostat field and therefore promoting the StL technology to
a readiness level (TRL) of 5. The main objective driving this development is the decarbonization of transport
sector, with particular emphasis on aviation. For this purpose, a solar fuel research facility comprising a high-flux
solar concentrating heliostat field and tower, a solar thermochemical reactor system, and a gas-to-liquid
conversion plant have been installed at a sunny site in Móstoles, Spain. Ceria is used as the reactive material in
the solar reactor, which undergoes a temperature and pressure swing in a redox cycle, splitting water and carbon
dioxide into hydrogen and carbon monoxide. This synthesis gas is then converted into hydrocarbons downstream
via a Fischer-Tropsch conversion plant. The customized heliostat field has been able to provide irradiances above
3000 kW/m2 onto the small aperture of the 50kW solar reactor, producing up to 150 L/h solar syngas subsequently
converted into liquid fuel.
Keywords: Solar Fuels, Sunlight-to-Liquid, CSP, Central Receiver Systems, Solar Thermochemical Conversion

1. Introduction
Aviation has a rising share of its CO2 emissions due to its continued high growth rates on the order of 5% in recent
years (ICAO, 2016). At this strong growth, the currently achieved reductions in annual specific fuel burn of 1.5%
due to technical advancement are not enough to reduce or even stabilize the emissions over time. Unlike for cars,
the aircraft is very weight sensitive, which poses strict requirements on its energy storage. It is expected that longrange air travel is going to rely on hydrocarbon fuels even in the future due to the high demand on energy density
of the batteries for these missions. Nevertheless, the aviation industry has set itself quite demanding targets with
respect to a reduction of its CO2 emissions. In its Strategic Research and Innovation Agenda for year 2050 the
Advisory Council for Aviation Research and Innovation in Europe-ACARE establishes a goal of CO2 emissions
per passenger kilometer to be reduced by 75% and NOx emission by 90% all relative to the year 2000 (ACARE,
2017). Similarly, in scenarios proposed by Air Transport Action Group-ATAG, beginning from the year 2020, a
carbon-neutral growth is targeted and for the year 2050, a reduction to 50% with respect to the year 2005.
Improvements of current technology, air traffic management and infrastructure use is not able to reduce the
emissions from the growing aviation sector therefore the use of alternative fuels with lower specific CO2 emissions
than conventional fuel is required. Heavy duty trucks, maritime and road transportation are also expected to rely
strongly on liquid hydrocarbon fuels. Thus, the large volume availability of ‘drop-in’ capable renewable fuels is
of great importance for decarbonizing the transport sector.
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In recent years, significant progress has been accomplished in the development of CSP (Concentrating Solar
Power) systems making use of heliostat fields, with central receivers on top of a tower, capable of achieving
irradiances well above 2000kW/m2. Such high solar radiation fluxes allow the conversion of solar energy to
thermal reservoirs well beyond 1000ºC, which are needed for the more efficient two-step thermochemical cycles
using metal oxide redox reactions, either for use in thermochemical energy storage (Carrillo et al., 2019) or for
the production of solar fuels (Romero and Steinfeld, 2012). The H2O/CO2-splitting redox cycle can be represented
by:
1st step, reduction

1
MOox  MOred  O2
2

(eq. 1)

2nd step, oxidation

MOred  H 2O  MOox  H 2

(eq. 2)

MOred  CO2  MOox  CO

(eq. 3)

The first, endothermic step is the solar thermal reduction of the metal oxide MOox to the metal or the lower-valence
metal oxide MOred. The second, non-solar, exothermic step is the reaction of the reduced metal oxide with H2O or
CO2 to form H2 or CO, and reform the original metal oxide which is recycled to the first step. The net reaction is
H2O = H2 + 0.5O2, but since H2 and O2 are formed in different steps, the need for high-temperature gas separation
is thereby eliminated. The second step can be accomplished on demand at the fuel consumer site, as it is decoupled
from the availability of solar energy. CO2 and H2O can be co-fed to produce synthesis gas (syngas), the building
block for a wide variety of synthetic fuels including Fischer-Tropsch liquid hydrocarbon fuels. Following that
approach, the project herewith reported, SUN-to-LIQUID (http://www.sun-to-liquid.eu/ ), establishes a nonbiomass non-fossil path to synthesize renewable liquid hydrocarbon fuels via a thermochemical redox cycle,
which inherently operates at high temperatures and utilizes the full solar spectrum (Figure 1). Thereby, it provides
a thermodynamically favorable path to solar fuel production with the potential of high energy conversion
efficiency and, consequently, economic competitiveness.

Fig. 1: Integrated solar thermochemical fuel production with a Fischer-Tropsch process for production of aviation fuel.

Current biofuel technology does not meet sustainability and availability requirements at the scale of future global
fuel demand (Mohr and Raman, 2013), therefore the implementation of other renewables-to-liquids routes should
become a priority in the years to come. Using solar concentrating systems and thermochemical conversion routes
is one of the StL (Sunlight-to-Liquid) options with huge untapped potential. Solar fuels are most efficiently and
competitively produced in desert regions with high solar irradiation (typically > 2000 kWh/m2 per year), thus
there is no land competition with food or feed production. In contrast to current alternative fuels, solar fuels can
easily meet future fuel demand by utilizing less than 1% of the global arid and semi-arid land. In the case of StL,
the water footprint consists of 7.4 liters per liter of jet fuel of direct demand on-site and the area-specific
productivity is found to be 33,362 liters per hectare per year of jet fuel equivalents, where the land coverage is
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mainly due to the concentration of solar energy for heat and electricity. The water footprint and the land
requirement of the solar thermochemical fuel pathway are larger than the best power-to-liquid pathways but an
order of magnitude lower than the best biomass-to-liquid pathways (Falter and Pitz-Paal, 2017). For the case of a
solar tower concentrator with CO2 capture from air, jet fuel production costs of 2.23 €/L and life cycle greenhouse
gas (LC GHG) emissions of 0.49 kgCO2-equiv/L are estimated (Falter et al., 2016).

2. Project Technical Description
The SUN-to-LIQUID project is comprised of leading European research partners, namely Bauhaus Luftfahrt
(Coordinator), ETH Zurich, IMDEA Energy, DLR, HyGear, Abengoa Energía and ARTTIC. An overview of the
experimental facility is shown in Fig. 2 (Koepf et al., 2019). A solar-driven thermochemical reactor based on ceria
RPC (Reticulated Porous Ceramics) structures is mounted in a 15 m high tower in the west operating position; in
the east operating position, a water calorimeter is positioned. Concentrated solar power is delivered by 169
heliostats with a 3 m2 facet area and two focal lengths created by two axes of curvature. A photometric power
delivery measurement system calibrated with a heat flux gauge and a 50 kW water calorimeter is installed in front
of the solar receivers, and a modular Fisher-Tropsch (FT) catalytic processing plant to produce long-chain
hydrocarbon fuels from the solar syngas is placed at the base of the tower. Syngas is delivered at ambient pressure
from the solar reactor in the tower and compressed in two stages inside the FT system. The heliostat field, which
is operated from the control room, was developed by IMDEA Energy in Spain. The solar reactor and water
calorimeter, which are placed at the top of the tower on the experimental level but also operated from the control
room, were developed by ETH Zurich in Switzerland. The flux measurement acquisition system (FMAS), which
moves in front of both receivers in the tower, was developed by DLR in Germany, and the gas-to-liquid (GtL)
facility was developed by HyGear in the Netherlands. The entire facility is situated on a 50 x 50 meter plot of
land. The pilot plant is capable of operation year round; the solar concentration system is designed to deliver an
average of 2,500 kW/m2 (50 kW into an aperture diameter of 16 cm) even in December. The solar reactor is
designed such that operation (although not with high efficiency) is possible with less than nominal power, and the
gas-to-liquid system has multiple stages of syngas compression and buffer tanks. In addition to optimizing on-sun
solar reactor operation and demonstrating high solar-to-fuel energy conversion efficiency, a major project priority
is to demonstrate the long-term operation of the fully integrated facility.

Fig. 2: Sketch of the experimental facility. Key system components are the solar concentration system comprising a heliostat field
and a solar tower (IMDEA Energy), the solar reactors, which are placed at the top of the tower (ETHZ), the flux measurement
system in front of the receivers in the tower (DLR), and the gas-to-liquid facility which is placed at the bottom of the tower
(HyGear). The integrated plant is operated from the control room. The entire facility is situated on a 50 x 50 meter plot of land.
Optical height of the tower is 15 m.
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2.1. Design and construction of solar field
The high-flux solar concentration system has been explicitly designed according to the specifications and
requirements of the SUN-to-LIQUID project. According to the technical specifications it was required to provide
50 kW onto reactor surface of only 16 cm diameter, allowing it to reach temperatures in excess of 1500 ºC. The
small size of the reactor aperture and the required irradiance (2500 kW/m2 average on aperture), were challenging
for a heliostat field with very small power (tentatively few-hundred kWth). Initially it was uncertain whether such
a small heliostat field with the intrinsic cosine factor limitations of any off-axis solar concentrator would be able
to reach the required specifications. IMDEA Energy performed an initial feasibility design study and based on a
ray-tracing analysis it was shown that a dense ultra-modular field could achieve an optical performance
comparable to parabolic dishes or solar furnaces with secondary concentration optics (Romero et al., 2017). The
sensitivity analysis for a small field of 500kW, as shown in Figure 3, revealed that it was possible to reach solar
field optical efficiency about 80% for a solar concentration factor of 2000x and about 71% for 3000x, however
the mirror field should be highly packed, with a density > 35% (ratio between mirrors area and land occupied by
the heliostat field). The positive impact of density on optical efficiency is because of the drastic reduction of
spillage on reactor aperture at solar concentrations above 2000x. A higher density would be required for a smaller
solar field and higher concentrations factors. On the contrary, a SoA (State of the Art) solar field with a typical
density of 23% would lead to 10% lower optical efficiency. A similar analysis regarding the influence of heliostat
unitary size revealed the need of using small units of less than 5 m2 and with short focal lengths to optimize the
peak onto aperture.

Fig. 3: Analysis on the impact of solar field density on optical efficiency for a small plant of 500kW at different concentration ratios.
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Based on the previous information, eventually a 250kW heliostat field has been designed with 169 small-area
heliostats (3 m2 each) and with a short focal length arranged in 14 rows at close distance to a solar tower of only
15 m optical height to provide the required 50 kW onto reactor surface. The heliostat field has a cornfield layout
as shown below. A detailed ray tracing analysis has been carried out for spring equinox, summer, and winter
solstice, including the shadowing effect of the tower. The use of two focal lengths (20 m and 30 m) offers a
significant increment in peak fluxes. The optimum value was obtained for a design where rows 1 to 8 have facets
of 20 m of focal length, and rows 9 to 14 facets of 30 m of focal length. This is the option finally adopted for the
SUN-to-LIQUID to guarantee high solar flux throughout the entire year (Romero et al., 2017). The row and
azimuthal spacing between the single facet heliostats are 2.25 and 2.60 m respectively and the distance from the
tower to the first row of heliostats only 4 m. The last row is 33.25 m away from the tower. Compared to the 500kW
example shown in Figure 3, the 250kW heliostat field for a concentration ratio of 2500x finally required a higher
density of about 47%.

Fig. 4: (Left) Aerial view of the heliostat field from top of the tower. Control room at the rear. (Right) Lateral view of single
heliostat of 3m2 reflecting surface and two rectilinear actuators.

Heliostat assembly makes use of shaft motors and tracker structure from the ST44M2HEL3 model of Sat Control
d.o.o.. Some technical characteristics of the heliostat are: Pedestal pole of 1.4 m height; Azimuthal angle range:
100º; Elevation angle range: from 20º to 90º, corresponding 90º to horizontal stow position with mirror facing to
zenith; Turning speed of azimuthal and elevation angle shafts less than 0.1º/s; Tracking accuracy: less than 0.1º.
Conventional facets supplied to commercial plants are making use of cold mechanical conformation techniques
with supporting frames and very long focal lengths (hundreds of meters). However, an ultra-modular solar field
requires approximately 10 times that level of deformation. Because of that, a specific development for facet
manufacturing with cold mechanical bending has been tested in collaboration with the company Rioglass Solar.
The light design makes use of high reflectivity mirrors (of 3 mm thickness) bonded to vertical thin plates and preconformed by gravity sagging onto a master model. The mirror dimensions and technical specifications are as
follows: Dimensions: 1605 x 1900 mm x 3 mm; Fresh reflectivity: 94.3% average. The beam quality of the
heliostats (once excluded sunshape) is average 2.5 mrad. The construction of the solar field was completed in
February 2017.
2.2. Measurement of solar flux concentration
The camera-based flux measurement system (FMAS) was designed by DLR to measure the solar flux profile in
front of the reactor with minimal interruption of the actual reactor operation (Thelen et al., 2017). The
measurement plane is flat and inclined 40º in the same way as the solar reactor. The target of the FMAS system
is coated with a diffuse reflecting aluminium oxide coating, welded cooling channels at the back side ensure
proper cooling during measurement on sun. The target also incorporates a Gardon radiometer (Seqoia Technology)
to calibrate the flux distribution against the Gardon radiometer reading at one measurement point. This
arrangement can be moved quickly and precisely in front of the apertures (Figure 5), the overall interruption of
reactor operation due to a flux measurement can be as short as ten seconds. Further integral components of the
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FMAS system are a camera system1 to record diffuse reflection from the target, which is installed in a housing
just next to the control room. A measurement software determines the solar flux distribution at the measurement
plane, as a next step the solar radiative power at the aperture of the receiver is inferred from a ray-tracing
simulation of the heliostat field. The measurement accuracy of the FMAS system has been tested against a direct
power measurement using a water calorimeter designed and implemented by ETHZ and IMDEA Energy. From
these measurements it was concluded that a direct power measurement using the water calorimeter permanently
installed at one experimental position, in combination with FMAS measurements, both in front of the water
calorimeter and the solar reactor, provide the most accurate quantification of the solar power at the solar reactor
aperture plane. The FMAS system was installed at the experimental platform in spring 2017 and it was quickly
recognized as a useful tool for the calibration of single heliostats and for the improvement of the field operation
in general.

Fig. 5: Left: Technical drawing of the flux measurement system (in blue) in front of one of the receivers. Right: Installation of the
flux measurement system at the experimental level of the solar tower (solar reactors not yet installed). The rail at the bottom allows
to move the flux measurement system quickly in-between the apertures and into a safe position, the cooling water supply is visible.

Regarding the water calorimeter, the vessel, aperture and mounting position mimic the solar reactor to derive solar
radiative power at the reactor aperture from representative caloric measurements. Because the front section of the
vessel, including window and cavity aperture, are exactly the same as that used for the solar reactor, power
delivery calibration by this method is extremely accurate. The calorimeter cavity, is comprised of approximately
20 meters of coiled copper tubing and coated with a high emissivity enamel. The calorimeter cavity has a diameter
(350 mm) and length (250 mm) also closely matching that of the solar reactor. The calorimeter is equipped with
a highly accurate water flow meter and thermocouples at the inlet and outlet of the water lines. The final strategy
for the power measurements is shown Figure 6. The water calorimeter is installed at one window (east side) of
the experimental level, the solar reactor is installed at the other window (west). The FMAS system measures the
flux distribution in front of both apertures. The approach to map the accuracy of the water calorimeter
measurement to the FMAS power measurement in front of the solar reactor is explained in Figure 7 by a
representative measurement sequence (Koepf et al., 2019).

1

Camera: Allied Vision Technologies Prosilica GT 1930L mono, Tele objective: Tamron SP 150-600 EFmount
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Fig. 6: Final design philosophy for power measurements. The water calorimeter is installed at the east window of the experimental
platform; the solar reactor is installed at the west window. The FMAS system measures the flux distribution both in front of the
water calorimeter and in front of the solar reactor. This approach maps the accuracy of the water calorimeter measurement to the
FMAS measurement in front of the solar reactor.

Fig. 7: Representative measurement cycle to deduce the solar radiative power at the aperture of the solar reactor. The solar reactor
cavity temperature is shown in dashed red (right axis), along with water calorimeter measurements in blue (left axis) and FMAS
measurements. FMAS measurements in front of the water calorimeter and the solar reactor are indicated in blue and red
respectively. The combination of these measurements determines the solar power entering the reactor during the reduction cycle,
which is not easily accessible for direct measurement.

2.3. Solar reactor
A review summarizes state-of-the-art metal oxide redox materials and discusses advantages and disadvantages of
both stoichiometric (i.e. iron oxide based cycles) and nonstoichiometric (i.e. ceria based cycles) materials in the
context of thermodynamics, chemical kinetics, and material stability (Scheffe and Steinfeld, 2014). Nonstoichiometic cerium oxide (ceria) has emerged as an attractive redox active material because of its high oxygen
ion conductivity and cyclability, while maintaining its fluorite-type structure and phase (Chueh et al., 2010).
Thermodynamic analysis indicate the potential of reaching solar-to-fuel = 20% in the absence of heat recovery, and
exceeding 30% by recovering the sensible heat of the hot products. The use of CeO2 and its non-stoichiometric
reduction/oxidation in thermochemical cycling is depicted in Figure 8. In the previous European project SOLARJET http://www.solar-jet.aero a total of 291 stable redox cycles were performed by ETHZ in a 4kW reactor with
a solar simulator, yielding 700 standard liters of high-quality syngas, which was compressed and further processed
via Fischer-Tropsch synthesis to a mixture of naphtha, gasoil, and kerosene (Marxer et al., 2015).

Fig. 8: The Ceria Thermochemical Redox Cycle for solar syngas production.

It was shown by previous experiments on ceria bricks and ceria felt that the reduction step is limited by heat
transfer to the ceria structure (Furler et al., 2012; Marxer et al., 2017) and the oxidation step by the available
surface area. Ceria is thus used as a reticulated porous ceramic (RPC) with different scales of porosity. On a larger
scale in the mm-range, holes in the ceria structure reduce the optical thickness of the material and thus permit
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efficient heating by volumetric absorption of concentrated solar radiation. In Figure 9 it is depicted a cross section
of the SUN-to-LIQUID 50kW reactor based on RPC ceria structure with dual-scale porosity located inside the
cavity.

Fig.9: Overview of the Solar Reactor Design

The current design has been developed by ETH Zurich based on their experience with previous materials and
represents the most efficient design nowadays to absorb concentrated radiation. The splitting of water and carbon
dioxide can be performed most efficiently using a material with a large surface area because the overall reactions
are limited by the oxygen exchange reactions on the surface (Furler et al., 2017). On a microscopic scale, the
material thus has pores that increase the specific surface area to enhance the kinetics of the oxidation step. The
combination of both porosities on different length scales therefore allows for an efficient redox cycle which is
composed of quick heating and fast reoxidation kinetics. The reactor has been tested in a solar simulator at a
power level of 30 kW prior to its shipment to the solar thermochemical plant in Móstoles in summer 2018.

2.4. Gas-to-Liquid Plant
The syngas coming from the solar reactor is converted into liquid hydrocarbons in a gas-to-liquids subsystem
located next to the solar tower. The GTL plant comprises three modules: preparation module; generation module
and steam reforming module.
In the preparation module the gas is received from the solar reactor and from the steam reformer module. First the
gas is dried by a cooling/ condensation system and second by an adsorption bed filled with silica. The dried gas
is subsequently compressed and stored in a gas bottle at a maximum pressure of 130 bar. Condensate is removed
by water separators and drained. When the buffer is filled with H2 and CO at a pressure over 100 bar the gas is
taken form the bottle and depressurized to 20 bar and fed to the Fischer –Tropsch reactor. This reactor is a multitubular reactor containing a Co-based catalyst (Figure 10). The catalyst is heated to about 210°C by a system in
which thermal oil is heated and pumped in an annular space around the catalytic reactor. The syngas is then reacted
to liquid hydrocarbons via the Fischer-Tropsch process, the simplified net reaction of which is:

2n H 2  nCO 
 CH 2 n   nH 2 O.

(eq. 4)

These reaction conditions correspond to a chain-growth probability in a range of α = 0.85…0.9 and resembles at
small scale the typical operation conditions of commercial GtL plants for synthetic diesel and jet fuel production.
The resulting FT hydrocarbons contain mainly waxes (>C22) and liquid hydrocarbons (C5-C21), but also a
significant fraction of gaseous hydrocarbons (C1-C4). All products from the FT reactor enter the product
separation tank in a gaseous or liquid phase. First waxy species are separated at a temperature of about 80°C, the
separation of liquid products (hydrocarbons and water) from the tail gas takes place in a second step at room
temperature. The gaseous species are then sent to the reforming unit. The SUN-to-LIQUID gas-to-liquid
subsystem is installed on-site in a standard-size container (Figure 11).
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Fig. 10: Main conversion modules in the SUN-to-LIQUID GtL container. Left to right: Fischer-Tropsch reactor tubes, product
separation vessel, steam reformer (in opened position) to recycle gaseous hydrocarbons into syngas.

Fig. 11: Heliostat field with 169 heliostats focusing onto solar reactor with ceria located on top of a 15-m tower (optical height). On
the right side at ground level the container with the gas-to-liquid conversion plant.

3. Results
Early testing in 2018 was dedicated to confirm the performance of the heliostat field according to the challenging
specifications in terms of irradiance onto aperture and also in terms of stable supply of power for extended periods
of more than six hours required for the daily campaigns of cycles. A refined methodology was developed involving
the characterization of individual pointing calibration map of each heliostat. These empirically determined
inclination maps allowed to improve the aiming precisions and tracking accuracies by approximately one order of
magnitude. The further improvement of the tracking accuracy enabled the delivery of power levels well above
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50 kW to the solar reactor aperture in the summer of 2018 (see Figure 12). For the test presented, the total power
inside the 16-cm reactor aperture was 71.53 kW and 259 kW onto the whole FMAS target of 34x34cm. Peak flux
registered was more than 4000 kW/m2 and well above 2500 kW/m2 at all points of reactor aperture. In the
following the solar reactor system could be commissioned and put into routine operation.

Fig. 12: Power measurement well above 50 kW, 15 minutes behind solar noon on 28th June 2018, for a DNI of approximately 800
W/m2 with the FMAS system.

Typical daily operation of the solar reactor is represented in Figure 13. With a reduced number of heliostats, a
smooth pre-heating from ambient temperature to 1000ºC is carried out. Once temperature is reached, a pre-cycle
is done raising temperature up to 1500ºC by means of a gradual ramp of power followed by cooling step. After
this process the routine cycling of the reactor follows from 800 to 1500ºC. Heating cycles corresponding to
reduction step were carried in 12 minutes for 30kW tests and reduced to less than 8 minutes for 50kW of incident
power on the aperture. Temperature decrease was obtained by natural cooling in periods of 30-minutes. In a typical
sunny day an average of 8 active cycles were carried out. Shutting down was then completed with a smooth
cooling-down process to protect the reactor components. Figure 14 show a front view of water calorimeter on the
east side and solar reactor emitting IR radiation during oxidation step (cooling down) on the west side.
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Fig. 13: Typical operation strategy of solar reactor including pre-heating, pre-cycle, routine redox cycling and cooling down.
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Fig. 14: Right- Solar reactor emitting radiation during oxidation step and cooling down. Left – Calorimetric analogue of solar
reactor for confirmation of incident power during testing.

After a first testing campaign dedicated to optimize the operational conditions to obtain a high quality syngas, in
April 2019 it was successfully demonstrated the production of syngas with a molar ratio H2:CO = 2, suitable for
FT-synthesis. It was also demonstrated that typically 7-10 cycles can be carried out per day depending on the
direct normal irradiation. In these cycles, the reduction is performed at temperatures up to 1500 °C and vacuum
pressures down to 10 mbar while the oxidation is performed at temperatures below 900 °C and 1 atm total pressure.
During the months of June-July 2019 the operation of fully integrated system has been achieved with on-sun
routine operation. As many as 100 cycles since June 2019 have produced syngas, in some cases in fully sunny
days with operation from 9 am till 6 pm and some other days partially cloudy and with transients. With an average
of solar syngas produced of 100-150 liters per cycle, more than 10,000 liters of solar syngas have been pressurized
and processed by the FT reactor. The solar syngas contains CO, H2 and unreacted CO2 as the only constituents.
Each pulse during oxidation phase consists of about 100 -150 liters of solar gas, increasing the buffer pressure
about 1.2-2 bar at the GtL plant. After June 6 the solar gas stored in the buffer was used to run the Fischer-Tropsch
reactor. The system has run at 20 bar and a temperature up to 210°C and a flow of 6 slm of solar syngas. After the
first campaign in summer 2019, the production of liquid fraction of Fischer-Tropsch product from 100% solar
syngas was successfully demonstrated though still analysis of the composition is not available at the time of
writing.

4. Conclusions and outlook
The SUN-to-LIQUID consortium developed a demonstration facility for the production of solar thermochemical
liquid fuels. The high-flux solar plant has been built at the site of IMDEA Energy in Móstoles, Spain. The fully
integrated system comprising high-flux solar concentration field, 50kW solar reactor and down-scaled GtL plant
to process 6 slm of syngas has been successfully commissioned, characterized and operated on a routine basis.
In summary, the main goals of the long-term experimental campaign were achieved. The stable cyclic operation
of the solar reactor was shown in multiple consecutive redox cycles. High-quality syngas suitable for FT synthesis
was produced with total selectivity by simultaneous co-splitting of H2O and CO2. The technical feasibility of the
complete 50 kW solar reactor system was demonstrated in a solar tower optical configuration and integrated with
the FT synthesis unit.
The further scale-up of the technology could provide, on a large scale, solar fuels with considerably reduced CO2
emissions over their life cycle compared to conventional fuels.
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Abstract

The present work relies on the topic of energy storage for Heat and Electricity applied to Heat Pump Water Heaters
coupled with photovoltaic plants for Domestic Hot Water production. The main idea is to evaluate the possibility to
exploit the water tank as heat storage for the produced photovoltaic energy and, where appropriate combined with
electrical storage. For this reason, two heat pumps with different volume size have been chosen and smart control
strategies have been applied while monitoring the water temperature in the tank. Calculations account on tapping
profile inferred from monitored data of a representative end-user in a Mediterranean small island. Results show
how the combination of smart control strategies and battery systems is the most suitable solution in order to fulfil
the domestic hot water energy demand by renewable sources while maintaining comfort requirements.
Keywords: small islands, RES storage, power-to-heat, electric storage, thermal storage, smart control

1. Introduction
At state of the art, an essential challenge in renewable energy sources (RES) panorama is to make energy
production able to meet energy demand in time and quantity. According to this issue, the energy storage system
plays an important role by contributing to smooth the renewable resource’s intermittency enabling the meeting
between energy demand and supply. Many research works have been carried out during the last decade exploring
different options for storing the produced energy. As an example, Marczinkowski and Østergaard (2019) identified
two possible approaches to the problem focusing on Northern Europe Small Islands (Samso, Denmark and
Orkeney, UK): investing on battery energy storage systems or converting renewable electricity into heat
implementing the use of thermal storage. Both islands share similar energy scenario in which part of the island’s
household are connected to biomass-based district heating (DH) while wind power plants provide the most of the
electricity production. It has been stated that the use of Thermal Energy Storage (TES) coupled with a heat pump
(HP) system leads to different advantages: maximum RES exploitation as well as reduced economic and
environmental costs for biomass transportation. Nevertheless, the same authors successively extend this study
focusing on economic and social aspects (Østergaard et al., 2019). They outlined a gap between collective and
plant operator perspectives that has to be overcome. Similarly focused on DH, Schweiger et al. (2017) investigate
the possibility to exploit the power-to-heat potential of electric boilers in order to fulfil the gap between renewable
energy production and demand. It is worth to note that they define the surplus energy production by RES plants as
a “negative residual load” to be employed in the system. These studies focused on communities that are actually
connected to the mainland grids with the aim of minimizing their dependence on grid reliability. It has to be
noticed that if storage systems play an important role in such circumstances, they are of primary interest in isolated
communities such as those of some small islands.
Indeed, most of the small islands worldwide are generally not connected to the mainland electric power or naturalgas grids. Consequently, their energy supply system is onsite and mainly relies on imported fossil fuel, although
renewable energy sources are available within their territories (Kuang et al., 2016) (Favuzza et al., 2011). Indeed,
physical, climatic and socio-economic barriers could influence RES exploitations (Meschede et al., 2016). From a
technical point of view, it has mainly been noticed that RES intermittence production in an isolated system could
be regarded as a barrier to let them spread. It has also been demonstrated that only a relevant penetration of storage
technologies could increase RES diffusion in the energy supply system (Duic´ et al., 2008). Some studies then
proposed multipurpose and more resilient systems including trigeneration plant that can fulfil energy demand as
well as freshwater request using the extra-produced power in desalination units (Calise et al., 2016). Most recent
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researches focused on the integration of batteries and hydrogen storage, considering the possibility to use the
produced hydrogen to drive fuel cell electric vehicles and hydrogen compressed natural gas (Groppi et al., 2018).
Additionally, seawater pumped hydro storage have been analyzed as an alternative to electrochemical storage
system reaching a 100% RES penetration in some Greek Islands (Katsaprakakis et al., 2019). The proposed studies
mainly relies on a large plant (photovoltaic and/or wind turbine), even if it is frequently local landscape regulations
could sometimes inhibit this kind of installation (Ciriminna et al., 2016). On the other hand, large-scale retrofit
strategies such as converting the existing diesel engines into district heating/cooling plants have been proven to be
moderately economical attractive in Mediterranean climate especially when no-public support is available (Beccali
et al., 2017a).
Same attention must be dedicated to the demand side. For this reason, the present paper proposes a study on retrofit
strategies applied at the residential Domestic Hot Water (DHW) demand in the Island of Lampedusa in Italy
(35°30′56″N 12°34′23″E). Specifically, it focuses on PV-based heat pumps systems locally installed on the roof.
Indeed, it has been demonstrated how the current widespread Electric Storage Water Heater (ESWH) strongly
influences the consumers’ overall electrical consumption as well as the peak in the daily power demand in the
island (Beccali et. al, 2017b). The main idea is to evaluate, the possible options of thermal and/or electric storage in
exploiting the PV-produced energy at a single-house level. Finally, DHW consumption is strongly influenced by
cultural and socio-economic factors and generally undergoes seasonal fluctuation due to climatic condition
(Fuentes et al., 2018). The authors underlined the importance of using proper values and hourly tapping profile for
specific context more than standard values from regulation, for this reason, present work relies on processing data
from an experimental campaign aimed at identify appropriate values for a representative end-user in the Island.

2. Methodology
In the current paper, the results of dynamic simulations of different plants and control logics applied to the DHW
demand and coming from an actual case study are presented and discussed. DHW consumptions were monitored
for a typical domestic end-user in Lampedusa Island (Italy) whose hot water energy need is provided by a 1200 W
ESWH. According to the Italian national statistical database, the selected end-user is a representative family
composed of two members living in 150 m2 two-floors dwelling. The experimental campaign was performed
during the summer period and involved both the overall electrical consumption of the house and the specific
ESWH consumption, with 15-minute time-step (Beccali et. al, 2017b).
Average hourly data were evaluated distinguishing weekdays from Saturday/Sunday values. Recorded values
were then correctly arranged in order to meet EN 12831-3:2018 requirements:
𝒎𝑫𝑯𝑾,𝒉 = 𝒙𝒉 𝑽𝑫𝑯𝑾,𝒅𝒂𝒚

(eq. 1)

where mDHW,h is the volume of DHW drawn at the time h and xh is the relative amount of DHW consumed at a
specified hour with respect to the daily amount (VDHW,day). Since only electrical consumption data are available
from the experimental campaign the following assumption was introduced for evaluating xh: ESWH electric
consumption is evidence of tapping events excluding values below 120 Wh that are supposed to be scattered
events due to thermostat input.
xh is consequently calculated by analyzing the ESWH data from monitoring campaign:
𝒙𝒉 = 𝑬𝑫𝑯𝑾,𝒉 ⁄𝑬𝑫𝑯𝑾,𝒅𝒂𝒚

(eq. 2)

where EDHW,h is the ESWH consumed energy at the time h, and EDHW,day is the daily one. xh trend together with
collected daily data were also suitable to check the summer average-daily hot water consumption (VDHW,daily-summer)
by means of a calibration routine of the actual ESWH simulation model implemented on the TRNSYS platform.
The latter simulates the thermal behavior of the DHW tank (type 1237) at fixed set point temperature (60°C) by a
thermostat (type 2) driving on/off cycles of the electrical resistance (type 1226). Temperature of water from the
local network was assumed to be equal to ground temperature at 2 m depth, while hourly DHW taps were
calculated according to Eq. 1, changing one at time the VDHW,day until daily results correctly match the average
recorded value, determining a daily DHW summer consumption for the reference user. In order to broaden results
all year long, some multiplication factors calculated from the end-user electrical bills (Ebill) were applied. The
estimated end-user tapping volume (mDHW,day) has been successively applied to retrofit scenarios where a dedicated
Heat Pump Water Heater (HPWH) substitutes the actual electrical system. An all-in-one air-to-water HP
technology has been chosen and two different systems (HPWH-200 and HPWH-100) having different sizes of
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water storage (200 and 100 liters) have been selected among the available products in the market (main features are
reported in Tab. 1). HPWH consumption and thermal behavior were also evaluated by a TRNSYS model in which
the performance curve of the plant component has been assessed by a validation routine with respect to nominal
data in Tab. 1, according to test condition in EN 16147:2017.
Tab. 1: Heat Pump Water Heater technical data

Feature

HPWH-200

HPWH-100

Electric Nominal Power

[W]

490

250

Standard Tapping Profile

[-]

L

M

COP DHW (A15/W10-55)

[-]

3.07

3.10

Air flow rate at nominal condition

[m3h-1]

450

165

Water Tank Volume

[liter]

208

80

Maximum water temperature with heat pump

[°C]

65

55

Taking into account the nominal compressor electrical power in Tab.1, two different grid-connected PV plants able
to nominally fit compressor requirements (with respects to technical features for the most common market
availably PV panel) are designed (720 Wp for the HPWH-200 and 480 Wp for the HPWH-100 models) by
assembling monocrystalline panels with 240 Wp and 14.6% electrical efficiency (Fig. 1). In both cases the PV
panels are oriented toward South. Moreover, according to present work purposes and considering mean daily
HPWH electrical consumption by results from TRNSYS model, a suitable battery system is provided.

Fig. 1: DHW Plant workflow

Three management strategies for optimizing the energy saving for the hot water production have been consequently
introduced. It resulted in the definition of three scenarios that have been utilized for dynamic simulations:
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 Scenario 1. ON/OFF control by a thermostat with steady set point temperature according to the value in
Tab.1 and 1200 Wh electrical storage available;
 Scenario 2. ON/OFF smart control by thermostat with variable set point temperatures aimed to optimize
the utilization of RES plant production. Maximum temperature values are allowed whenever produced PVenergy fits HPWH nominal power (65°C for HPWH-200 and 55°C for HPWH-100). Otherwise, tank
temperature is fixed at an intermediate value (Ti) equals to 55±2 °C and 50±2 °C (respectively for HPWH-200
and HPWH-100) whenever the electrical storage is usefully charged and some tapping occurs; or else set point
temperature sets at 45 ±2 °C (Fig. 2).
 Scenario 3. ON/OFF smart control as previous described without electrical storage available in the system
(Fig. 2).

Fig. 2: Smart control strategy in Scenario 2 (left) and Scenario 3 (right)

Results obtained by the TRNSYS model were processed and the following indexes evaluated:

𝐴

=

(eq. 3)
(eq. 4)

𝐴 =
.

𝐶𝐼 = 1 − ∑
𝑃𝐷𝐼 = ∑
𝐹𝑆𝑂𝐶

=

_

.
.

_

.

(eq. 5)
_

(eq. 6)
_

,

(eq. 7)

where Eto-load is the PV energy delivered to the HPWH, EHPWH is the heat pump electrical consumption, EPV is the
PV produced energy, TDHW is the tank temperature. Moreover, considering an examined period: n.hourT_DHW40 in
eq. 5 is the number of hours in which TDWH drops below the desired comfort temperature (40°C) during tapping
event (n.hourtot_1) otherwise in eq. 6 it is the number of hours in which TDWH drops below the desired comfort
temperature during no-tapping events (n.hourtot_2), Ebattery is the average monthly/yearly value of the stored energy
in the battery and Ebattery,max is the nominal battery capacity. The first two indexes were suitable to evaluate the way
PV-plant interacts with the load, checking for energy availability from the whole system including battery (ARES)
and for the contemporaneity between suitable production from PV panel and load requirements (AC). CI (Comfort
Index) and PDI (Potential Discomfort Index) have been introduced in order to check if the smart control strategies
in Scenario 2 and 3 are able to meet the comfort condition sets at TDHW-comfort ≥40 °C during tapping events (CI) and
no-tapping events (PDI). FSOCav (Fractional State of Charge) is the average value in a defined period of the state
of energy charge in the battery used to evaluate the way the storage is used.
Eventually, cost of both HPWH-2000 and HPWH-100 systems have been estimated and the Net Present Value
(NPV) evaluated as:
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𝑁𝑃𝑉 = −𝐶 − ∑

(

)
(

(eq. 8)

)

where C0 is the initial cost, S and I are respectively the yearly economic saving for energy consumption due to the
substitution of the actual system with a higher efficiency one, M is the maintenance cost, I the incentive for
HPWH+PV installation by Italian government distributed in 10 years according to legislation in force, E is surplus
PV produced energy sell back to grid and i is the interest rate of money. HPWH initial and maintenance cost have
been inferred in Kemna (2019) while PV plant costs refers to Italian market analysis.
The NPV is estimated at the end of the useful life of the whole system (teq). The latter is calculated according to
Italian guidelines PREPAC by the Italian National Agency for New Technologies, Energy and Sustainable
Economic Development (ENEA):
𝑡

∑

=∑

,
,

(eq. 9)

𝑡

where i stays for the generic component of the plant, tmax is the maximum life time observed among plant
components and ki is the ratio between tmax and the life time for the generic component. Specifically according to
ENEA guidelines PV plant and HPWH life time is estimated respectively at 20 years and 15 years.

3. Results
Monitored data on ESWH energy consumption were processed according to the described method. Fig. 3 shows
the daily consumption; it is worth to note that the ESWH electrical consumption is averagely 30% (2.1 kWh/day)
of the overall electric consumption differing from 15% to 48%.

Fig. 3: Daily user electrical consumption

Average hourly data are plotted in Fig.4. Since no significant differences between weekday and weekends daily
trends are outlined, average hourly figures in the monitored period are considered as reference for finding out the
xh trend by eq. 2. At the same time, bi-monthly electrical consumption data from bills (Fig. 3) were processed for
obtaining a monthly trend to be applied to the daily hot water consumption, mDHW,daily. According to results, most
of the DHW consumption occurs during afternoon/evening hours with a peak at 16:00, 24% of the detected daily
mDHW,daily.
The described TRNSYS ESWH model was then launched several times using the obtained tapping series and
changing one at a time the mDHW,daily-summer value since the consumption simulated daily result matches the recorded
mean value. The model simulates a 1200 W ESWH at fixed set point temperature (60 ±3°C) obtaining 90 liters/day
result with a relative error between monitored electrical consumption and simulation results equals to 7% (both
evaluated at time step 15 min). Following the described method, the hot water daily consumption varies from 80
liters/day in September/October to 147 liters/day in January/February.
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Fig. 4: On the left, hourly tapping from monitored data; on the right monthly factor.

The obtained tapping profile consequently follows the same hourly trend all year long while DHW daily volume
varies month by month. This Tapping is used as input in the HPWH TRNSYS model finding out the following
results.
Heat Pump consumption in Scenario 1 (Fig. 5) with steady-state set-point temperature is about 365 kWh/year
without any additional electrical resistance operation, achieving a 65% of energy saving goal with respect to the
existing ESWH system (1,072 kWh/year). Slightly differences between HPWH-100 and HPWH-200 monthly
consumption are outlined and are mainly due to their different thermal capacities and set-point base temperatures.
It is worth to note that during a typical winter day, the differences in the thermal capacities between 100 and 200
liter tanks, being the tapping equals in both simulation, influences the on/off cycle of the two analyzed system (Fig.
5). Peak load for HPWH-200 are gathered in the morning while HPWH-100 shows two peaks most related to
tapping events. Moreover, the imposed mDHW,daily monthly trend and the water main temperature variation
according to type 77 correctly influence the energy consumption all year long. The 480 and 720 Wp PV plants are
able to produce respectively 957 and 1435 kWh per year.

Fig. 5: on the left, HPWH monthly electrical consumption comparison;
on the right, tank temperatures and HP power with respect to tapping profile

Scenario 2 and Scenario 3 both include a smart control on the on/off HP cycles by varying set point temperatures in
function of the PV-plant power availability. It is worth to note that some consumption reduction due to smart
control occur for both systems in Scenario 2 and 3 with respect to Scenario 1: it is of slight interests (3.5%) for
Scenario 2 but assume most relevance in Scenario 3 (10%) even if it goes to the detriment of comfort. At this
regards, it is important to consider that the higher thermal capacity of HPWH-200 limits discomfort conditions that
could be assumed as almost negligible in both Scenario 2 and 3. On the other hand, HPWH-100 working at
conditions of Scenario 3 shows high discomfort values that could be considered unacceptable by users (Fig. 6).
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Fig. 6: Comfort indexes: on the left, HPWH-100 - on the right, HPWH-200

Aside from the reduction of energy consumption due to the smart thermostat control, it is worth to note how PVplant interacts with the HP load (Fig. 7). For both HPWH-100 and HPWH-200, the conjunction of smart control
and electrical storage (Scenario 2) leads to ARES index almost equals to 100%, meaning that PV-plant definitively
covers all DHW need. On the other hand, excluding the smart control on the thermostat (Scenario 1) or excluding
the battery storage (Scenario 3) involve yearly ARES index values respectively equals to 92% and 50% for HPWH100 and 89% and 65% for HPWH-200.

Fig. 7: ARES index in different Scenarios: on the left, HPWH-100; on the right, HPWH-200

Other remarkable results concern the role the electrical storage plays in the analyzed systems at different working
conditions. It has to be first noted that simulations for Scenario 2 and 3 leads to AC values that logically increase
with respect to Scenario 1. It is because the system is forced to work rising up the set point temperature whenever
PV produced energy is adequate to drive the heat pump cycle, Tab.3. Consequently, the yearly average FSOCav
increases for both Heat Pump models meaning the electrical storage plays a partial role in the system, overall for
HPWH-200.
Indexes

Scenario 1

Scenario 2

Scenario 3

HPWH-100

HPWH-200

HPWH-100

HPWH-200

HPWH-100

HPWH-200

AC

9%

12%

44%

58%

50%

68

FSOCav

49%

49%

64%

82%

Not applicable

Not applicable

Indeed, Fig. 8 (HPWH-200) and Fig.9 (HPWH-100) show the system daily behavior for Scenario 2 in
representative winter and summer days that were chosen according to radiation daily median value in the most
critical months (December and August). For HPWH-200 (Fig. 8), the smart control on the set point temperature
together with the maximum achievable temperature by heat pump cycle and together with the larger tank volume
allows obtaining the desired effect. The HPWH switches on only when PV energy is available. Nonetheless, it has
been observed that on a yearly basis some dependence on the battery is recorded for maintaining set point
temperature. It explains how in Scenario 3, where no electrical storage is provided, some discomfort condition is
recorded for the chosen smart control on set-point temperature.
On the other hand, HPWH-100 shows higher electrical storage dependence, Fig. 9. In this case, it has to be
considered that the maximum achievable temperature (55°C) limits the effect of the smart logic. Moreover, the
reduced tank volume restricts the possibility to store the produced PV energy as thermal one. For all these reasons
HPWH-100 switches on mainly in conjunction with tapping events, occurring in the morning and in the evening,
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exploiting the stored energy.

Fig. 8: Daily trend, Scenario 2 – HPWH-200

Fig. 9: Daily trend of the system, Scenario 2– HPWH-100
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Economic analysis was performed for the two plants. According to eq. 9, a 18 years useful life-time is supposed in
NPV evaluation. Considering no relevant difference exists in cost analysis for the different scenarios, only results
for Scenario 1 are hereby presented in order to check for the most economically suitable solution between HPWH100 and HPWH-200 with regards to the actual ESWH boiler. Cost analysis bases on an EU Commission official
report (Kemna, 2019) for the estimation of HPWH initial costs and of its ordinary maintenance cost, on market
data for PV panels (0.53 €/kWh) and an official price list by local government for the other components. PV
maintenance cost include the substitution of battery once in the analyzed period. It has been estimated that the cost
of HPWH-100 plant is about 3,000.00 € while the cost of HPWH-200 plant is 4,500.00 €. According to bi-monthly
bills, it has been determined an average price per kWh of purchased energy from the grid (0.23 €/kWh) while sellback price for produced energy is supposed equals to 0.10 €/kWh, according to the Italian panorama. Finally, the
Italian incentive program for building energy refurbishment has been applied to NPV calculation. Consequently, a
65% and 50% discount distributed in 10 years has been applied respectively to HPWH and PV-plant. Fig. 10 shows
results for both analyzed systems, it has to be noticed that due to the high level of independence from the grid, the
economic saving per year is almost equal to the total amount of the ESWH energy cost. Moreover, the higher PV
energy production in HPWH-200 positively influences the economic results overpassing the higher initial cost:
NPV at the end of the useful-life for the two system is 2111,00 € versus 2206,00 € for the HPWH-100 systems. On
the other hand, Scenario 3 shows slightly higher NPV values 2,270.54 € and € 2,309.25 €, respectively for HPWH100 and HPWH-200 due to the fact battery costs are not included according to plant set up.

Fig. 10: on the left sell and purchased energy, on the right Net Present Value results

4. Conclusion
A specific tapping profile for a representative user in Lampedusa Island has been calculated from recorded data by
an experimental campaign on the real ESWH system installed in an island final user place. A validated TRNSYS
model was then suitable to evaluate the energy consumption of the actual system and of retrofit scenarios in which
an air-to-water HPWH for DHW production substitutes the ESWH. The main idea was to evaluate the effect of
thermal storage with different sizes, potentially coupled with electric storage, by applying or not smart control
strategy on set point temperature.
In Scenario 1 with fixed set point temperature and 1,200 Wh electric storage, the use of the HPWH (regardless its
tank size) instead of the ESWH leads to 65% energy saving goal moreover the 89% of the yearly electric
consumption is covered by PV plant production. Due to the specified mDHW,daily profile, whose tapping events occur
in the morning and in the evening, the contemporaneity between PV production and DHW load is obviously low
(average 10% for both heat pump models).
Scenario 2 and 3 are aimed to exploit as much as possible the tank thermal capacity as storage for the PV-produced
energy. A smart control for set point temperature is introduced in the system. HPWH is forced to switch on
whenever PV-produced energy is available by rising the set point temperature to its maximum achievable value,
according to heat pump technical sheet.
In Scenario 2, the conjunction between smart control on set-point temperature and electric storage allows to totally
fulfill the energy demand of the analyzed systems with almost negligible effects on comfort condition (ARES
index sets at 100% for HPWH-200 and 98% for HPWH-100). Due to the introduced smart control the
contemporaneity between PV-production and heat pump load logically rises to 64% and 82% respectively for the
100 liters tank size and the 200 liters one.
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Scenario 3 including the smart control but excluding electric storage is the most critical in terms of comfort
condition fulfillments, especially for the HPWH-100: comfort index sets at 32% while potential discomfort index is
67%. Most acceptable values are recorded for the HPWH-200 (CI=93% while PDI=3%).
Summarizing, HPWH-200 in Scenario 2 shows the optimum solution including a 1200 Wh battery that allows to
entirely meet the heat pump energy demand by RES source while maintaining comfort condition. Moreover, some
energy consumption reduction in Scenario 2 compared to Scenario 1 (-4%) occurs due to variable set point
temperature. It is worth to note that also from an economic point of view, HPWH-200 shows better results.

5. Acknowledgments
This work is mainly based on the output of the research Ricerca di Sistema Elettrico. Progetto D.1 - Analisi
sperimentale e numerica di tecnologie solar driven per la climatizzazione e la produzione di ACS e di sistemi ICT
per il controllo e la riduzione dei carichi elettrici nelle isole minori non connesse alla RTN (PAR 2017 - CUP
I12F17000070001), funded by the Italian Minister of Economic Development and Managed by ENEA in
cooperation with Università degli Studi di Palermo, Italy.

6. References
Beccali, M., Ciulla, G., Di Pietra, B., Galatioto, A., Leone, G., Piacentino, A. (2017a). Assessing the feasibility of
cogeneration retrofit and district heating/cooling networks in small Italian islands. Energy 141, 2572-2586
Beccali, M., Bonomolo, M., Di Pietra, B., Ippolito, M.G., La Cascia, D., Leone, G., Lo Brano, V., Monteleone, F.,
Zizzo, G., (2017b). Characterization of a small Mediterranean island end-users’ electricity consumption: The case
of Lampedusa. Sustainable Cities and Society 35, 1–12
Calise, F., Dentice d'Accadia, M., Macaluso, A., Vanoli, L., Piacentino, A., (2016). A novel solar-geothermal
trigeneration system integrating water desalination: Design, dynamic simulation and economic assessment. Energy
115, 1533-1547
Ciriminna, R., Pagliaro, M., Meneguzzo, F., Pecoraino, M., (2016). Solar energy for Sicily’s remote islands: On the
route from fossil to renewable energy, International Journal of Sustainable Built Environment 5, 132–140
Duic´, N., Krajacic´, G., da Graça Carvalhob, M., (2008). RenewIslands methodology for sustainable energy and
resource planning for islands, Renewable and Sustainable Energy Reviews 12, 1032–1062
EN 12831-3:2018. Energy performance of buildings - Method for calculation of the design heat load - Part 3:
Domestic hot water systems heat load and characterisation of needs
EN 16147:2017. Heat pumps with electrically driven compressors - Testing, performance rating and requirements
for marking of domestic hot water units
Favuzza, S., Graditi, G., Ippolito, M. G., Massaro, F., Musca, R., Riva Sanseverino, E., Zizzo, G. Transition of a
Distribution System towards an Active Network. Part I: Preliminary Design and Scenario Perspectives, Clean
Electrical Power (ICCEP), 2011 International Conference on, July 2011.
Fuentes, E., Arce, L., Salom, J., (2018). A review of domestic hot water consumption profiles for application in
systems and buildings energy performance analysis, Renewable and Sustainable Energy Reviews 81 1530–1547
Groppi, D., Astiaso Garcia, D., Lo Basso, G., Cumo, F., De Santoli, L. (2018) Analysing economic and
environmental sustainability related to the use of battery and hydrogen energy storages for increasing the energy
independence of small islands, Energy Conversion and Management 177, 64–76
Katsaprakakis, D.A., Dakanali, I., Condaxakis, C., Christakis, D.G., (2019) Comparing electricity storage
technologies for small insular grids, Applied Energy 251 113332
Kemna, R., van Elburg, M., Aarts, S., Corso, A. (2019). Final Report: Water heaters, Review study Task 2 Market analysis, Final report, available at https://www.ecohotwater-review.eu/documents.htm
Kuang, Y., Zhang, Y., Zhou, B., Li, C., Cao, Y., Li, L., Zeng, L., (2016). A review of renewable energy utilization
in islands, Renewable and Sustainable Energy Reviews 59, 504-513
Marczinkowski, H.M., Østergaard, P.A., (2019) Evaluation of electricity storage versus thermal storage as part of
two different energy planning approaches for the islands Samsø and Orkney, Energy 175, 505-514

1291

M. Beccali et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Meschede H., Holzapfel P., Kadelbach F., Hesselbach J. 2016. Classification of global island regarding the
opportunity of using RES, Applied Energy 175, 251-258
Østergaard,, P.A., Jantzen, J., Marczinkowski, H.M., Kristensen, M., (2019). Business and socioeconomic
assessment of introducing heat pumps with heat storage in small-scale district heating systems, Renewable Energy
139, 904-914
PREPAC, LINEE GUIDA alla presentazione dei progetti per il Programma per la Riqualificazione Energetica degli
edifici della Pubblica Amministrazione Centrale PREPAC (D.M. 16 Settembre 2016) available at
http://www.efficienzaenergetica.enea.it/allegati/Linee%20Guida%20PREPAC%204.7.2017.compressed.pdf
Schweiger, G., Rantzer, J., Ericsson, K., Lauenburg, P., (2017). The potential of power-to-heat in Swedish district
heating systems, Energy 137, 661-669

1292

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Seasonal thermochemical heat storage: first measurements on a
falling film tube bundle laboratory setup.
Xavier Daguenet1, Fabio Lichtensteiger1, Daniel Lustenberger1, Paul Gantenbein1 and Andreas
Haeberle1
1

SPF Institute for Solar Energy / HSR University of applied sciences, Rapperswil (Switzerland)
Abstract

Thermochemical energy storage in aqueous sorbents is a promising technology for long-term application. In an
absorption system the absorption-desorption and evaporation-condensation heat and mass exchangers form the
power unit whereas the tanks containing the sorbent (aqueous solution) and the sorbate form the capacity unit. An
experimental test rig was built to perform and investigate the processes of absorption and desorption. The high
number of different sensors permit the assessment of the processes. First results show a good monitoring of the
data in the power range of 1 kW, which allow to compare different heat and mass exchangers together. The tube
bundle heat and mass exchanger of the power unit is manufactured in three different versions. Plain tubes are used
for a reference. For comparison, the heat and mass exchanger has either corrugated tubes - to increase the surface
wetting - or tubes wrapped with ceramic foams. These measures are to increase both, the surface wetting of the
tubes and the residence time of the sorbent in the sorbate vapor. In a further step, the gained measurement are
foreseen for improving the numerical model (scaling method to higher power for building application).
Keywords: absorption, desorption, sodium hydroxide, seasonal storage, thermochemical compact heat storage

1. Introduction
More than 1/3 of Switzerland's energy demand is currently used for heating applications. Nowadays, 64 % of this
heat is still produced by non-renewable sources like gas or oil (BFE, 2018), which could be replaced by solar
energy applications or in general by renewables. However, the contrast between availability of solar energy
produced heat in summer and demand in winter can only be remedied by seasonal thermal storage. A promising
technology to store heat from summer to winter is the seasonal thermochemical energy storage with aqueous
sorbents. Its main advantage is the high energy density and the loss free energy storage over time (N. Yu et al.,
2013).
For such type of storages, during summer, heat from a solar thermal system is used in a desorption unit to raise
the sorbent concentration (partial vaporization of water). While the concentrated sorbent is stored until winter in
a separate tank, the water vapour leaves the desorption unit (D) driven by the vapour pressure difference and is
condensed in the condensation unit (C) –. The condensation heat is released to the ambient (regeneration of a
borehole) whereas the condensed sorbate is stored in an external tank. As long as no vapour reaches the high
concentrated sodium hydroxide in the tank, the energy can be stored without losses. In winter, the reverse process
is performed: the condensation unit serves as an Evaporator (E) and the low temperature heat from the borehole
is used to vaporise the sorbate. As the whole processes in the system works at sub-atmospheric pressure, the
sorbate boiling occurs at low temperature. The absorption of sorbate in the high concentrated sorbent takes place
in the Absorber (A) and the heat is released at a significantly higher temperature level (foreseen use: building
heating applications by radiant floor). The low concentrated aqueous sorbent (sodium hydroxide etc.) solution is
stored until the regeneration process is started in summer.
Water vapour is used for the sorbate whereas a salt solution like lithium bromide, lithium chloride or, less
expensive, sodium hydroxide can serve as a sorbent. The current paper focuses on the first measurements gained
on an in-house built prototype designed to investigate the performance of a closed sorption heat storage using
sodium hydroxide/water as sorbent/sorbate working pair.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
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2. Experimental test rig description
2.1. Experimental set up
Fig. 1 shows a CAD view of the absorption-desorption test rig. It comprises a power unit with absorber-desorber
(A/D) and evaporator-condenser (E/C) heat and mass exchangers. The three tanks underneath the power unit are
for the sorbate (water) and for the high and the low concentrated aqueous sorbent.

Sorbate loop
Sorbent loop

Fig. 1: Front CAD view of the experimental setup (left) and exploded view of the heat and mass exchanger units (right).

Because of the seasonal separation of the processes - absorption in winter and desorption in summer – these two
processes are at the current state of work unified in one chamber and build as one tube bundle (a compromise to
reach high energy density). To analyse the absorption-desorption processes and not to limit it, the E/C unit is
overdesigned.
2.2. Measurement system and procedure
Due to experience gained on the operation of a former test rig (Daguenet-Frick et al., 2017) the instrumentation
concept was improved and extended on the current test rig. This later enables to evaluate the process determining
values (exchanged power, amount of condensed/vaporised water for example) by different ways and includes:
• 40 temperature sensors (all calibrated Pt 100 sensors) for the temperature measurement in the Heat
Transfer Fluid (HTF) loops as well as on the surface of the tubes constituting the heat and mass exchangers
(sorbent and sorbate temperatures).
•

5 piezo-resistive pressure transmitters (one in each chamber/tank)

• 4 flow rate measurement (2 magnetic inductive sensors, 1 Coriolis sensor and 1 oval-wheel-sensor) to
measure precisely the flow rates in each of the HTF, sorbent and sorbate loop
•

3 radar level meters (tracking of the tanks filling in real time)

• 2 density measurement sensors (precise measurement of the sorbate concentration at the inlet as well as
at the outlet of the A/D unit)
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•

1 precision balance (assessment of the water quantity that is vaporised / condensed)

Continuous recording of the signal of all these sensors is implemented (data logging) and, for one process
measurement point in steady state conditions, the boundary conditions are stabilised within a 15-minute (set of
900 measurement points in steady conditions, one per second). Processing of each measurement point consists in
the calculation of some values (primarily heat transfer values) and time averaging the whole data set. For each
value, the uncertainties (typically the "error" bars for each point of Fig. 2) stems from a statistical calculation
(calculated confidence interval depending on the number of measurement for one data point).

3. Measurements campaign
3.1.

First experimental measurements – facility function tests

The aim of the current facility is to investigate the absorption process i.e. the storage discharging, as it is currently
limiting the power. Specially optimized A/D tube bundle were developed (textured tubes, use of ceramic foams…)
and will be characterised and compared with the smooth (plane) tube heat and mass exchanger on this facility.
Therefore, one main point at the end of the commissioning was to check that the E/C unit is not limiting the heat
and mass exchanges. For this purpose, the influence of the recirculated volume flow rate of sorbate (liquid water)
on the exchanged heat is shown on Fig. 2 for both desorption and absorption process.

Fig. 2: evolution of the power on both A/D and E/C tube bundle in function of the sorbate volume flow rate recirculated on the E/C
unit for both desorption (left graph) and absorption (right graph) processes.

According to the left graph of Fig. 2, before thermal insulation of the E/C unit, this recirculated volume flow rate
had some influence on the heat exchanged on the C side at room temperature Troom of 25 °C and condensation
temperature TE/C of 15 °C. Regarding this result, the E/C unit was thermally insulated. The second graph of Fig. 2
stems from afterwards performed measurements (same value of parameters Troom, TE/C). Even if some minor
influence of the volume flow rate can be observed on the evaporator power, the power on the absorber remains
quite constant. However, despite of thermal insulation of the E/C unit as well as of the water tank and the sorbate
pipes, it turned out that the E/C loop exchanges a lot of heat with the surrounding. In fact, the sorbate recirculation
lead to a huge heat exchange area in comparison to the A/D loop where the heat exchanges with surrounding are
negligible. For this reason, in the following measurements performed and analysis of the results, the power
measured on the A/D unit will be privileged.

3.2.

Influence of the sorbent volume flow rate

The left side of Fig.3 shows the influence of varying sorbent volume flows on the absorption power. The graph
on the right hand side shows the associated sodium lye concentration difference. The temperature difference
between inlet temperature of the HTF at the A/D and E/C unit (∆T = Ti_AD_in - Ti_EC_in) was either 10 K (triangle
dots) or 20 K (square dots) and the evaporation temperature was kept constant (Ti_EC_in =15 °C). On the right
graph, the concentration difference measurement shows large uncertainties. Indeed, for this measurement
campaign the density sensor at the outlet of the reaction zone showed a fluctuating behaviour. It is assumed that
the first version of the density sensors implemented on the test rig, based on the Coriolis principle were easily
affected by external perturbation like microbubbles of vapor or non-condensed gas transported away by the
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sorbent.
To compare the measurement data and test the reproducibility, the first and last measurement point in a campaign
of the day were conducted with a sodium lye volume flow of 54 ml/min (temperature difference of 10 K). The
reproducibility is very good as the uncertainty bar covers the slight data point shift, which occurred during the
measurement.

Fig. 3: absorption power (left) and concentration difference (right) in function of varying sodium lye volume flows at 10 and 20 K
temperature difference between A/D and E/C unit for the smooth tube heat exchanger (HX).

The absorption power increases with increasing sodium lye volume flow. The higher flow does improve the
wetting of the heat exchanger tube surfaces as well as turbulence on the tubes and as a result, the power increases
according to logarithmic trend lines (doted lines in the graph). In the same time, the concentration difference
decreases linearly with increasing volume flow rate, probably due to the reduction of the residence time of the
sorbent in the heat and mass exchanger i.e. the sorbate vapour.
In general, the same trend is visible at both temperature difference levels. With high temperatures at the absorber
HTF inlet (∆T = 20 K), a slightly lower absorption power (about 10%) can be observed than for ∆T = 10 K. The
achieved concentration difference is also affected by the temperature difference (the lower the temperature
difference is, the higher the concentration difference ∆wt). However, this dependence is reduced at high sorbent
flow rates; it seems that in this case the pressure differences between A/D and E/C (linked with the temperature
difference itself) have less effect on the efficiency in comparison to the sorbent volume flow rate.
Practically, depending on the sorbent volume flow, different flow modes over the heat exchanger can be achieved.
As the volume flow (resp. Reynolds number Re) increases, a transition from droplet to column or even sheet flow
can occur (Roques and Thome, 2003). The increase of the Re number is linked to a rise of the turbulence but from
a certain given Re number the wetting area can't be further increased whereas the residence time can even be
reduced. However, in the considered test rig, the pump limits the volume flow rate and in these conditions, the
droplet mode prevails. High sodium lye mass flow rates enable to increase the absorption power but on the other
hand, this high mass flow rates are linked with a reduction of the concentration difference. As this concentration
difference ∆c is directly linked with the compactness of the thermochemical storage (the higher ∆c the higher the
stored energy), a compromise between power and concentration decrease will have to be found regardless of the
heat exchanger (HX) shape.
3.3.

Influence of HTF volume flow on the Absorber

On the left hand side of Fig. 4, the absorption power and the HTF outlet temperature in function of the HTF
volume flow rate are shown. The dotted red line indicates the transition from laminar to turbulent flow inside of
the textured tubes of the A/D unit. On the right hand side, the influence of the heat transfer volume flow on the
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sodium lye temperature (maximum reachable temperature in adiabatic conditions) and heat transfer fluid outlet
temperature are shown. The temperature of the sodium lye was averaged over the heat exchanger.

Fig. 4: comparison of the absorption power (left) and the associated temperature difference (right) as a function of the HTF
volume flow rate for the textured tube heat and mass exchanger.

According to (Rotta, 1956) a transition from laminar to turbulent flow begins, when the Reynolds number exceeds
2300 inside of a tube (volume flow rate above 45 L/h, for the considered geometry). This transition explains the
slope discontinuity of the linear regression observed on both graphs of Fig. 4. The absorption power increases
with increasing heat transfer fluid volume flow rate. On the other hand, the outlet temperature decreases as, by a
constant temperature difference (∆T = Ti_AD_in - Ti_EC_in), more energy can be transported out of the system by
increasing fluid flow rate. For the final application, an optimal working point (compromise between output power
and HTF fluid temperature) will have to be found.
At the minimal fluid flow rate, the stagnation temperature of the sorbent could be measured and is around 50 °C.
In these conditions, the HTF temperature could not be measured precisely with the current test rig. In fact, the
temperature sensors are placed to measure the temperature at the outlet of the tubes and not directly in the heat
exchanger tube itself. However, as 50 °C is reached by the sorbent, a maximal temperature lift of 35 K between
the evaporator HTF inlet temperature and the absorber HTF outlet temperature is practicable. With a borehole as
low temperature heat source, the system may be de facto used at least for building heating applications at low
temperature when not for pre-heating of domestic hot water.
3.4.
Influence of the temperature difference between absorber and evaporator inlet for smooth and textured
heat exchanger
In this section, measurement of both, smooth and textured version of the A/D heat exchanger are shown. The
smooth (triangle dots) and textured (square dots) heat exchangers are compared and their absorption power is
shown in Fig. 5 on the left hand side. Furthermore, the concentration difference due to absorption at different
temperature differences between the A/D and E/C unit is shown on the right hand side.
As written in section 3.2, the first version of the density sensors implemented on the test rig were easily affected
by external perturbation like microbubbles of vapor or non-condensed gas carried away by the sorbent. However,
this prototype version of density sensors were replaced by commercial ones, which turn out to be much more
reliable, before the textured tube experiments were conducted. The concentration measurement error bars are
consequently smaller for the textured tube experiments.
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Fig. 5: Comparison of the absorption power (left) and the associated concentration difference (right) as a function of the
temperature difference for the textured and smooth tubes.

As expected and already explained in section 3.2 the absorption power decrease with increasing temperature
difference. With the textured tube shape heat exchanger, an absorption power up to 20 % higher was achieved
compared to the power with the smooth tube version. The enlarged surface does increase the residence time. In
addition, the wetting of the tubes itself improved as it can be seen on Fig. 6. The droplets fall more along invisible
tracks for the smooth HX, whereas for the textured HX the surface is wetted over its full visible length. Both
residence time and wetting enhancement results in a higher concentration difference and therefore in a higher
absorption power.

Smooth HX

Textured HX

Fig. 6: evolution of the wetting on both tube bundle types in the A/D unit. Smooth tubes on the left (droplet mode) and textured on
the right (transition to column mode). A higher wetting of the textured tubes at the same volume flow can be observed.

Despite of the increase of the absorption power noticed with the textured second generation of A/D heat
exchanger, the aimed power of 1 kW was not reached for the absorption process. This goes also along with the
concentration difference: a maximal reduction of 7.5 wt.% was achieved instead of the 20 wt.% targeted. In
contrast, desorption measurements on the textured A/D showed that both expected power as well as concentration
difference can be reached in this working mode and design. This shows that the insufficient results obtained in
the absorption process are linked with the high viscosity of the high concentrated sodium lye solution. This
viscosity itself prevents a good wetting of the tube bundle surface as well as appropriate residence time inside of
the heat exchanger (exposition time of the sorbent to the sorbate vapour). To challenge both of these weaknesses,
it is foreseen to investigate the behaviour with a third generation heat exchangers whose tube bundle is covered
by ceramic foam. These experiments will be done as soon as the observed problem of outgassing of the foam is
solved.
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4. Conclusion and Outlook
The experiments were focused on the investigation of the absorption power for smooth and textured tube shapes.
In fact, the absorption power measured was 20 % higher with the textured tube surface compared to the smooth
tube design. The better wetting and the longer contact time of the sodium lye with the water vapour results in a
higher concentration decrease, which leads to the higher absorption power measured and thus overall to a better
compactness of the thermochemical storage. Apparently, the main influencing parameter on the absorption power
is the high viscosity of the NaOH-H2O solution at low temperature and high concentration, which prevent the
smooth heat exchanger to be completely wetted as well as to reach an appropriate residence time of the sorbate in
the heat and mass exchanger. The high viscosity may also negatively affect the concentration gradient in the fluid
on the tube surface, preventing the absorption of water vapour in and mixing the sodium hydroxide film.
The next step in the further investigations will be to implement a HX with ceramic foam tube shape in the
laboratory test rig. This should allow achieving a higher absorption power with the same reactor size and an
assessment will show the advantage. Another step forward could be the use of surfactants also to increase the
surface wetting and the contact time of the sodium lye with the water vapour.
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Abstract
This work presents the design of a reactor-heat exchanger combined unit using COMSOL transient simulations in
2D for a thermochemical storage (TCS) system of NH3-SrCl2 (absorption-desorption of SrCl2·NH3 and SrCl2·8NH3).
TCS with NH3-metal halide reactions is emerging, with many packed-bed reactors often incorporating salt with
expanded graphite (EG) to improve thermal conductivity. Similarly, a packed-bed reactor is chosen here using SrCl2EG composite, for a reaction pressure of 8 bar, accommodating desorption above 82 ℃ and absorption below 79 ℃.
The aim here is to find a simple and cost-effective reactor-heat exchanger (HEX) combined unit to store 0.5 kWh
heat (1.1 kg of SrCl2·NH3 forming 1.8 kg of SrCl2·8NH3). From several HEX configurations, the first configuration
is modelled here. This is contains three reaction media cylinders (a composite of 87.5% w/w of SrCl2·8NH3 in EG)
sandwiching two units of tube-in-tube (TinT) HEXs. A stationary study for the heat transfer fluid (HTF) velocity
analysis is coupled with a time-dependent study for the reaction phenomena, respectively for the salt-alone and saltEG composite. For 15 hours reaction time, the reaction advancement (above 0.85) was enhanced significantly in the
salt-EG composite, which was only above 0.55 for the salt-only case. The reaction progression is the slowest in the
bottom of the innermost reaction media, where the HTF temperature is the lowest. Thus, an additional HEX unit
along the center-axis of the reactor appears suitable to reduce the reaction time. As next, the effect of HEX thickness,
number of TinT units, as well as other reactor-HEX configurations will be analyzed to choose the optimal setup.
Keywords: Ammonia-SrCl2, absorption, desorption, thermochemical heat storage (TCS), reactor, COMSOL

1

Introduction

Thermal energy storage (TES) is a key technology in enabling more efficient and effective management of energy
systems, by facilitating peak shaving and load shifting (Barzin, Chen, Young, & Farid, 2015), harvesting waste
thermal energy (Chiu et al. 2016, Fujii et al. 2019), and renewable energy sources integration, particularly with solar
energy (Frazzica and Freni 2017, Valverde et al. 2017). Thermochemical storage (TCS) systems storing the heats of
reversible chemical reactions are an attractive type of TES, with, very high storage densities that offer temperatureflexible design. TCS systems are mainly two-fold based on the operating mechanism: using adsorption, or absorption.
Among the absorption-based TCS systems involving non-water reaction pairs, many employ the reaction between
NH3 and a metal halide such as SrCl2, MnCl2, CaCl2, BaCl2, MgCl2, and NH4Cl2 (Erhard, Spindler, and Hahne 1998,
Li et al. 2009, Bao et al. 2012, NagaMalleswara Rao, Ram Gopal, and Bhattacharyya 2013, Li, Wang, and Yan 2015,
Kuwata et al. 2016, Soprani 2016, Li et al. 2016, Jiang et al. 2016, Mofidi and Udell 2017, Al-Zareer, Dincer, and
Rosen 2017). As the thermal conductivity of these salts are considerably low, to improve heat transfer and thus
reaction kinetics inside the reactors, incorporating the metal halide into e.g. expanded graphite (EG) matrices have
also been analyzed (Bao et al. 2012, Li et al. 2009, Li et al. 2010, Jiang et al. 2016, Mofidi and Udell 2017). The
evaluated reactor configurations include e.g. simple packed-beds with an axial flow of NH3 in (NagaMalleswara Rao
et al., 2013), (Li et al., 2016), a packed-bed using stainless-steel (SS) honeycomb disks containing salt with NH3
flow through the disks (Soprani, 2016), a permeable piston-controlled packed-bed (Mofidi & Udell, 2017), among
others. These heat exchanger (HEX) configurations so far are of simple construction, e.g.: an HTF bath where the
reaction media pipes are immersed (Erhard, Spindler, and Hahne 1998); an annular jacket coupled with a center-line
HEX (Bao et al. 2012, NagaMalleswara Rao, Ram Gopal, and Bhattacharyya 2013); a double-pipe HEX (Li, Wang,
and Yan 2015, Li et al. 2016); an HTF bath adjacent to a packed bed of reactants (Kuwata et al. 2016); a W-tube
HEX (Soprani 2016); as an annular HEX (Jiang et al. 2016) or a heating rod (Mofidi and Udell 2017) along the
center-axis of packed bed.
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With this background, the aim of this study is to present new knowledge on the combined reactor-HEXs
configurations that significantly improve the heat transfer properties and reaction kinetics of NH3-metal halide TCS
systems. Specifically, out of several new HEX configurations in combine with an EG matrix for better heat transfer
will be explored through numerical simulations, with reaction advancement (a), as well as temperature and ammonia
velocity evolution within the reactor as performance criteria. This is expected to achieved through transient 2D
simulations with COMSOL Multiphysics (COMSOL Inc., 2019), for the NH3-SrCl2 system involving the
absorption/desorption between SrCl2·NH3 and SrCl2·8NH3. With these COMSOL numerical simulations, it is here
expected to determine the optimal reactor-heat exchanger configuration for improved reaction kinetics in the system,
starting with the presented configuration and comparisons to be made with some other configurations in continuation.

2

Methodology

The considered chemical reaction of the system NH3-SrCl2 is detailed in (eq. 1). This reaction has a reaction enthalpy
(ΔH) and entropy (ΔS) of 41.4 kJ molNH3-1 and 230 J mol-1 K-1 (Lysgaard et al., 2012) respectively. For the targeted
heat storage capacity of 0.5 kWh (i.e., 1800 kJ), the stoichiometric amount of NH3 needed is 43.48 mol, to react with
6.21 mol (i.e., 1.09 kg) of SrCl2·NH3(s) to produce 6.21 mol (i.e., 1.83 kg) of SrCl2·8NH3(s). The equilibrium
conditions are chosen according to the Van’t Hoff’s equation (Soprani 2016, Lysgaard et al. 2012), at 8 bar pressure,
with absorption at 79 ℃ and desorption at 82 ℃.
7 NH3(g) + SrCl2·NH3 (s) ⇆ SrCl2·8NH3 (s) + ΔH

(eq. 1)

1.1. Reactor sizing
To realize aim of finding an optimal reactor-HEX configuration, several specific configurations are chosen, with
better HEX-configurations, e.g. as compared to state-of-the-art as summarized in section 1. From these chosen
alternatives, as the first step, a cylindrical packed-bed reactor (vessel in SS 316) is considered herein. This is
embedding SrCl2·8NH3-EG composite in three respective cylindrical blocks sandwiched between two annular tubein-tube (TinT) heat exchangers in Al, as shown in Figure 1. These dimensions along the indicated parameters are
explained and summarized in Table 1, which were calculated using the following data. The simplicity for costeffective manufacturing of this combined unit has been a priority in choosing this particular reactor-HEXs
configuration here. Thus, e.g. the reactor vessel diameter and thickness were chosen within existing commercial
stainless steel pipe dimensions from (Damstahl, 1998) suitable for the system pressures (allowing a safety margin as
well). The employed expanded graphite (EG) boards are from (SGL CARBON GmbH, 2019).
R_d_o
R_d_i
R_r_o

R_r_i

gp
l2

l2

R_t

T_Rp

T_Rp

Rm_ht

Rm2 Rm3

Rm1

T_Rp

h2

R_h_i
(=R_h_o-2*R_t)

R_r_i/3 R_r_i/3 R_r_i/3 R_r_i/3 R_r_i/3
R_r_i/3
Reaction media (salt+EG matrix)

Rm1
R_r_i/3 R_r_i/3

R_r_i/3

Rm2
Rm3

h1

h4

gp
h3

(a)

(b)

Figure 1. The chosen reactor-Heat Exchanger configuration and dimensions (Rm: reaction media, TinT: tube-in-tube HEX)

The required amount of reaction media (Rm), i.e., the salt-EG board composite, was calculated based on own
experimental data (conducted at DTU) for salt compression tests into Sigratherm (SGL) EG boards L 20/1500 (SGL
CARBON GmbH, 2019). The tests indicated that this SrCl2-EG composite (bulk density of 820 kg m-3) can be made
successfully to contain 79% w/w SrCl2 (molar mass: 158.52 g mol-1). After ammoniation tests, the density of this
composite became 1380 kg m-3, thus accounting for 87.5% w/w of SrCl2.8NH3. With a bulk density of 1000 kg m-3
of SrCl2.8NH3 (Soprani 2016, Lysgaard et al. 2012), the required EG board volume of L 20/1500 type is thus found
to be 0.00152 m3 (for 0.5 kWh energy storage capacity). To accommodate any compacting inhomogeneity, it was

1301

S.N. Gunasekara et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

decided to use 30% more volume of the board, thus accounting for 0.00198 m 3 (~2 l). As during the experiments,
neither the salt compacting nor ammoniation expanded the volume of the EG board from the original size, this volume
corresponds to the total volume of the reaction media, i.e., the salt-EG composite. There, the reaction media height
was chosen iteratively to achieve a reaction media volume to match this 130% of the EG volume. This chosen height
results in real reaction media volume of 0.00210 m³, which is therefore sufficient (as it is greater than 0.00198 m3).
The volume fraction of SrCl2·8NH3 and EG in this media is 0.952 and 0.0476 (excluding pore volume), respectively.
Table 1. The chosen reactor-heat exchanger dimensions

Parameter
R_r_o
R_t
R_r_i
HEX_d_i
HEX_d_o
l2

Value
84.15
2.6
81.55
4
6
94.15

Unit
mm
mm
mm
mm
mm
mm

T_Rp
TinT1_r
TinT2_r
TinT_tb_t
HEX_t
TinT1_ro
TinT1_ri
TinT2_ro
TinT2_ri
Rm1_r
Rm2_r
Rm3_r
Rm_v_1.3

0
27.18
54.37
2.6
5
37.38
27.2
64.57
54.4
27.2
54.4
81.6
0.00198

mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
m3

Rm_ht
HEX_h
Rm1_v
Rm2_v
Rm3_v
Rm_v_calc
h1
h2
h3, h4
gp
R_hi
R_ho
R_Vt

140.0
140.0
0.000325
0.000685
0.001091
0.002102
105.0
35.0
25.0
80
305.2
310.4
0.006905

mm
mm
m3
m3
m3
m3
mm
mm
mm
mm
mm
mm
m3

Description
Reactor external radius (Damstahl, 1998). R_d_o=2·R_r_o
Reactor wall thickness (Damstahl, 1998).
Reactor internal radius (Damstahl, 1998). R_d_i=2·R_r_i
Heat exchanger tubing internal diameter (Swagelok, 2019)
Heat exchanger tubing external diameter (Swagelok, 2019)
Length of the HEX tube inlet and outlet horizontal pieces, assumed,
The gaps between each reactor component (e.g. reaction media and TinT
walls), assumed negligible.
Tube-in-in-tube 1 (inner) HEX radius, to the center of the HEX annulus
Tube-in-in-tube 2 (outer) HEX radius, to the center of the HEX annulus
Wall thickness of each TinT cylindrical tube, assumed = R_t
The effective HEX thickness (for heat transfer fluid flow) of each TinT
The outer radius (including HEX walls and HEX_t) of TinT1 cylinder
The inner radius (excluding HEX walls and HEX_t) of TinT1 cylinder
The outer radius (including HEX walls and HEX_t) of TinT2 cylinder
The inner radius (excluding HEX walls and HEX_t) of TinT2 cylinder
The radius of the inner reaction media cylinder
The outer radius of the middle reaction media cylinder
The outer radius of the outer reaction media cylinder
Total volume of reaction media required for 1.3% EG volume (1.98 l)
Reaction media height, iteratively calculated to obtain the required reaction
media volume
Assumed as the same as Rm_ht
The volume of inner reaction media cylinder
The volume of middle reaction media cylinder
The volume of outer reaction media cylinder
The total real volume of the reaction media (=Rm1_v+ Rm2_v+ Rm3_v)
Heights of the vertical parts of the HEX inlet and outlets to/from TinT2
Heights of the vertical parts of the HEX inlet and outlets to/from TinT1
Heights of the vertical HEX inlet/outlet connectors to/from TinT1 and TinT2
Empty reaction vessel spaces above and below reaction media, assumed
Total reactor height, inner
Total reactor height, outer
Total reactor volume (6.91 l)

1.2. Reactor-heat exchanger numerical simulation using COMSOL
The transient simulations using COMSOL (finite element modelling), version 5.4, are performed on the reactor,
considering only the active parts of the reactor: the three reaction media cylinders, the two TinT units and the reactor
vessel just constrained to their heights. For computational simplicity, this reactor drawn in 3D as shown in Figure 2
(a) and (b), was then modelled in 2D for an axisymmetric cross-section shown in Figure 2 (c), by-default halved by
COMSOL along the axis as in Figure 2 (d). In the present work, only desorption is modelled, where absorption is
expected to be studies eventually. In Figure 2, the fluid inlets and outlets are indicated using arrows, where red
represents the heat transfer fluid (HTF) and blue represents NH3. Here only the NH3 direction during desorption is
shown, which originates within the reaction media and flows out of it as shown, from the top. For the absorption
case, this NH3 flow will be reversed, which will then flow into the reaction media from the bottom.
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HTF in
NH3 out
NH3 out

HTF in

HTF in

NH3 out
HTF in

NH3 out

NH3 out

NH3 out

NH3 out

NH3 out

HTF in

HTF out

(a)

HTF out

(b)

(c)

HTF out

(d)

Figure 2. The reactor-HEX geometry modelled in COMSOL: (a) the 3D geometry in full, (b) from the top, (c) the 2D axisymmetric
cross-section of this 3D geometry, and (d) a half (divided along the axis) of this 2D geometry.

The transient simulations are conducted through a stationary study for the HTF flow inside the HEXs and a timedependent study on the reaction, heat transfer and gas flow phenomena. These are performed considering the
desorption case, so far, for an HTF inlet temperature of 90 °C. The flow-field obtained from the stationary study
(spf.U) is used as an input to the time-dependent study. The HTF considered is a silicon oil (Therm 180 (Lauda,
2019)) circulated in the HEXs using Lauda ECO Gold thermostat baths with an average volumetric flow rate of 0.183
l s-1 (a half of the maximum of 0.37 l s-1). Therefore, the HTF flow regime is turbulent (with Reynolds numbers
considerably above 2900) already at the inlets of each TinT units, with average and maximum velocities of 354 m s1
and 709 m s-1 (TinT1, 517 mm3 cross-section) and 192 m s-1 and 385 m s-1 (TinT2, 953 mm3 cross-section). Thus,
the stationary study is constructed using the Turbulent flow module (k-ε type) in COMSOL for the HTF flow within
the HEX units.
In the time-dependent study, the involved physics (i.e., chemical kinetics and heat and mass transfer) of the reaction
domains are solved in COMSOL, employing partial differential equations (PDEs), as shown in (eq. 2)-(eq. 7), using
the respective physics modules: heat transfer in porous media, domain ODEs and DAEs, and free and porous media
flow. In particular, these describe: heat transfer in all domains beside the salt bed (eq. 2), heat transfer in the porous
salt-ammonia media (eq. 3), the chemical reaction rate (eq. 4), fluid flow in the salt-Al mesh porous media ((eq. 5)
and (eq. 6)), and the fluid flow of the desorbed NH3 gas (eq. 7). In (eq. 2), ρ is the density, cp is the specific heat
capacity at constant pressure, k is the thermal conductivity, T is the temperature and u is the flow field, equal to 0 in
the solid domains. In (eq. 3) and (eq. 4), da(t)/dt is the reaction advancement rate, Ns is the number of stoichiometric
amount of reacting NH3 (mol/volume), ΔH is the reaction enthalpy, k0a and k0d are the respective Arrhenius preexponential factors for absorption and desorption, Ea and Ed are the respective absorption and desorption activation
energies, a(t) is the reaction advancement, ma and md are the respective kinetic coefficients of absorption and
desorption, peq is the equilibrium pressure, and p is the reactor pressure. In (eq. 5) and (eq. 6), ε is the porosity of the
salt, ρ is NH3 density, Qbr is the mass of source/sink, MWNH3 is NH3 molecular weight, μ is the dynamic viscosity of
NH3, kD is the hydraulic permeability of salt, βF is the Forcheimer drag factor, and F is the domain forces (neglected).
In (eq. 7), ρ is NH3 density, μ is the dynamic viscosity of NH3, p is the pressure, u is the velocity field, F is the forces
that NH3 gas is subject to (which are neglected). The hydraulic permeability of the salt kD is calculated using the
Carman-Kozeny equation as shown in (eq. 8), where the salt particles are assumed spherical with a diameter dp of
0.5 mm.
𝜕𝑇
+ 𝜌𝑐𝑝 𝒖 ∙ 𝛻𝑇 + 𝛻(−𝑘𝛻𝑇) = 0
𝜕𝑡
𝜕𝑇
𝑑𝑎(𝑡)
(𝜌𝑐𝑝 )𝑒𝑓𝑓
+ 𝜌𝑐𝑝 𝒖 ∙ 𝛻𝑇 + 𝛻(−𝑘𝑒𝑓𝑓 𝛻𝑇) ±
𝑁𝑠 ∙ ∆𝐻𝑑𝑒𝑠 = 0
𝜕𝑡
𝑑𝑡
𝜌𝑐𝑝

(eq. 2)
(eq. 3)

𝑑𝑎(𝑡)
𝐸𝑎,𝑑
𝑚𝑎,𝑑 𝑝𝑒𝑞 − 𝑝
= 𝑘0𝑎,𝑑 𝑒𝑥𝑝 (−
) (1 − 𝑎(𝑡))
(
)
𝑑𝑡
𝑅𝑇
𝑝𝑒𝑞
𝜕𝜀𝜌
𝜕𝑡

+ 𝛻 ∙ (𝜌𝒖) = 𝑄𝑏𝑟 ;

𝑄𝑏𝑟 = ±

𝑑𝑎(𝑡)
𝑑𝑡

(eq. 4)

𝑁𝑠 ∙ 𝑀𝑊𝑁𝐻3

(eq. 5)

𝜕𝒖
𝜇
2𝜇
𝜇
𝑄𝑏𝑟
(𝛻 ∙ 𝒖)𝑰] − ( + 𝛽𝐹 |𝒖| + 2 ) 𝒖 + 𝑭
𝜌
= 𝛻 ∙ [−𝑝𝑰 + (𝛻𝒖 + (𝛻𝒖)𝑇 ) −
𝜕𝑡
𝜀
3𝜀
𝑘𝐷
𝜀
𝜌

𝜕𝒖
𝜕𝑡

2

+ 𝜌(𝒖 ∙ 𝜵)𝒖 = 𝛻 ∙ [−𝑝𝑰 + 𝜇(𝛻𝒖 + (𝛻𝒖)𝑇 ) − 𝜇(𝛻 ∙ 𝒖)𝑰] + 𝑭
3

;

𝝏𝝆
𝝏𝒕

+ 𝜵 ∙ (𝝆𝒖) = 𝟎

(eq. 6)
(eq. 7)
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𝑘𝐷 =

𝜀3
𝑑2
180(1 − 𝜀)2 𝑝

(eq. 8)

A time step of 30 seconds and a total simulation time of 15 hours are used. These simulations, starting with coarse
mesh sizing, were repeated for normal and fine mesh sizes, while obtaining consistent results. Therefore, fine mesh
size is chosen as a representative enough mesh size. The porosity ε of the salt (SrCl2·8NH3) alone is used as 0.28264
(for its true and bulk densities respectively of 1394 kg m-³ and 1000 kg m-³ (Soprani 2016, Lysgaard et al. 2012)).
Whereas, the porosity ε of the SrCl2·8NH3-EG composite is used as 0.30213 (for the density of graphite 2260 kg m³ (Graphite, 2015) and the density of graphite in the EG board 75 kg m-³ (SGL CARBON GmbH, 2019)). The
corresponding volume fractions of SrCl2·8NH3 and EG in the composite (excluding the pore-volume) are thus 0.952
and 0.0476. The effective thermal conductivity of the composite was calculated as a volume average of the thermal
conductivity of each material. Thermal conductivity of each salt was approximated to 1.1 W m-1 K-1 as per available
data from literature (Jiang et al. 2013). The in-plane and through-plane thermal conductivities of graphite of the EG
board were found to be respectively 26 W m-1 K-1 and 10.5 W m-1 K-1 by linear projection of the data from (SGL
CARBON GmbH, 2019) for the compacted new density of EG: 172 kg m-3 (for 21 w/w% graphite in the composite
with bulk density of 820 kg m-3). The main simulation was performed considering the salt-EG composite. To analyze
the influence of the EG in the heat transfer enhancement, a simulation trial was, in-addition, conducted for the case
of salt-only, thus excluding EG (thus considering that the entire volume of 0.00210 m³ to be filled with SrCl2·8NH3
with a porosity ε of 0.30213). The property data of Al, SS and HTF Therm 180 were used from COMSOL standard
materials library, assuming bulk solid Al, SS AISI 4340.1 and Silicon (liquid).
The initial temperature of the HTF fluid is set to 90 °C, while the initial temperature of the reaction media, HEX Al
walls, and the SS reactor walls are also assumed to be at room temperature (25 °C). The initial pressure of the reactor
is set to be 8 bar, and of the HEX is set to be 1 bar. The reaction advancement a, which is defined as zero for the
condition where the salt is fully saturated with NH 3 (which should, upon complete desorption reach 1). The initial
velocity field of NH3 is assumed null (i.e, 0 m s-1), while the flow rate of the HTF at the HEX inlet is considered to
be 0.183 l s-1. The velocity at the walls was considered null and the reactor casing to be adiabatic.

3

Results and discussion

The numerical simulation results obtained of the TCS reactor for desorption during 15 hours are discussed in this
section. Indeed, a combined study of both desorption and absorption is important to draw general conclusions on
reaction kinetics and, mass and heat transfer, and therefore absorption analysis will be a key future step. In the present
desorption modelling, the stationary study yielded the velocity profile of the HTF inside the two HEX units, as
detailed in section 2.1. By employing the resultant HTF velocity profile into the time-dependent study, the reaction
progression behavior within this TinT HEXs-based reactor configuration is analyzed within the considered 15 hours
of reaction time, along the temperature evolution, velocity of NH 3 evolution and reaction advancement in sections
2.2-2.4. These results are shown for several chosen time steps as examples at 0 s, 900 s, 1800 s, 3600 s (1 h), 10800
s (3 h), 18000 s (5 h), 36000 s (10 h) and 54000 s (15 h).

2.1. Heat exchanger velocity profile
The velocity profiles of the HTF (in the turbulent regime) within the two TinT HEXs found through the stationary
study are shown in Figure 3; in (a) on the chosen 2D cross-section and in (b) on a projection of this cross-section
into two thirds of the 3D reactor. The flow direction is identified with black and red arrows, respectively in the 2D
and the 3D profiles. The velocity of the HTF lies within a range of 0.17-0.27 m s-1, as results indicate. The specific
turbulent flow profile from this stationary study spf.U as in Figure 3 is fed into the consecutive time-dependent study
of the reaction.

2.2. Reactor temperature profiles
The temperature evolution inside the considered part of the reactor during desorption is shown at the chosen example
time-steps in-terms of isothermal contours in the 2D cross-section as in Figure 4, and in-terms of temperature regions
in the 3D projection as in Figure 5. By the end of the total 15 hours of reaction time, the considered reactor+HEX
unit has reached temperatures of 88.80-89.97 °C, implying that the system has reached nearly isothermal conditions
(for the employed HTF inlet temperature of 90 °C). As seen, the temperature inside the reactor evolves faster and
closer to the HEX walls, and more so at the HTF inlets. With time, the temperature profile in the reactor becomes
somewhat asymmetric, evolving into increasingly higher temperature regions at the outer reaction media cylinders
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as compared to the innermost reaction media cylinder. This can be reasoned with the larger thickness (i.e., the
distance heat transfer needs to occur) of the innermost reaction media cylinder and which therefore has higher thermal
mass as compared to the outer reaction cylinders.

(a)

(b)

Figure 3. The velocity profiles of the HTF (a) in 2 D (b) in 3D (the arrows indicate the flow direction)

2.3. Reactor – NH3 flow during desorption
NH3 flow velocity inside the reactor during desorption propagation can be seen in Figure 6, with the flow direction
identified with red arrows located where NH3 leaves the reaction media. The flow velocity of NH3 varies in each
reaction media region, however, as can be seen, lies within a range of 0 m s -1 to a maximum of 1.85×10-3 m s-1 during
the considered reaction period of 15 hours. The 0 m s-1 occurs at initial conditions as well as in the regions that have
completely desorbed with time. As also can be seen, the velocity evolution is also dominating at the HTF inlet side
(top of the reactor), while the two outer-cylinders of reaction media undergo more desorption as compared to the
innermost reaction media. These results imply that e.g. an additional HEX tube that could run along the center axis
of the reactor could significantly improve the reaction rate, particularly within the innermost reaction media cylinder.

2.4. Reaction advancement
The reaction advancement (a) is shown along the employed 15 hour time-period in a 3D projection of the reactor in
Figure 7. Analogous to the temperature and NH3 velocity evolution within the reactor, the reaction (desorption in
this study) advancement also occurs more at outer reaction cylinders, with somewhat lesser within the innermost
reaction media cylinder. These results also therefore confirm the significance of an additional HEX component along
e.g. the center-axis of the reactor. The reaction advancement has reached 0.85 or above in the entirety of reaction
media during these 15 hours. For 100% desorption (i.e., to reach a=1 in the entirety of reaction media), longer time
will be required, as reaction will slow-down with further advancement. This is however excluded herein, as the main
purpose of the study is to analyze the effects of the HEX geometry and the EG in improving reaction kinetics.
The simulations conducted for the case of using salt-alone (i.e., no EG) yielded a reaction advancement of only 0.55
and above at the end of the total 15 hours’ reaction time, which is therefore slightly lower than the case with EG.
These final reaction advancements are compared in Figure 8, respectively for the composite with EG (a) and without
EG (i.e., purely salt) (b). Indeed, even if combining the salt with EG enhances heat transfer, it the same time creates
compromises in either the available storage capacity of the TCS or the mass transfer rate as either the amount of salt
or the porosity decreases for a given reactor volume. With this type of numerical simulations as in this work, finding
the best compromise between heat and mass transfer can be effectively identified.
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(a) 0 s

(e) 10800 s (3 h)

(b) 900 s

(c) 1800 s (0.5 h)

(d) 3600 s (1 h)

(f) 18000 s (5 h)

(g) 36000 s (10 h)

(h) 54000 s (15 h)

Figure 4. The temperature evolution in the reactor during desorption in-terms of isothermal contours from 0-54000 s (15 hours), in (a)-(h)

1306

S.N. Gunasekara et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

(a) 0 s

(e) 10800 s (3 h)

(b) 900 s

(c) 1800 s (0.5 h)

(d) 3600 s (1 h)

(f) 18000 s (5 h)

(g) 36000 s (10 h)

(h) 54000 s (15 h)

Figure 5. The temperature evolution in the reactor during desorption in-terms of temperature regions projected in 3D, from 0--54000 s (15 hours), in (a)-(h)
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(a) 0 s

(e) 10800 s (3 h)

(b) 900 s

(c) 1800 s (0.5 h)

(d) 3600 s (1 h)

(f) 18000 s (5 h)

(g) 36000 s (10 h)

(h) 54000 s (15 h)

Figure 6. The velocity evolution of NH3 produced during desorption in the reactor projected in 3D, from 0--54000 s (15 hours), in (a)-(h)
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(a) 0 s

(e) 10800 s (3 h)

(b) 900 s

(c) 1800 s (0.5 h)

(d) 3600 s (1 h)

(f) 18000 s (5 h)

(g) 36000 s (10 h)

(h) 54000 s (15 h)

Figure 7. The reaction advancement in desorption projected in 3D, from 0--54000 s (15 hours), in (a)-(h
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(a)

(b)

Figure 8. The reaction advancements at the end of total 15 hours, for (a) with EG and (b) without EG

4

Concluding remarks

Numerical modeling of a reactor-heat exchanger combined unit of a TCS system in COMSOL in 2D, for the
reversible chemical reaction between SrCl2·NH3 and SrCl2·8NH3 is conducted with the aim of finding an optimal
configuration of a reactor-HEX unit. The 2 l (effective volume) packed-bed reactor is designed to store 0.5 kWh of
heat above ~81 ℃ at or below 8 bar during desorption. The transient simulations in COMSOL results describe the
heat and mass transfer, reaction kinetics and fluid flow phenomena for this reactor employing a composite of
SrCl2·8NH3 and EG (with volume fractions 0.665 and 0.0332) combined with two TinT HEX sections to provide the
required heat of desorption. The employed volume fraction of graphite manages to improve the reaction advancement
significantly. For instance, for a total of 15 hours reaction time, the reaction advancement for the salt-EG composite
reaches above 0.85 whereas when the salt-alone was used (i.e., excluding EG) this is only above 0.55. The two TinT
units contribute to reasonable heat transfer within the reactor, while, the results imply that if an additional unit of
HEX is installed along the center-axis of the reactor, the reaction time can be further reduced. This work exemplifies
the effectiveness of this new and simple HEX-configuration in improving the reaction kinetics, accommodating better
heat exchange between the HTF and reaction media, as compared to the current state-of-the-art of HEXs for NH3metal halide reaction-based TCS systems. As future work, the effects of effects of effective HEX thickness and
number of TinT units (including one along the center-axis of the reactor), reversing the HTF flow direction, as well
as the other chosen reactor+HEX configurations will be analyzed through similar numerical simulations. Thereby,
the optimal reactor-HEX configuration will be chosen to construct in a bench-scale TCS system at KTH. This is
expected to work as a test-bed for the TCS technology using this chemical reaction system, for different operating
conditions including solar-thermal heat storage.
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Abstract
For climates with large amounts of solar energy in summer and buildings with significant energy consumption for
space heating in winter, solutions are needed to store and transfer solar energy from summer to winter. In this
paper, a seasonal energy storage based on the aluminium redox cycle (chemical reduction and oxidation of
aluminium) is proposed. For charging, electricity from solar or other renewable sources is used to convert
aluminium oxide or aluminium hydroxide to elementary aluminium (chemical reduction: Al3+→Al). In the
discharging process, aluminium is oxidized (chemical oxidation: Al→Al3+), releasing hydrogen, aluminium
hydroxide and heat. Hydrogen is used in a fuel cell to produce electricity. The heat produced in the fuel cell and
in the aluminium oxidation process is used for domestic hot water production (DHW) and space heating. The
system proposed uses 480 kg of aluminium, 11 kWp of photovoltaics and a battery of 11 kWh useable capacity
to achieve 100% solar heat and electricity coverage of a single family home with a total heat demand of 5.2 MWh
and an electricity demand of 3.3 MWh for all seasons of the year.
Keywords: seasonal energy storage, power-to-X, aluminium redox cycle

1 Introduction
In central European countries, about 50% of the final energy demand is used in buildings as electricity or for
heating purposes. Whereas the electric energy demand for household appliances is fairly even over the year, more
electricity is needed in summer for cooling load dominated climates, while for heating load dominated climates
more energy is needed in winter. For the latter, the peak heat demand is in winter when little solar energy is
available, and little heat is needed in summer, when solar energy is available in abundance. Therefore, seasonal
energy storage solutions are needed especially for covering heating demand in these climates.
Different materials have been proposed for sensible, latent and thermochemical storage of heat or for converting
renewable electricity to an energy vector (Krajačić et al., 2008; Li, 2016; Reddy et al., 2018). These power-to-X
technologies usually start with the electrolysis of water and the production of hydrogen (X = H2). Hydrogen has
the largest gravimetric energy density (a factor of 3 higher than gasoline); however, its density is very low. The
density of gaseous hydrogen is only 7% of the density of air. The density of liquid hydrogen is 70.8 g/L at -253 °C,
which represents 7% of the density of water density (Ley et al., 2014). Therefore, the volumetric energy density
of hydrogen is very low. Moreover, hydrogen is the lightest element from all and being so small it diffuses very
easily through metals or other materials (Barrera et al., 2016). For these reasons, hydrogen is not well suited for
storing large amounts of energy over long time-periods.
Research and development effort is dedicated to producing other gases or liquids such as methane or methanol
(X = methane or X = methanol), or to use materials that can store hydrogen such as metal-organic frameworks,
hydrides, alloys, carbon nanotubes or graphene (Chanchetti et al., 2019). Each conversion step is requiring energy,
i.e. contributing to conversion losses, and most of the proposed solutions require a carbon source in order to
produce a hydrocarbon fuel from H2. Compared to these technologies, aluminium (Al) is a very promising
candidate for storing energy due to its high energy density, both gravimetric (8.7 kWh/kg) and volumetric:
(23.5 MWh/m3), as shown section 2. The volumetric energy density of Al outperforms the energy density of
hydrogen or hydrocarbons, including heating oil, by a factor of two (Fig. 1). Elementary Al is easy to handle and
it is inert in ambient conditions due to the protective oxide layer. From Al, heat and electricity can be produced
on demand by aluminium oxidation in aqueous alkaline solutions (Soler et al., 2007; Dudita et al., 2019).
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Fig. 1: Volumetric energy storage densities of different solutions proposed for seasonal energy storage.

2 System Concept and Methodology
2.1 The Aluminium Redox Cycle
Aluminium is used as an energy carrier already today, e.g. for rocket propulsion (Baschung et al., 2002), and it
has been proposed for the storage of renewable energy as well (Wochele and Ludwig, 2004; Shkolnikov et al.,
2011). However, to the authors’ knowledge, it has not been used yet to supply heat and electricity in residential
buildings. The storage of energy in Al is based on the redox cycle Al3+→Al→Al3+. In conventional Al smelter
plants, the Hall-Héroult process is used in order to produce Al from alumina (Al2O3). The efficiency of this process
is currently at about 50%, and it is estimated that it may be increased to about 65% with non-consumable
electrodes, wetted cathodes, lower temperature electrolysis cells, and reduction of heat losses (Galasiu et al.,
2007). With this process, a solid material is obtained directly and can be stored without losses as long as desired,
with much less safety concerns than for hydrogen or hydrocarbons.
The Al smelter plants are currently using carbon anodes. During the process of obtaining Al, the solid carbon from
these anodes is oxidized to carbon dioxide gas (CO2) and released to the atmosphere. At the cathode, aluminium
ions are reduced to elementary aluminium. The overall reaction from the Hall-Héroult cell is presented in eq. 1.
Since carbon anodes are made from fossil carbon sources, this process contributes to global warming.
2𝐴𝐴𝐴𝐴2 𝑂𝑂3 + 3𝐶𝐶 → 4𝐴𝐴𝐴𝐴 + 3𝐶𝐶𝐶𝐶2 (↑)

(eq. 1)

2𝐴𝐴𝐴𝐴2 𝑂𝑂3 → 4𝐴𝐴𝐴𝐴 + 3𝑂𝑂2

(eq. 2)

2𝐴𝐴𝐴𝐴 + 3𝐻𝐻2 𝑂𝑂(𝑔𝑔) → 2𝐴𝐴𝐴𝐴2 𝑂𝑂3 + 3𝐻𝐻2

(eq. 3)

Electrolysis cells based on inert or non-consumable anodes have been proposed and investigated by many research
institutions as well as the aluminium industry (von Kaenel, 2006; Galasiu et al., 2007; Beck, 2013; Hotter, 2018).
In this alternative Al production process, O2 is released instead of CO2 (eq. 2). However, despite of tremendous
efforts in this direction and despite the fact that its feasibility has been demonstrated on a small lab scale, this
more environmental friendly path has not reached commercial stage yet.

Aluminium can be converted to heat and hydrogen either by reacting with steam at high temperature (> 480 °C),
producing alumina directly (eq. 3), or with a low temperature reaction in aqueous solution where the resulting
product is aluminium hydroxide (eq. 4) (Belitskus, 1970; Franzoni et al., 2010).

2𝐴𝐴𝐴𝐴 + 6𝐻𝐻2 𝑂𝑂(𝑙𝑙) → 2𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 + 3𝐻𝐻2

(eq. 4)

Due to the different temperature levels, a process based on eq. 3 is more suitable for an industrial application,
while a process based on eq. 4 is more suitable for the residential sector and thus it is the path used in this paper.
Fig. 2 shows that under ideal conditions the low temperature reaction path (eq. 4) in combination with a fuel cell
(50% electric efficiency) yields about 2.2 kWh of electricity and 6.5 kWh of heat per kg of Al in an ideal case
where all heat can be used. Thus, the energy density of Al is 8.7 kWh/kg or 23.5 MWh/m3 (𝜌𝜌 = 2700 kg/m3).
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1 kg Al
2.2 kWhel

0.11 kg H2

2 kg H2O
Al-to-H2

Fuel cell

2.89 kg Al(OH)3

6.5 kWhth

Fig. 2: Production of heat (ht) and electricity (el) from hydrogen - idealized.

For the low temperature path, aluminium hydroxide is formed and a calcination step is needed in order to obtain
alumina that can be used for the electrolysis smelter process (eq. 5).
(eq. 5)

2𝐴𝐴𝐴𝐴(𝑂𝑂𝑂𝑂)3 → 𝐴𝐴𝐴𝐴2 𝑂𝑂3 + 3𝐻𝐻2 𝑂𝑂

2.2 System for providing heat and electricity for buildings
Photovoltaics in combination with heat pumps can provide heat and electricity for buildings. In these systems,
electric final nergy is purchased from the utility when PV yield is not enough, and fed-in when PV is delivering
more electricity than needed. A net-zero concept can be achieved by sizing the PV field such that the amount of
generated electricity matches the demand on an annual base. Purchased electricity can be reduced by smart control
in combination with electric batteries and thermal storages. However, the net-zero concept leads to surplus of PV
electricity in summer and grid-purchase in winter. It has been shown in several studies (e.g. Battaglia et al., 2017)
that roughly 50% of the electric final energy demand can be covered without purchase from the grid, and that the
grid purchase can be as low as one fifth of the total useful energy (heat and electricity) that is delivered to the
consumers. In order to overcome the seasonal mismatch between PV production and electricity consumption, a
system combining PV and air source heat pump with thermal and electrical storages and the Al seasonal storage
as shown in Fig. 3 has been simulated in TRNSYS. Key data of the simulated single family house (SFH) load
"SFH15" (Dott et al., 2012; Haller et al., 2013) in combination with electricity profile for household appliances
(from LoadProfileGenerator https://www.loadprofilegenerator.de/ ) and components are given in Table 1.

district

local / building level

Al
Al(OH)3
Power-to-Al

ambient heat

heat

H2
Al-to-H2

fuel cell

heat pump

TES

electricity
grid

PV

house grid with
battery

Fig. 3: Solar and heat pump system concept with seasonal Al redox storage cycle.
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Tab. 1: Key data of the simulated system and loads.

Parameter

Value

Climate

Zurich, Switzerland

Parameter

Value

Thermal storage

1.8 m3

Space heat

3'029 kWhth

Battery capacity (usable)

11 kWhel

Domestic hot water

2'186 kWhth

Aluminium converter

0.5 kg/h

Household appliances

3'289 kWhel

Fuel cell

1.0 kWel

PV generation (11 kWp) south 45°)

11'232 kWhel

Heat pump

12 kWth

The assumptions for efficiencies and cost of components are given in Table 2. Cost assumptions are projected
costs to 2030 according to industry targets and market analysts. TRNSYS Type 203 has been used for the
simulation of the PV array, and rectifier losses have been matched to the efficiency curve of data provided by the
manufacturer for Fronius Symo 4.5-3.5. It has been assumed that the electricity grid operator charges 0.07 €/kWh
for grid transmission of electricity from the PV system to the central smelter (corresponding to current practice in
Switzerland for delivery to homes with > 4'500 kWh/a consumption). For the service of transporting aluminium
hydroxide from homes to the industrial facility, converting it to Al with solar energy in summer, and transporting
it back to the consumer, a cost of 1.2 €/kg has been assumed. An interest rate of 1% has been used for annuity
calculation – corresponding to current mortgage rates in Switzerland.

Tab. 2: Assumptions for efficiency and cost of components.

Device

Process

Efficiency

Cost

photovoltaics

solar to AC

efficiency of module: 16.8%,
temperature coefficient: -0.391/K,
loss of rectifier 4.7%a)

1'400 € + 700 €/kWp h)

Al-to-Energy

Al to H2, heat and Al(OH)3

95% of stoichiometric value for H2
production, 95%b) total (H2 or heat)

1'500 €
+ 1'300 €/(kg/h)c)

H2 to electricity and heat

50% of HHV for electricity,
95% of HHV total

1'000 €
+ 1'000 €/kWel

Power-to-Al

Al(OH)3 to Al

58.7% calcination + smelterd)

1.2 €/kg Ale)

Home battery

Storage of electricity

76.6% roundtrip on annual basef)

450 € + 230 €/kWh

El. and ambient heat to
useful heat

SPF = 3.5

6'000 € + 450 €/kWth

Storage of heat

87.5%g)

Fuel cell

Heat pump
TES

g)

700 € + 700 €/m3

a) rectifier losses have been assumed as depending on the DC power from the PV field, matched to the efficiency curve of
Fronius Symo 4.5-3-S
b) based on 8.7 kWh/kg for Al and HHV(Higher Heating Value) of H2
c) value is extremely uncertain since there are no such devices on the market yet
d) 1.6 kWh/kg Al for calcination and 13.2 kWh/kg Al (65% efficiency) for the inert electrode smelter process
e) including cost of transport between industrial site and end-consumer
f) 8% rectifier losses (each way), 5% / month cell loss (relative to nominal capacity), 5 W standby consumption
g) results from TRNSYS simulations
h) A study of the EU PV Platform (Vartiainen et al., 2015) predicts a cost of 900 €/kWp for 5 kWp, and 700 €/kWp for 50
kWp in 2030
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3 Results
3.1 Annual energy balance

Input

The overall annual energy balance of the simulated system is shown in Fig. 4. From the 11.2 MWh electricity that
is produced by the PV system, 4.7 MWh are used locally either directly for the heat pump, the heating system in
general, or for household appliances. Part of this energy is also going to the battery and eventually lost due to
parasitic electricity consumption of components and battery standby consumption and losses. The fuel cell
contributes only with roughly 1 MWh to the local electricity consumption and is thus only running with 1000 fullload hours per year. A small fraction of electricity is drawn from the grid (1%) because of short-term imbalances
that might be solved with better control of the system dynamics. Heat that is produced from the aluminium reaction
and by the fuel cell contribute to the heating demand 2.9 MWh/a, and 2.2 MWh/a of ambient heat is used by the
heat pump.

1

2

3

4

5

Electricity from PV to local

6
MWh
Electricity from Fuel Cell

Heat from Al-Converter & Fuel Cell

Heat from Ambient

7

8

9

10

11

Electricity from Grid

Output

0

0

1

2

3

4

5

6

7

8

9

10

11

MWh
Household Electricity

DHW

Space Heat

Losses + Dissipation

Fig. 4: Overall energy balance of the 100% solar heat and electricity supply.

The amount of PV electricity that is fed to the grid is 6.7 MWh (see Fig. 4) and corresponds to 59% of the PV
production. At the industrial site, 480 kg of Al are produced from Al(OH)3, using 6.6 MWh and transferred back
to the decentralized customer and end-user from which it takes the Al(OH)3 product back. More precisely, the PV
energy that is fed to the grid is 170 kWh more than needed for the smelter, and 80 kWh are in turn drawn from
the grid for system balancing.
The total energy output of the decentralized heat and electricity system is shown in Fig. 4 (bottom). The largest
fractions in terms of useful energy delivered are space heat and electricity for household appliances, while energy
for DHW is in the same order as losses and dissipation of the system.
Fig. 5 shows the simulated monthly consumption of Al-fuel and the electricity from the PV system that is fed to
the grid. Interestingly, the short term storages (thermal and battery) are not able to store energy long enough to
avoid Al consumption in summer completely for this climate, or to avoid PV feed in to the grid in a month where
Al fuel is consumed. This might indicate that there is still room for optimization of control and sizing of
components in this respect.
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Fig. 5: Overall energy balance of the 100% solar heat and electricity supply.

3.2 System cost
The cost estimation for the production of heat and electricity of a private home with the assumptions from
section 2.2 and the results of section 3.1 is shown in Table 3. Cost estimation has been based on the annuity cost
of the investment with the given life times of the components and an interest rate of 1% that corresponds to current
Swiss mortgage rates, plus maintenance and operation cost as indicated in the table. With the assumptions made,
a mixed (electricity and heat) end-consumer energy cost of 0.32 €/kWh is calculated, including CAPEX (system
installed) and OPEX (services and maintenance).
As can be seen from Fig. 6 left, the largest share of the investment cost estimation for year 2030, under the
assumption of further cost decrease for PV, fuel cell and battery systems, may be the heat pump. However, the
cost estimations, in particular the cost decrease and the cost estimation for the not-yet-built Al-to-H2 converter,
are quite uncertain.

Tab. 3: Cost estimation table.
Major Component

Investment Cost,
CAPEX

PV
Battery
Thermal Storage
Heat pump
Fuel Cell
Al-to-H2 converter

Size

Unit

10.8
11
1.8
12
1
0.5

kW p
kWh
m3
kW th
kW el
kg/h

Life time
[years]
25
15
40
25
20
25

Unit

Amount

Total Investment Cost
Type of Cost
Investment Cost
Al Smeltering & Transport (1.2 €/kg)
Annuity Cost
Maintenance (1% investment cost)
Electricity transmission (0.07 €/kWh)
Total annual cost
Energy Delivered Type of Useful Energy to Consumer
Electricity
Electricity
Heat
Heat
Energy generation cost (including CAPEX + OPEX)

kg
CHF
kWh

482
29416
6737

3289
5215
0.32

Total Costs [€]
8926
2980
1960
11400
2000
2150

30%
10%
7%
39%
7%
7%

29416

100%

Annual cost [€/a]
1406
51%
578
21%
294
11%
472
17%
2750
100%
kWh
kWh

€/kWh
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Al -to-H2
converter 0.5
kg/h
Fuel Cell 1 kWel
7%
7%

PV 10.8 kWp
30%

El ectri city
tra ns mission
(0.07 €/kWh)
17%

Ma i ntenance (1%
i nvestment cost)
11%

Hea t pump 12
kWth
39%

Investment Cost
51%

Ba ttery 11 kWh
10%
Thermal
Stora ge 1.8 m3
7%

Al Smeltering &
Tra ns port (1.2
€/kg)
21%

Fig. 6: Investment cost (left) and annuity cost (right) breakdown.

Results for multi-family buildings have been simulated and an estimated mixed end-consumer cost in the range
of 0.20 €/kWh for a similar climate has been obtained 1.

4 Conclusion
Residential buildings consume a significant amount of energy in European countries, particularly for heating
purpose. Solar energy is a promising technology to reduce the dependence of fossil fuels and decrease emissions
to the environment. However, the main drawback of solar energy is the temporal mismatch between its availability
and the total energy demand of buildings. Therefore, seasonal energy storage solutions are needed especially for
covering heating demands.
This paper shows that a seasonal energy storage concept based on an aluminium redox cycle is feasible, and that
a single family home in Switzerland built according to current building standards could provide all its energy
needs for space heat, domestic hot water and electricity based on solar energy with the help of this concept. The
proposed energy system includes, besides an 11 kWp PV system, the seasonal Al-storage concept, a heat pump,
a fuel cell, and short term thermal and electrical storage.
Preliminary cost calculations with cost projections for 2030 show that a mixed energy price of 0.32 €/kWh is
feasible, including CAPEX and OPEX. This is comparable to the electricity price in many countries and thus may
be cost competitive. However, it is foreseen that larger residential buildings that will allow to achieve much lower
costs, will be the main application of this concept.
The proposed system that is based on a seasonal aluminium storage is not autarkic, since it relies on feeding
electricity from decentralized PV systems through the grid to the energy service provider (ESCO) that runs the
centralized Power-to-Al process (calcination and smelter). The energy service provider is also envisaged to
organize the transport of Al solar fuel to the consumer as well as the transport of reacted Al in the form of
aluminium hydroxide back to the Power-to-Al process. Thus, the new proposed system concept offers also new
business models for ESCOs. Interestingly, the amount of electricity transported by the ESCO for this single family
home is roughly double the amount it would transport in a normal case today, just that it is not transported to the
end consumer, but rather from the end consumer or rather prosumer to the centralized industrial site of the Powerto-Al process. Furthermore, this concept relieves the electricity grid in winter since the amount of electricity that
needs to be transported in winter is negligible, and it offers the possibility to even produce more electricity in
winter than needed for this prosumer and thus contribute to power balancing of the grid.

5 Outlook
At the SPF Institute for Solar Technology, a small scale demonstrator for the conversion of Al to hydrogen and
heat has been built and validated, and it is envisaged that this process is automated and scaled up to a power of
400 Watt (100 Wel) and then to 4 kW (1 kWel). At the same time, SPF is collaborating with partners that are able
to validate and possibly demonstrate Al production with inert anode smelter processes.
1
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Abstract

The addition of lithium nitrate could be a replacement alternative to the current molten salts used in CSP
technology. The results are promising respect to the melting point where it was found that it is around 124 °
C (reduction of 96 ° C compared to solar salt) and a maximum temperature of thermal stability around 596 °
C. In addition, the proposed ternary mixture would mean an improvement of approximately 16% respect to
the heat capacity, and the viscosity has a very similar behavior. Finally, the results of the molten salt pilot
plant built at the University of Antofagasta, which consists of a tank with a capacity of one ton, was determined
to be possible to work without any inconvenience at a new minimum operating temperature of 190 ° C, these
results were obtained after conducting controlled cooling tests from 400 ° C to 190 ° C, and flow tests at 190
° C for a period of 200 hours.
Keywords: Thermal Energy Storage; Molten Salts; Lithium Nitrate; Concentrated Solar Power.

1. Introduction
In latest years, Chile has been one of the most attractive solar markets due to its excellent solar conditions, in
particular the Atacama Desert, which presents an annual global radiation value of 2571 kWh m-2 and an index
of direct normal irradiance (DNI) of 3389 kWh m-2. This location is among the best worldwide for capturing
and storing solar energy (Escobar et al. 2015) and thus Concentrated Solar Power (CSP) rises as a promising
solution. These features are of major interest when considering the extensive saline deposits that are present in
this north region of Chile with a great potential to be used as energy storage material (SQM 2019). One of the
technological limitations in the use of solar energy is their intermittent generation during the night or cloudy
days but the integration of thermal energy storage (TES) systems can help to solve this problem. The thermal
storage allows a more stable generation of electrical energy and improves the variability of the solar resource
to solar thermal power plants. The most common storage system is to use two tanks storing sensible heat using
solar salt (60% NaNO3 + 40% KNO3) as storage media. This mixture has a melting point of 222 ° C (Kuravi
et al. 2013; Medrano et al. 2010), and It was used for the first time in the Solar Two project. This project
operated from 1995 to 1999 and consisted of two tanks, one cold (290ºC) and another hot (565 ºC) with a
capacity of 105 MWt through which the salts circulated passing through the solar field and storing energy for
3 hours. This project was the basis of the current CSP plants with tower technology using molten salts. The
molten salt widely used in the concentrating solar plants as an intermediate fluid or storage medium to convey
or store the thermal energy. Many different mixtures of molten salt have been introduced as energy storage
medium in recent years in order to improve the thermal properties and the working temperature range Lithium
nitrate in different proportions added to the current solar salt is one of the most promising elements to improve
the properties and working ranges of the molten salts currently used in Concentrated Solar Power (CSP) ). One
of the first authors to report the advantages of using lithium nitrate was N. Siegel et al. (Robert W. Bradshaw
and Siegel 2009). However, this author reported that lithium nitrate is more expensive than potassium, calcium
and sodium nitrate, so cost is one of the main reasons why lithium-based salts have not been used in any
commercial application, as well as the nitrates of AgNO3 and CsNO3, which are even more expensive. Mantha
et al. (Reddy, Wang, and Mantha 2012) determined the melting temperature using a model based on
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thermodynamic principles to predict the temperature and composition of the eutectic of the ternary salt. This
calculation was validated experimentally with the DSC technique, obtaining in a precise way the theoretically
reported value. Bradshaw and Meeker (R. W. Bradshaw and Meeker 1990) evaluated four ternary mixtures
with 12%, 20%, 27% and 30% LiNO3, where they determined their respective melting points and the maximum
decomposition temperature for the different amounts of Li. One of the mixtures that offered a very low melting
point and an excellent thermal stability is composed by 25.92% LiNO3 + 20% NaNO3 + 54.07% KNO3, where
it was reached to obtain 118 º C of temperature eutectic according to the studies carried out by Wang and
colleagues (Wang, Mantha, and Reddy 2012b). Mehedi et al. (Mohammad 2016) performed experimental tests
with the mixture 29.63-13.23-57.14% where it was determined that the experimental melting point was 122.8
° C, and included simulations with the FactSage software, where a value of 120.84 ° was obtained. Different
authors (Robert W. Bradshaw 2008; Robert W. Bradshaw and Siegel 2009; Robert W Bradshaw 2010; Nissen
1982) have analyzed the behavior of the viscosity of different mixtures to be used in the solar concentration
industry. Table 3 provides a bibliographic compilation of viscosity values for the ternary nitrate mixtures of
Li/K/Na, measured in different temperature ranges.
In the present work, experimental tests of the ternary mixture 30wt% LiNO3 + 57wt% KNO3 + 13wt% NaNO3
were performed at the laboratory level and at the pilot scale inside the tank of molten sales of the University
of Antofagasta. These tests served to know different thermal properties and the process of crystallization,
solidification, as well as the distribution of temperatures.

Tab. 1: Viscosity of molten nitrate salt mixtures

% Wt.
LiNO3

% Wt.
NaNO3

% Wt.
KNO3

Viscosity from
133°C to
150°C (cP)

Viscosity from
Viscosity
190°C to
from 300°C to
200°C (cP)
450°C (cP)

50

50

-

-

1.5

29.1

22.6

48.3

25

10

6

20

40

40

25

10.2

5.8

15

42

42.5

24.5

8.5

4.7

37

18

45

19

7.5

-

33

33

34

19

7.5

-

30

18

52

19

8

-

23.4

17.3

59.3

13.3

6.4

2.8

30

21

49

20

10

4

2. Experimental procedure
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The mixtures used for laboratory tests were prepared with LiNO3 from Atacama Desert (99.7%). The NaNO3
(99.5%), KNO3 (99.5%) was provided by SQM. The mixtures used in the pilot scale plant tests were prepared
with LiNO3 from Todini (99%). The NaNO3 (99.5%), KNO3 (99.5%) was provided by SQM.
The pre-melted and solidification of the mixtures were analyzed to determine their heat capacity and for the
differential scanning calorimetry (DSC) analysis. The viscosities of molten salt mixtures were measured using
a Brookfield DV-III viscometer (Brookfield Engineering, Middleboro, MA), taking measurements at 150, 175,
200 and 300 °C. The molten salt mixtures were contained in a stainless steel crucible that was heated in a
furnace maintained at constant temperature by a Brookfield Thermosel controller until 300ºC. A Brookfield
21S stainless steel spindle SC4-31 was appropriate for the range of viscosity of the molten salt mixtures.
Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA-DSC 1 LF/894 STARe in the
temperature range 25°C to 600 °C at a heating rate of 10 K min-1. A mass of approximately 10 mg to 18 mg
was also sealed in a 40-ml aluminum pan. Finally the tests of the new LiNO3 ternary mixture were carried out
in a stainless steel tank with 1 Ton of salt capacity and are equipped with commercial components. The molten
salt is heated by four electric resistances of a power of 1200 W each and to evaluate the temperature, 15
temperature sensors are integrated.

3. Results
The use of the ternary molten salt incorporating lithium nitrate proposed in this research would reduce the
lowest temperature point by almost 96ºC when comparing with Solar Salt. Tab. 2 shows a summary of the
main thermal properties obtained for LiNO3 ternary mixture compared with solar salt. LiNO3 codified as
Atacama Desert, was obtained, using Salar de Atacama brines. The results of the thermal analysis of this
mixture with a composition of 30wt% LiNO3 + 57wt% KNO3+13wt% NaNO3 (Tab. 2) showed a melting point
of 124.14°C and the energy required to melt the mixture was 118.5 J/g. The heat capacity measured was 1.740
J/g °C at 390ºC. In the case of the thermal results obtained for the Li based salt with a composition of 30wt%
LiNO3 + 57wt% KNO3+13wt% NaNO3 using LiNO3 with 99% of Todini, showed a melting point of 124 °C
and the heat capacity was 1,824 J/g °C at 390ºC . The energy required to melt the mixture was 121.5 J/g. It is
observed that the heat capacity of the different ternary mixtures of lithium nitrate has an increase between 16
to 21% compared to the conventional binary solar salt, which increases the storage capacity of the lithium
mixture for a similar volume using solar salt. In the thermal stability analyzes of the ternary Li/K/Na nitrate
mixtures LiNO3, The maximum temperatures was 596 ° C. In this zone the decomposition could be given by
the formation of lithium oxides (Wang, Mantha, and Reddy 2012b), due to the instability of LiNO3, and the
evolution at high temperature of such gases N2, NO, O2, N2O, and NO2 (Olivares 2012).
Samples were measured from 150°C to 300 °C and tests were performed with controlled shear rates from 2.94
rpm to 191 rpm and the reported viscosities were obtained at a shear rate of 149 rpm (Tab. 3). Binary solar
salt mixture shows lower viscosities than the ternary mixtures; however viscosity results for different lithium
mixtures showed a drops from 20 cP, at 150 °C until 9 to 8 cP at 200°C. Above 200°C the viscosity values
showed a slight reduction until 300ºC. These results are in agreement with publications by other authors
(Robert W Bradshaw and Brosseau 2009; Jin et al. 2016) . It was observed that for all mixtures the viscosity
decreases as the temperature increases.

Tab. 2:Thermal results obtained in ternary 30wt% LiNO3 + 13wt% NaNO3 + 57wt% KNO3 and Solar salt.
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Mixture

30wt% LiNO3 +
13wt% NaNO3 +
57wt% KNO3
Todini (99% Li)
30wt% LiNO3 +
13wt% NaNO3 +
57wt% KNO3
Atacama Desert
Solar Salt

Melting
point
(°C)

Descomposit
ion
temperature
(°C)

Solidification
point (°C)

Heat
Capacity
(J g -1°C-1))

(% wt ) Heat
Capacity/ Heat
Capacity solar
salt

125

596

76.05

1.824

+21.6

124

596

76.48

1.74

+16.0

223

565

-

1.50

0

Tab. 3: Viscosity results of ternary molten nitrate salt mixtures composed by 30% LiNO 3 57% KNO3, and 13% NaNO3.

T ( °C)

Viscosity (cP)

Viscosity (cP) LiNO3

Viscosity (cP) Solar

LiNO3 99 %

99.7 Atacama Desert

salt

150

20.4

19.3

-

170

13.81

13.5

-

200

9.78

8.6

6.7

230

8.74

7.2

5.51

260

8.55

5.7

4.83

300

7.13

5.4

4.68

The tests of the new LiNO3 ternary mixture were carried out in a stainless steel tank with 1 Ton of salt capacity
(Figure 1) and are equipped with commercial components. The molten salt is heated by four electric resistances
of a power of 1200 W each and to evaluate the temperature, 15 sensors are integrated at different positions.
Prior to the evaluation of the liquid phase cooling process of the ternary mixture of LiNO3 + KNO3 + NaNO3,
the salts were heated by all electrical resistances from 190 °C to 400 °C at the maximum power. Once a
temperature of 400 °C was reached, all electrical resistances were turned off to begin with the evaluation of
the cooling process until reaching 190 °C (Fig. 2). This is the minimum operating temperature proposed for
this mixture, maintaining a safety temperature range of 60 °C with respect to the temperature at which the salt
begins to crystallize inside the tank. After stabilizing the ternary salt mixture at 400 ° C, and switched off the
electrical resistances, the time elapsed until reaching the proposed operating temperature for this ternary
mixture of 190 ° C was 70 hr.
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Fig. 1: Photo of pilot plant of molten salts of the University of Antofagasta

In Fig. 3, the physical aspect of the salts is observed when maintaining the temperature at 190 °C during
a period of 24 hours without recirculation. It can be seen that the salt is completely in liquid phase.

Fig. 2: Cooling of the Ternary Lithium Mixture in the Pilot Plant from 400 to 190°C.
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Fig. 3: Ternary mixture composed by 30% LiNO3 +57% KNO3 + 13%NaNO3 inside the tank at 190 ° C during 24 hours
without recirculation.

Figure 4 shows the ternary mixture of lithium nitrate at a temperature of 190 ° C, recirculating for a period
of 200 hr in the closed circuit of the pilot plant. From this test, in which the behavior of the ternary mixture
with Todini lithium is evaluated at this temperature, it can be observed that before, during and after the test
there was no problem regarding the fluidity of the salt. Nor was any cold zone identified in which any
crystallization process could be generated.

Fig. 4: Recirculation of the ternary mixture in liquid phase inside the sales tank of the pilot plant at 190 ° C after 200 h.
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4. Conclusions

The ternary mixtures obtained at laboratory scale through mineral Chilean sources and Todini shows a heat
capacity of 1.740 J/g °C and 1.824 J/g °C at 390°C, and a melting point of 124°C y 125°C respectively,
improving the thermal behavior of the binary solar salt.
Binary solar salt mixture shows lower viscosities than the ternary mixtures, however, both ternary mixtures
showed reasonable viscosity results from 200 °C, with a value below 10 cp.
The present work carried out at laboratory scale and in the pilot plant confirms the excellent thermophysical
properties that would allow Chilean lithium nitrate to be an option to replace the current solar salt, with a
stable minimum operation temperature around 190 ºC.
The elapsed time of the ternary mixture cooling process from 400 to 190 ° C was 70 h. To evaluate the results
with respect to solar salt, this same process is expected to be carried out experimentally or through simulation.
It is confirmed that the ternary mixture does not have any inconvenience when the ternary mixture is
recirculated in a closed circuit at 190 ° C for a period of 200 hours. No problem was observed regarding the
fluidity of the salt. Nor was any cold zone identified in which some crystallization process could be generated.
This generates a 100 ° C operating gradient with respect to solar salt.
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Abstract

In renewable source energy storage is essential to reduce the mismatch between power supply and demand. This
study presents a review of fluidized bed technology used for energy storage in solar power plants. The distinct
technologies, particles and processes are showed and analyzed in order to bring an embracing view of the novel
technologies that can be implemented in a CSP plant. The use of particles as a heat transfer material in a CSP
plant has some advantages as being able to operate at higher temperatures, up to 1000°C, and the fact that the
process of heat absorption does not need to occur at high pressure, thus avoiding the high capital investment in
pipes and vessels. Particles used in direct and indirect receivers are stable, with low cost and high availablity and
with high alowable temperature which in fact increase the power block efficiency. When fluidized bed tequiniques
are implemented the storage can be sensible, latent or thermochemical, the advantages and chalenges of this
technology is reviewed in this work.
Keywords: Energy storage, Fluidized bed, Concentrating solar power

1. Introduction
Many efforts have been made recently to exchange the way of power generation. A global movement claims for
the use of renewable energies as the main sources of electrical energy to supply the needs of modern society.
Energy storages is one of the key areas that can substantially enhance the incorporation of renewable energy into
modern energy systems, the answer to respond to an increasing need of power supply in a safe and sustainable
way. The commercially available and economic feasible energy storage technologies are: pumped hydro storage,
batteries, adiabatic compressed air storage, gas/liquid storage and thermal energy storage.
Pumped hydro storage (PES) as the most used technology so far, has a 99% share of worldwide storage capacity
(Abele et al., 2011) and has advantage of high cycle efficiency with approximately 70-85% and 40 years lifetime
although is intensive in capital investment and has restrictions in site selection (Luo et al., 2015).
Electrochemical cells or batteries had a great technology progress in the last decade, and they have been the main
choice to store energy of decentralized energy systems mainly because of its safety, simple installation and
maintenance and high energy density, conversely its use in central power systems shows some issues as lifetime
based on limited cycles, high investment and the possibility to have toxic materials to environment.
An option commercially available and known as an utility-scale storage technology is the adiabatic compressed
air storage (A-CAES) (Azzuni and Breyer, 2018). The CAES systems use the excess electricity to compress
ambient air and pump it to a cavern or pressurized vessels and later on running the pressurized air through a
turbine to generate electricity during demand periods (Rouindej et al., 2019). As demonstrated by Chen et al.,
2009, the A-CAES round trip efficiency is around 43% and it has compatibility with renewable power generation.
The specific geographical needs, such as salt deposits and hard or porous caverns, could cause a lack of
opportunity to this technology since in most cases the best renewable resources site is far away from the nearest
storage location.
The possibility to convert electrical energy into chemical compounds is also an opportunity to store energy, most
chemical compounds which are used as energy storage media has higher energy density than pumped hydro and
CAES (Aneke and Wang, 2016). The main gases/liquids considered to be employed as energy storage materials
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are: methane and hydrogen. Hydrogen is produced by the water electrolysis and methane can be produced from
the hydrogen in the presence of CO or CO2, this impacts in the need of a water resource near the facility.
Azzuni and Breyer (2018) investigated five different ways to store energy: PHS, TES, batteries, A-CAES and
bulk storage for gas/liquid and they concluded that TES systems have a high level of energy security, the capability
to both small- and large-scale implementation and easily adaptation to varying load demands.
There are mainly three different technologies in a TES system: sensible, latent and thermochemical. Sensible heat
storage is the most common technology and is widely used in industrial plants (Pelay et al., 2017). Latent heat
storages make use of PCM and have the advantage of higher energy density when compared to sensible storage.
Thermochemical storages are based on reversible reactions and because of the high energy density, up to ten times
greater than latent storage (Pardo et al., 2014), and the minimized loss of energy over time (Pelay et al., 2017) can
be a great choice in the near future.
Regardless of the storage technology there are a variety of HTF considered on current CSP plants. Oil and molted
salt have been widely used in power plants constructed in the last decade, oil with a limited maximum operation
temperature up to 400°C and molten salts up to 565°C. As an alternative DSG power plants were introduced in
1983 where the water/steam is the HTF in both blocks (solar field and power) eliminating the need of heat
exchangers and increasing the efficiency of solar plant (Biencinto et al., 2016).
An alternative to increase plant efficiency – higher HTF temperature up to 1000°C- is the use of solid particles as
HTF. Usually these particles store sensible energy by increasing their temperature, PCM materials can eventually
be used too. One way is to integrate solid particles into a solar power plant by using a fluidized bed technic, where
the solid material can be the storage material or an alternative where it can be both the storage and the HTF itself,
absorbing the energy collected at the solar field. Ho (2016) reviewed the different technologies of particles in
central receiver power tower plants and classified them in two categories direct heating and indirect heating
technologies. It was seen that the use of particles can operate over a wide range of temperatures without freezing
or decomposition problem, they are inert, widely available and inexpensive.
In this paper a comprehensive review about storage systems that take advantage of fluidization techniques applied
in high temperatures particles, including sensible, latent and thermochemical technologies are considered with
main attention to the newer research and experiments. A brief description of design and methods of direct and
indirect heat receivers are introduced and their performance analyzed.

2. Fluidized Bed
The use of fluidized bed as thermal storage began in the 80’s. Flamant and Olalde (1983) compared the behavior
of packed and fluidized bed as solar thermal storage and they conclude that fluidized bed has the best results.
Elsayed et al. (1988) designed and built an air-sand test bed model and studied the dependence of efficiency
varying time, temperature and heat recovery.
Fluidized beds are widely used in the chemical and process industries for a large variety of processes. In order to
improve design and scale-up procedures of fluidized beds, a sound understanding of the transport phenomena in
these systems is crucial. This knowledge can be imported into the energy storage sector.
Swaiger and Haider (2013) in their research pointed several advantages about applying solid particles as energy
storage to CSP plants, as: low cost, no freezing, no corrosion, local availability and high allowable range of
temperatures. Swaiger and Haider (2014) simulated the operation of a sensible (preheating/superheating) and a
latent heat exchanger (evaporation/condensation) involving powder sand in a fluidized bed system with positive
results, as a disadvantage it was pointed the combination of latent temperature difference with a sensible behaving
material. Sakadjian (2015) developed a research under solar particle receivers under high temperatures focus on
fluidized bed where HTM (heat transfer material) or solid particles act as both heat transfer and energy storage.
In their study a fluidized bed heat exchanger was used to transfer the heat received from solar field to the working
fluid of power cycle on a bed of fine solids ( < 100 micron average size) and it was showed the feasibility of
fluidized bed heat exchanger to be applied at different power cycles: SubC Rankine, SC Rankine, Brayton S-CO2
and Brayton Air.
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Investigations on thermochemical thermal storages applying fluidization techniques was also performed. Chen et
al (2018) in a thermochemical energy storages review concluded that conventional reactors increasing the life
cycle and heat availability in chemical reactions. De Miguel (2017) shows that fluidized bed seems to achieve a
better result when compared with packed beds in thermochemical storages because of the homogenizations caused
by the gas flow. Flamant et al. (1980) designed and built an experiment with reversible reaction of calcite and
compared the process between rotary kiln and the fluidized bed where the results showed a 100% decarbonation
in the FB and 60% for the rotary kiln.
Pardo et al. (2014) compared different storage processes for thermochemical TES of Ca(OH)2 powder, the
chemical reaction is based on a reversible reaction with temperatures around 450ºC, where CaO is hydrated and
dehydrated to perform the exothermic reaction. In their research 50 cycles were performed and the feasibility of
storing thermal energy was shown. An energy density of 60 kW.h.m-3 has been reached. Kunii and Levenspiel
(1991) brought fluidized bed advantages in thermochemical storage the high heat transfer, homogeneous
temperature and the possibility of forward and backward reactions in the same reactor.
2.1 Fundamentals
As it was stated by Kunii and Levennspiel, 1963 “fluidization is the operation by which solids are transformed
into a fluidlike state through suspension in a gas or liquid.” In an experiment with a gas running through fine
particles if the gas velocity is not high enough to move the particles this is a fixed bed or packed bed. When the
gas velocity is increased, and all the particles are just suspended by the gas flow, the bed is fluidized, and this is
the minimum fluidization velocity at this moment the weight of particles is counterbalanced by frictional force
between particle and gas. Depending on the velocity of the gas, the dimension and density of the particles the
fluidized bed can be smooth, bubbling, slugging (axial and flat) or turbulent. This phenomenon and its
characteristics can be applied in thermal storages and in direct and indirect heat receivers on solar plants.
2.2 Sensible Storage
Sensible energy storages can be categorized according to the type of storage medium in a passive and an active
heat storage medium. The active is characterized by forced convection where the heat transfer fluid circulates in
the solar field and it can be stored directly or indirectly. In the direct systems the solar field HTF is itself stored
in a vessel, unlike that in the indirect system the fluid responsible to collect heat in the solar field is going to
transfer this energy in a heat exchanger to another fluid which is going to be stored in the thermal energy storage.
In the passive heat storage, the medium is fixed and the heat transfer fluid flows through it transferring its energy
to the storage material, usually a solid one. The three main sensible energy storage technologies in a power plant
are: steam accumulator, direct active two tanks and active indirect two tanks.
The main HTF options in CSP plants are thermal oil with a limit temperature of 400ºC due to fluid degradation
above that value, or alternatively molten salts with a current limit of 565ºC for Plants like Gemasolar 19MWe in
south of Spain,. Another issue on working with fluids is the high pressure necessary to reach acceptable thermal
cycle efficiency. In case solid particles as a HTF are used with following advantages: no need of intermediate heat
exchangers leading to reduced energy losses, high temperature limit in central receiver power plants, reducing
high stresses in vessels due to high pressure. Ho (2016) classified the receiver design in: direct and indirect particle
receiver, where both can use the technics of fluidized bed to transfer energy from solar irradiation to solid particles.
Almendros-Ibáñez et al. (2018) in his review summarized the main process of solid particles HTF studied so far,
an research conducted by Flamant and Olalde (1983) analyzing the efficiency of packed and fluidized bed in solar
systems and they conclude that FB has a higher absorptance, the advantage of uniform temperature distribution
and a higher heat transfer when compared with packed beds. The main reason for higher efficiency in FB when
compared with packed beds is the IR losses (can reach 70%) due to high temperature on the bed surface. At the
same review, Almendros-Ibáñez et al. (2018), presented the prerequisites for FB achieve effective application on
CSP plants, these conditions were proposed by Salatino et al. (2016) and they are: minimization of parasitic energy
losses associated with fluidized state, high thermal diffusivity and maximization of surface heat transfer.
2.2.1 Direct and Indirect Particle Radiation
In the direct particle radiation two schemes are used in CSP reflector systems. Matsubara et al. (2014) presented
a comparison between conventional tower system and beam down reflector, (fig 1). The beam down reflector is
the most used in many investigations (Almendros-Ibáñez et al., 2018) and has advantages of lower pumping power
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requirement and it’s easier to perform any maintenance operation.

Fig. 1: Matsubara (2014) designs of direct particle radiation.

As can be seen in Fig. 1 the ratio area between the secondary reflector and the primary field (heliostat) impose a
high temperature on the secondary reflector even though the material used in this mirror is highly reflective. As a
solution to this problem Gomez-Hernández et al. (2017) proposed a Fresnel system where the ratio area between
heliostat and second mirror are reduced and the temperature of particles increase linearly in a horizontally
fluidization process (fig. 02).

Fig. 2: Fresnel direct particle receiver proposed by Gómez-Hernández et al (2017).

Reyes-Belmonte et al (2019) in his recent work presented a novel indirect particle receiver based on dense particle
suspension principle. The designed system begins in a storage hopper with cold particles feed the air driven
fluidized bed formed by tubes onto which the solar energy is going to be absorbed. The fluidized hot particles are
taken to a heat exchanger where energy will be transferred to the working fluid to the power block.
To the best performance from this novel particle receiver Reyes-Belmonte et al (2019) indicated some
requirements as very small particles – in this experiment Silicon Carbide with diameter 63.9 μm was used - low
fluidization velocities and a high particle volume fraction enabling the fluidized material to have a density similar
to that of a liquid thus maximizing the heat transfer coefficient. Low speeds have the advantage of reducing
auxiliary pumping power, minimizing components abrasion and particle attrition. This configuration reached on
a computational simulation a receiver efficiency of until 82.3% in a power plant of 22.1 MWth.
In Figure 3 is possible to see in detail the concept brought by Reyes-Belmonte et al (2019) where the number of
tubes is a function of an energy balance between the energy received from the solar field and the thermal
characteristics of the fluidization material. The optimized system proposed by Reyes-Belmonte et al (2019)
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achieved an efficiency of 41% at Rankine cycle and a 23% sun-to-electricity efficiency.

(a) Power plant

(b) Particle suspension receiver

t
Fig. 3: (a) Concentrated solar power plant (b) Detail from particle suspension receiver by Reyes-Belmonte (2019).

Miller et al. (2019) presented a counterflow fluidized bed of oxide particles whith a design based on the idea of
maximizing the heat transfer coefficient and in this way minimizing the wall receiver temperature and
consequently the irradiation losses. In order to demonstrate the potential of application they designed and build a
prototype of a particle receiver with a net-downward-flowing particles in a narrow vertical channel where a
upward-flowing fluidizing gas is applied.
In the experiment proposed by Miller et al. (2019) an inert oxide particle made by Accucast ID 50 was used and
the heat transfer coefficient was indirectly measured varying the fluidized conditions as solid volume fraction and
superficial gas velocities. The novel design receiver experiments resulted in a high heat transfer coefficient of
1000 W m-1 K-1 when the gas velocity was between 2 and 4 times the minimum fluidization velocities.
The design proposed by Miller et al. (2019) differs from other experiments mainly because the HTF flows from
the top to the bottom of the bed with an upward gas flow. Such structure has the advantage to facilitate the gasparticle separation enabling easier particle collection and reducing thermal losses in the thermal energy storage.
Figure 4 shows the main components of the proposed particle receiver heat transfer test. The particles were stored
in a hopper above the fluidized bed where the particles were preheated at 600ºC, then the particles by an controlled
orifice were introduced in a narrow vertical channel – receiver. The particles exit from the bed by a button orifice
which has its area controlled in order to set the amount of particles inside the bed.
The solar receiver performance test demonstrated a robust operation from the counterflow arrangement over a
broad range of conditions with very low gas-to-particle mass ratio, an average of heat transfer coefficient of 1000
W m-²K-¹ at gas velocities of no more than twice the minimum fluidization velocity and it was showed the
possibility of integrating the heat exchanger inside the bed maximizing the efficiency as the heat transfer over a
fluidized bed is 3 to 4 times better than that of a fixed bed.
Table 1 resumes different materials widely used in experiments and investigation in the last years. Flamand (1982)
has study this topic broadly using different materials (sand, silicon carbide,zirconia) as particles. The
characteristics of the particles are an important step in the reactor design, where the knowledge of the size of
particle and its density are important parameters to define the fluidization conditions, as well the radiation
coefficients emissivity and absorptance can help in the numerical assessment of thermal losses by irradiation in
direct and indirect heat transfer reactors.
2.3 PCM Storage
Latent heat thermal energy storages were described by (Abhat, 1983) as “the storage of heat as the latent heat of
fusion in suitable substances that undergo melting and freezing at a desired temperature level”. A large number
of organic and inorganic materials with the required thermodynamic characteristics have been studied so far,
known as phase change materials – PCM – they have the advantage, compared to sensible heat storage, to have
three times the energy density thus being able to store more energy in a smaller volume.
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Tab. 1: Characteristics of Particles used in CSP Systems. Adapted from Almendros-Ibáñez (2018)

Material

Geldart Diameter
(mm)

Density
(kg/m³)

Emissivity Absorptance

Other

Reference

Silicon Carbide

D

< 0.72

3 x 10-3

1

0.9

Maximum Temperature:
1920 K

Flamant
and
Olalde
(1983)

Zirconia

D

< 0.60

5.2 x 10-3

0.5

0.5

Maximum Temperature:
2700 K

Flamant
and
Olalde
(1983)

Ceramic Particles
(NiFe2O4/mZrO2)

-

0.21 –
0.71

-

-

-

Silicon Carbide

B

< 0.127

3210

-

-

Silicon Carbide

-

0.0639

3210

-

-

Maximum Temperature: Matsubar
1700 K
a et al.
(2014)
-

Tregambi
et al.
(2016)

Specific heat:

ReyesBelmonte
et al.
(2019)

1.150 kJ kg-1 K-1
Thermal conductivity:
109 W m-1 K-1
Carbo Accucast
ID50

0.260

3230

0.754

Specific heat:
-1

-1

1.218 kJ kg K

Miller et
al (2019)

Thermal conductivity:
0.7 W m-1 K-1
Another contribution from PCM is the increasing of thermal efficiency from the characteristics of the exchange
energy process, in a sensible energy storage there is a significant temperature difference from charging
(condensation) and discharging (evaporation) processes resulting in an exergy efficiency loss (Ferreira, 2018) as
the maximum available work occurs at the highest temperature . As a solution to increase storage efficiency is the
use of latent heat storages, as the overall heat transfer process occurs at an isothermal condition.
Despite the advantages presented by latent heat reservoirs there is no significant research in the use of PCM in a
fluidized bed operating at high temperature. In the review presented by Almendros-Ibáñez, et al. (2018) the
experiments involving PCM materials applied in reservoirs of a solar process were in an environment where the
temperatures were lower than that needed in CSP plants. In Izquierdo-Barrentos et al.(2015) a granular phase
changing composite (Rubitherm-GR50) was analysed from different aspects, involving the variation of
fluidization velocity, the possibility and results of a storage being charged with hot air and discharged with water
inside a coil immersed in the bed and the beneficial results of keeping the bed fluidized during discharge, besides
the benefits of their results all of this research is focused on a reservoir temperature of about 50ºC witch is
insufficient in power plants.
Almendros-Ibáñez et al. (2019) cited in his review several researches based on the performance of a fluidized bed
with a liquid as fluidizing agent. Sozen et al. (1988) analyzed the heat storage efficiency and the heat transfer
coefficient of an encapsulated mixture of 96% Glauber’s Salt/4% borax in a hollow polypropylene 25 mm
diameter sphere in a liquid fluidized bed operating between 20 – 40ºC.
The comparison between fixed and fluidized bed developed by Beemkumar et al. (2017) was cited by AlmendrosIbáñez et al. (2019) where spheres with 100 mm diameter filled with D-mannitol and a liquid fluidizing agent
Therminol-66 as heat transfer fluid, as results is shown the increase of energy transfer in fluidized when compared
with packed beds.
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Until now, few studies analyzed the use of PCM material in fluidized bed, Izquierdo-Barrento (2014) developed
a research on energy storage with PCM in fluidized beds, the materials used in their experiments were sand and a
granular phase change composite (Rubitherm®-GR50), the heat transfer was modeled and compared with
experimental data which presented a good agreement mainly for slow heat rates of the bed. Even though this PCM
temperature is in the range of 50°C and cannot be taken to power generation.

Fig. 4: Particle receiver heat transfer prototype by Miller et al. (2019).

2.4 Thermochemical Storage
Thermochemical energy storage is a technology that has a high energy density and a low thermal loss over time
thus enabling this kind of storage to be taken in CSP plants. Chen et al. (2018) in a thermochemical energy storage
review concluded that this technology has a “greater possibility for stable and efficient energy generation” based
on the study of different technologies and materials as hydride, metal oxides and organic systems.
Almendros-Ibáñez et al. (2018) cited the research from Flamant (1982) who compared the performance of a
rotatory kiln and a fluidized bed in a thermochemical reactor (decarbonation of calcite) for CSP application where
they concluded that fluidized bed reaches higher thermal efficiency. Pardo et al. (2014) studied a reversible
reaction Ca(OH)2/CaO and had as main difficulty the gas channeling and fissures in the fluidized bed due to
particles sizes (1-15 μm). As a solution, Pardo et al. (2014) proposed to mix alumina particles (171.7 μm) in a
proportion of 70% alumina 30% calcium hydroxide.
Chen et al. (2018) cited the two main hydroxide systems used for thermochemical energy storages MgO/Mg(OH)2
and CaO/Ca(OH)2 and reviewed investigations only with calcium hydroxide due to its exothermal temperature in
the range of 623 to 1173 K. Most of all investigations used a fixed bed reactor in CaO/Ca(OH)2 systems (Chen et
al., 2018). It was mentioned on Chen et al. (2018) review the research from Schauble et al (2013) where a upscaling
of fixed bed reactor was considered uneconomical due its poor thermal conductivity and large pressure drop being
an alternative the use of fluidized bed.
As an alternative cited in different investigations (Flamant, 1980; Almendros-Ibáñez, 2018; Benitez-Guerrero,
2017) the use of carbonate salts as CaO/CaCO3 because its abundance on earth and high energy density besides.
It is known that a chemical reaction performance on a thermochemical storage can be measured by cycle life and
heat storage capacity. Lu et al. (2016) experimentally demonstrated a cycle life increment when CaO/CaCO3 is
mixed with Li2SO4 solution – 3.0 to 5.0 wt% from 27.3% in pure material to 51% in the mixture. Wu et al. (2008)
suggested a nano CaO/Al2O3 composite and found out a maximization of cyclic conversion of 68.3% after 50 runs
at 800ºC. Another technic that could increment the cycle life of thermochemical storage with calcite is the periodic
hydration of CaCO3 such action improve the cycle stability by increasing grain volume and porosity result of a
greater volume of Ca(OH)2 per molar than CaO (Valverde, 2017). In this case, it was related by Blamey et al.
(2016) that the hydration was more suitable in fixed bed than fluidized bed due to the energy loss in a fluidized
environment.
In general, a gas-solid reactor can be classified in four groups: fluidized bed reactor, fixed bed reactor, moving
bed reactor and entrained flow reactors. The main objective of this article is to focus on fluidized bed reactors and
the novel designs presented to maximize the heat transfer coefficient and heat storage capacity. Angerer et al
(2018) “Fluidized bed reactors have the advantage of better heat and mass transfer compared to moving bed
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reactors and require significantly lower gas velocities compared to entrained flow reactors they have been widely
proposed for thermochemical energy storage”. Angerer et al. (2018) presented a reactor designed to fulfill the
follow requirements: scalable into multi MW scale, enables storage of energy and capacity and high heat transfer
between bed and heat exchanger.
Tab. 2: Storage characteristics of different thermochemical materials

Material

Commercial
Name

Energy Density
(kWh/m³)

Temperature Range (ºC)

Reference

Mg/MgH2

Magnesiun
Hydride

580

200 – 500

Chen et al. (2018)

NH3/H2

Ammonia

745

400 – 700

Chen et al. (2018)

CaO/Ca(OH)2

Calcite

693

350 – 900

Pardo (2014)

CaO/CaCO3

Calcite

437

700 – 1000

Flamant (1982)

Figure 5 shows the reactor proposed by Angerer (2018), where it is easy to see that the heat exchangers are
separated from storage material. The fluidized bed operates under a bubbling bed. The gas is distribute uniformly
with high velocity and turbulence reducing the channeling and agglomeration which is an usual problem with
small particles. To improve the particle residence time within the reactor baffles are used. As no abrasion is
expected with the use of CaO/Ca(OH)2 the heat exchangers are located inside the bed, packed into the bed as
dense as possible without compromising the fluidization environment. The idea proposed by Angerer, (2018) is
to charge the storage by applying an electrical heater (dehydration) and a discharging with heat exchangers and
working fluid. In their study, a 100 m³ reactor was used to deliver power to a 15 MW power plant, with a steam
generation at 100 bar and 450º C.

(a)

(b)

Fig. 5: (a) Scheme of thermochemical storage (b) detail of fluidized bed inside the thermochemical reactor proposed by Angerer et
al. (2018)

2.5 Materials/Particles for thermal bed storage systems
One of the key issues of both packed bed and fluidized beds is the definition of the particles to be used in terms
of material and granulometry, which play a crucial role on its thermal properties as well as on the heat transfer
rates. Important aspects to characterize are the fluid and particle velocities as well as its porosity. Furthermore,
the recent usage of a discrete particle model (DPM) enabled the simultaneous measurement of these properties
without perturbing the flow, thus DPM has been used as a way to analyze such systems, including particle size
distribution resulting from different nozzle configurations, different flows, determine the boundaries between
different types of fluidization solid-to-fluid expected for fine particles, among other relevant aspects.
Sand of different origins is one of the materials that has been most studied for CSP applications, for instance an
study (Diago, 2018) was performed for different types of sand in the United Arab Emirates, it was found that the
heat capacity values ranged between 0.79 to 1,03 kJ kg−1 K−1 where soft and hard agglomeration phenomena
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was detected after samples being tested at 800, 1000 and 1200ºC. Moreover, it is observed a distribution shift to
finer particles as the samples are subjected to heat treatments at high temperature.
The usage of sand is also important in gasification processes as recently (Gokon 2014) reported, chemically inert
quartz sand was used as a particle receiver for both sensible thermal storage and transfer medium inside a
circulating fluidized bed reactor for coal-coke gasification driven by concentrated solar radiation through a
transparent quartz window.
Another important area of research is the usage of old mining material that is temperature stable and have adequate
thermal properties to be used as thermal storage material. Felizardo, Guerreiro et al (2018) have collected and
characterized iron rich particles that can be used as Filler material in a Thermocline Tank type of storage, being
in contact with molten salts up to 550ºC. This material has been studied in granulometries between 2,5 and 25mm
with slightly different compositions (Fayalite being the most relevant) in order to select the best local storage
material at a reduced cost. The processes involved in particle production can be seem at figure 6.

Fig. 6: Particle collection, preparation and analyses

Another promising line of research are ceramic particles. At Juelich Solar Tower test facility, Ceramic particles
have been used as heat transfer and storage medium for temperatures up to 1000°C. A centrifugal particle receiver
system including a so called “Centrec receiver” prototype has been tested up to 965°C average receiver outlet
temperature (Ebert, 2019).

3. Conclusions
Since the first attempts in solar power generation many efforts have been dedicated to increase the market share
of solar system and distinct solutions have been taken, as one of most promising technology so far fluidized bed
application in solar plants seems to attend to an increase in the thermodynamic performance and reduction on
capital costs (Farsi and Dincer, 2019).
From the conventional possibilities to integrate fluidized bed techniques on a solar power plant, as a sensible
storage, with PCM particles or by a thermochemical storage system, the technological advances in direct and
indirect particle receivers showed important improvements on performance and suitability to MW plants (Ma and
Martinek, 2017). In this system the solid particle is used as direct heat transfer medium in solar receiver, thermal
energy storage material and fluidized bed heat exchanger. The direct TES system, where the hot particles come
from the heat receiver and goes directly to the hot silo (storage), with no need of heat exchanger, can reach a solar
efficiency (ratio between energy on heliostat and energy absorbed by particles in the receiver) of 78,5% with an
irradiation of 1300 W m-2 in a numerical simulation (Farsi and Dincer, 2019).
From Chen et al. 2007 with his design and construction of a solid particle receiver until the Miller et all 2018
narrow tubes counterflow fluidized bed receiver with more than 90% of efficiency, the trajectory is marked by
advances step by step. Ho, 2017 presented different designs for direct and indirect receivers with outlet
temperature above 700°C. The high temperature can reach values over 1000°C (Almendros-Ibáñez, 2018) without
degradation, allowing increase of the overall solar power plant efficiency. When compared with traditional solar
systems such as thermal oil, molten salt or steam the particles do not have to handle with high pressure reducing
the costs on pipes and vessels. The particles are inert, inexpensive and widely available (Ho, 2017).
The possibility to integrate the particle receiver on a combined cycle, Brayton and Rankine, was showed by Farsi
and Dincer, 2019, in their investigation a direct particle receiver was used, with two storages cold and hot silo,
and the particles were feed directly in the silos without the need of intermediary heat exchanger they presented by
numerical simulation an overall exergy efficiency in the range of 35.1% to 50% depending on solar flux.
As a prominent possibility for energy storage is the thermochemical energy storage with high energy density, that
can be ten times higher when compared with a sensible storage, with long-term storage and no heat loss, Chen et
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al. 2018, is suitable with high thermodynamic efficiency in large-scale solar power plants. Many materials and
chemical reactions have been studied so far, hydride, metal oxides and organic systems. Decarbonation of calcite
with a temperature on the exothermic process around 900ºC were studied by Flamant, 1982 who proposed a
periodically calcite hydration about to extend material cycle life
Hydroxide systems as CaO/Ca(OH)2 with a temperature range between 350ºC and 900ºC were considered in
several studies which showed a good reversibility after 100 cycles (Schaube et al. 2012). Schmidt et al. (2014)
designed a reactor and in an experiment obtained a cyclic storage conversion after 10 cycles of 77% leading to a
stable system. The redox system as Co3O4/CoO is a promising energy converting technology in CSP (Chen et al.
2017). Besides its relatively high cost and the toxicity its cycle life stability and the best heat dissipation efficiency
among other thermochemical materials make Co3O4/CoO relevant. The relatively small size of particles used in
fluidized bed in thermochemical storage and the poor mechanical properties are the main issues that must be
overcome to impulse the technology commercialization.
With few development PCM is until this moment not been applied to high temperatures in fluidized beds, probably
an issue of spheres dimension, which is difficulty at the same body encapsulate a phase change material while
give it the size and density necessary to be fluidized.
As it was seem the use of particles in CSP can lead to a higher thermal efficiencies, reduction in installation costs
and increase the capacity of energy generation over time. Maybe only one technology is not going to fulfill all the
requirements perhaps the integration of distinct techniques can ensure the wider use o CSP globally as a clean and
feasible technology.
Despite the technical and experimental advances fluidized bed receivers are not at commercial stage so far, to be
competitive with actual technologies they need to achieve feasible costs. It is known that direct storage of particles
reduces costs, avoiding the need of extra heat transfer, perhaps the need of a fluidization system leads to generation
of parasitic energy requirements. Ho, C. 2016, summarizes the particle receivers components costs and the result
was $125/kWth in a falling particle receiver of 100 MWth, including hoppers, duction, insulation, the tower,
elevator, control, spare parts and contingency. The particle storage tank is expected to be cheaper when compared
to molten salt storages due to the use of cheaper materials.
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Abstract
The paper contains a brief description of calculations made for model tanks filled with PCM (Phase Change
Material) that are used to cover the heat demand. The used model of the tanks takes into account the heat losses
from the tanks' surfaces and the heat flux transferred between the PCM and water. The process of heat transfer in
the PCM only uses the thermal conductivity phenomenon, which is appropriate for materials with high kinematic
viscosity. The results of the change in thermal power of the storage tanks, outlet water temperature, PCM
temperature and the amount of changing phase were considered significant. The article shows that the heat flux
transferred between the PCM and the water depends primarily on the thermal resistance between the internal wall
of the nodule and the moving front of the phase change from which energy is released. The mass flow rate of the
water through the storage tanks has a lower impact on the speed of heat release. The article also shows the effect
of PCM phase change and the flux of released heat on the temperature of the water flowing out of the tanks.
Keywords: thermal storage, phase change materials, heat balance

1. Introduction
The issue of heat accumulation for the purpose of heating a building is not new. Many years of research means
that current heating installations successfully use water tanks for heat accumulation. However, the possibilities of
such accumulation in water are limited. Therefore, more and more research is being devoted to the use of PCMs
for this purpose.

Fig. 1: Scheme of the heating system in the CIESOL building in Almeria

In literature, there are papers concerning the modelling of tanks in which the PCM is enclosed in spheres (Lee et
al., 2019). However, the experimental tanks are usually filled with bottles (Ibanez et al., 2006) or, e.g. tubes
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(Mousaa et al., 2019), and those filled with the PCM spheres can only be found in small sizes, such as in (Huanga
et al., 2019). Companies are reluctant to offer tank solutions with a capacity of several thousand litres that are
filled with spheres, and instead they offer cube-shaped modules that are not described in literature.
The basis for carrying out the work is the task undertaken as part of the project ERANet-LAC 2nd Joint Call on
Research and Innovation called Thermal Energy Storage with Phase Change Materials for Solar Cooling and
Heating Applications: A technology viability analysis (PCMSOL). As part of these activities, the possibility of
using PCM tanks as a replacement for water tanks that cooperate with the installation of solar collectors, and
which are used to cover heating demands is examined.
The installation, the heating scheme of which is shown in Figure 1, is situated in the campus of the University of
Almeria in Spain. There is a Mediterranean climate with average temperatures in winter and high temperatures in
summer. Heating installations works in this building ensure thermal comfort for its users - mainly the scientific
and teaching staff of CIESOL. The current system is equipped with two tanks with a capacity of 2000 litres and
3000 litres, which are filled with water. These tanks are designed to ensure stable operation of the system.
The system works correctly, but the amount of accumulated energy is small and in the period of high-energy
demand lasts for a very short time. In addition, in the morning, when the installation is starting after an overnight
break, there is an increased demand for energy in order to quickly restore thermal comfort. This means that despite
the large size of water tanks, they are quickly discharged. Therefore, the concept of using accumulators filled with
PCMs, for which the phase transformation process can be treated as isothermal (Sharma et al., 2009), allows
smaller accumulators, which accumulate more energy, to be used for the accumulation of heat.
The purpose of the work is to determine the thermal power of storage tanks filled with phase-change materials
and to also determine the thermodynamic parameters of the accumulation material during discharging of the
storage tanks.

2. Assumptions
When performing the heat balance of a building, the heating and cooling demands in the analysed facility can be
determined. Such a balance was carried out for the CIESOL building in (Gil et al., 2019), and Figure 2 shows its
thermal demands whilst at the same time indicating the maximum demand for heat and cold. It can be noticed that
the maximum cooling demands are nearly three times higher than the heating demands for the assumed constant
temperature of thermal comfort inside the utility rooms. Therefore, the amount of PCM for the accumulation of
heat should be selected whilst taking into account this fact.

Fig. 2: Heat gains for the analysed set of rooms in the analysed building (Gil et al. 2019)

When creating a model of heat transfer inside a tank that is filled with PCM, some assumptions should be made.
The calculation model takes into account the assumptions resulting from the work of the installation and the
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current state of knowledge about phase change materials. The assumptions include:
- the insulation of the storage tanks is 3 cm and the thermal conductivity of insulation is 0.034 W/(m·K),
- each tank is filled with high-temperature PCM and low-temperature PCM. Parameters are described by
PCMProducts Company (PCMProducts information, 2019) as S46 and S10,
- the convective heat transfer coefficient on the PCM side αPCM → ∞ (is neglected),
- the water flow rate depends on the pump capacity, and the maximum value is 25 m3/h,
- nodules with the high-temperature PCM and the low-temperature PCM are arranged randomly,
- for heating mode, the initial temperature of the PCM is equal to 50 °C,
- for heating mode, the temperature of water flowing into tank 1 is equal to 40 °C,
- the temperature of water flowing out of tank 1 is the same as the temperature of the water flowing into
tank 2,
- the time step is equal to 1 second,
- the PCM is enclosed in 3 mm thick hexagonal nodules, and the heat transfer coefficient is equal to 13
W/(m·K),
- used nodules of 500 x 250 x 32 mm are described by PCMProducts Company (PCMProducts
information, 2019) as ICEFlat.
In utility rooms, comfort temperatures are set to be equal to 21 ºC (Fig. 2). The heating system that heats the
building is located in a research laboratory, in which there are no strict rules regarding temperature control. In the
summer it can be as high as 28 ºC. However, in the winter season, although the room is not intentionally heated,
due to the machinery and installed equipment, such as e.g. the described heating system with water tanks and
PCM tanks, the temperature in the laboratory is about 20 ºC, and this was adopted for the further calculations.

3. Solving the process
The calculation algorithm consisted of 30 balance equations describing one storage tank, which gives 60 equations
describing the process and 30 unknown values for one storage tank, which in turn gives 60 unknown values for
the process. Unknown values arising from the thermal balance of the tank are: 𝑄̇𝑠𝑖𝑑𝑒 , 𝑄̇𝑡𝑜𝑝 , 𝑄̇𝑏𝑜𝑡𝑡𝑜𝑚 , αcon_side_out,
αcon_top_out, αcon_bottom_out, αcon_side_in, αcon_top_in, αcon_bottom_in, Nuside_out, Nutop_out, Nubottom_out, Nuside_in, Nutop_in, Nubottom_in,
Tside_out, Ttop_out, Tbottom_out, Tside_in, Ttop_in, Tbottom_in, αrad_side_out, αrad_top_out, αrad_bottom_out. These parameters are shown
in Figure 3.

Fig. 3: Thermal parameters describing the heat loss process from the storage tanks

Equations for the heat transfer through a partition described in (Wiśniewski, 2014) were used for the determination
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of the tank's balance. Heat losses through the cylindrical side surface and the bottom and top were determined
whilst taking into account heat transfer through the tank's wall with an applied insulation, free convection on its
external side and forced convection on its internal side. This issue was described in detail by the authors in (Nemś
et al., 2017), however with a difference that the balance was determined for a cube-shape accumulator through
which the air flowed.
The process of heat exchange between the water flowing through the tank and PCMs was described in the same
way as the tank's balance. The heat transfer through the surface of a single nodule is described by a forced
convection on the side of water, the conduction through the wall of the nodule, and the conduction through the
PCM. It was assumed that the process of heat release only occurs from the place of phase change. This means that
transport in the PCM is only through the thickness s of the constant phase, which changes over time along with
the released heat. Unknown values in the heat transfer process between the water in the tanks and PCMs are:
𝑄̇𝑤𝑎𝑡𝑒𝑟_𝑃𝐶𝑀_1 , 𝑄̇𝑤𝑎𝑡𝑒𝑟_𝑃𝐶𝑀_𝑐𝑜𝑙𝑑_1 , Twater_outlet_1, TPCM_1, TPCM_cold_1, 𝑄̇𝑤𝑎𝑡𝑒𝑟_𝑃𝐶𝑀_2, 𝑄̇𝑤𝑎𝑡𝑒𝑟_𝑃𝐶𝑀_𝑐𝑜𝑙𝑑_2, Twater_outlet_2,
TPCM_2, TPCM_ cold_2, S1, S2. These parameters are shown in Figure 4. Due to the fact that there are two tanks in the
system, the indexes concerning the first one were designated as "1", and the second one as "2". The abovementioned 36 unknowns were determined using Mathcad 15 software from 36 equations that describe the heat
balance for an accumulator filled with PCMs.

Fig. 4: Thermal parameters included in the model of heat exchange between water and the PCM

The used storage tanks enable the use of 180 PCM nodules, the arrangement of which is adopted as in Figure 5.
The relations of the number of nodules in 2000-liter tanks and the proportions of quantities S46 and S10 adopted
for the analysis are shown in Table 1.

Fig. 5: Arrangement of PCM nodules in 2000 litre capacity tanks
Tab. 1: Number of nodules with the used PCMs as a function of their shares in a 2000-liter nodule
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Proportions

50-50

30-70

10-90

S46

90

54

18

S10

90

126

162

PCM

Due to the fact that in storage tanks, in addition to nodules, there is almost 1250 litres of water, the heat
accumulated in them as sensible heat should also be considered. The flux of released heat is then dependent on
the mass intensity of the flowing water and the temperature difference between the incoming and outgoing water.
Figure 6 shows the dependence between the thermal power and the time of operation of the heat accumulators.
The water temperature reduces from 50 °C to 40 °C according to the previous assumptions. The initial value of
the thermal power is in this case dependent on the maximum flow rate of the circulation pump and is equal to 292
kW. However, with time, this power decreases. This is due to a decreasing temperature of the water in the tanks.

Fig. 6: Heat flux only released by the water contained in two 2000-litre tanks

In further analyses, it was assumed that heat will be first taken from the energy accumulated in the water, and
when the heat flux is too low, it will then be collected from the PCMs. This assumption allows a better analysis
of the process of the heat transfer between the PCMs and water, while at the same time providing information on
the accumulation possibilities of a tank filled with PCMs.

4. Results
The calculations were made for two operation modes, however for the purpose of this article, only the heating
mode that aims to cover the heating demands in winter was analysed. Due to this fact, the accumulation material
was meant to be heated to 50 °C.
The thermal power of the heat accumulator was chosen as the basic parameter of its operation because the power
shortage results in a lack of thermal comfort in a building. In addition to the thermal power, the temperature of
the water flowing out of the tanks is important as it affects the operation of other elements of the system, such as
radiators or floor heating. Therefore, this parameter has also been analysed. The PCM temperature and the mass
share of the PCMs that undergo phase transformation were also considered as significant. The combination of the
last two parameters with the thermal power of the tanks and the temperature of the water flowing out of them
should provide the necessary knowledge to understand the relationships in the analysed heat exchange process.
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Fig. 7. Heat flux released from two 2000-liter tanks for 50-50 % proportions of S46 and S10

Figures 7 to 18 show variations of the 4 discussed parameters with regards to different amounts of PCM for the
accumulation of heat and cold. In the first case, the proportions of S46 and S10 were 50 % of each, and the changes
in the released heat flux, water outlet temperature, PCM temperature and mass share of the constant phase for S46
are shown in Figures 7 to 10.
In Figures 7, 11 and 15, the tanks power curve from heat accumulated from only water was added, as shown in
Figure 6. This action enables the time Δτ, in which the heat released from the tanks will cover the thermal demands
of the building (for a maximum water flow rate and heat demand of 24.9 kW), to be accurately determined, as
shown in Figure 7. In addition, the separation of the tanks' power, which results from the heat accumulated in the
water and PCM, allows the process of releasing heat stored in the PCM to be thoroughly analysed.

Fig. 8. Water temperature outflowing from the second of two 2000-liter tanks for 50-50 % proportions of S46 and S10

As can be seen from Figure 7, the released heat flux increases with an increase in the mass flow rate. This is
because of a decreasing thermal resistance on the side of the water. This flux decreases in time due to a decreasing
temperature difference between the PCMs and the water flowing through the tanks. There is also a visible drop in
the thermal power of the tanks when the phase transition begins. This is due to the increasing thermal resistance
that results from the increasing distance of the PCM phase change front from the surface of the tank.
It can be seen in Figure 8 that the temperature of the water flowing out of the tanks changes over time, and after
a few hours approaches the temperature of the water entering the tanks. This is due to the decreasing flux of heat
transfer between the PCMs and the water (for a constant flow of water through the tank).
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Fig. 9. Temperature of S46 inside two 2000-liter tanks for 50-50 % proportions of S46 and S10

It can be seen in Figure 9 that the temperature of the PCM in the first tank changes faster than in the second tank,
and the same situation occurs in the case of the phase transition process, which also takes place faster. This is due
to the larger temperature difference between the PCM and the water in the first tank. The effect of this is also a
higher thermal power of the first tank and its faster discharge.

Fig. 10. Mass changed of S46 inside two 2000-liter tanks, for 50-50 % proportions of S46 and S10

The change of the S46 phase starts just after the PCM temperature drops to 46 °C. The phase change process then
proceeds dynamically in the first few minutes. Afterwards, it slows down due to the increasing thermal resistance
on the PCM side. It is worth noting that for small mass flow rates of water, the phase change process takes even
longer than 10 hours.
Figures 11 to 14 show the same operating parameters for S46 and S10 in a ratio of 30 to 70 % respectively.
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Fig. 11. Heat flux released from two 2000-litre tanks for 30-70 % proportions of S46 and S10

Fig. 12. Water temperature flowing out of the second of two 2000-litre tanks for 30-70 % proportions of S46 and S10

Fig. 13. Temperature of S10 inside two 2000-litre tanks for 30-70 % proportions of S46 and S10
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Fig. 14. Mass change of S10 inside two 2000-litre tanks for 30-70 % proportions of S46 and S10

The last 4 diagrams (Figs. 15-18) show the process parameters of the water and PCMs, but with the PCM
contribution to heat accumulation of 10 %. The remaining part involved PCM for the accumulation of cold.
As can be seen from Figures 7, 11 and 15, the released heat flux by the storage tanks changes slightly with the
change in the PCM proportions for the accumulation of heat and cold. For example, after 25 minutes it is equal to
19.46 kW, 18.86 kW and 18.13 kW for the ratios of 50-50 %, 30-70 % and 10-90 %, respectively.

Fig. 15. Heat flux released from two 2000-liter tanks for 10-90 % proportions of S46 and S10

The increase in the amount of S10 at the expense of S46 results in a faster decrease of the temperature of water
flowing out of the tanks. However, these changes are hardly visible in Figures 8, 12 and 16 because e.g. for the
time of 25 minutes they are equal to 44.63 °C, 44.49 °C and 44.31 °C. This is due to a smaller amount of energy
accumulated at a given temperature and a smaller amount of material that undergoes a phase change.
Under the given conditions, the phase change process takes a very long time in all the analysed cases (as shown
in Figures 9, 13 and 17). For low water flow rates through tanks, even a long tank discharging time did not
complete the phase change process in the second tank, as shown in Figures 10, 14 and 18.
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Fig. 16. Water temperature outflowing from the second of two 2000-liter tanks for 10-90 % proportions of S46 and S10

Fig. 17. Temperature of S46 inside two 2000-liter tanks for 10-90 % proportions of S46 and S10
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Fig. 18. Mass changed of S46 inside two 2000-liter tanks for 10-90 % proportions of S46 and S10

5. Conclusions
The presented results of the model, despite the adopted assumptions, provide information on problems related to
heat accumulation in PCM filled tanks. Although phase-changing materials allow for the accumulation of more
energy, the release of this energy is difficult.
From the above analysis, the following can be concluded:
- the flux of released heat increases with an increase of the mass flow rate,
- this flux decreases over time (in time), due to the decreasing temperature difference between the PCM and water
flowing through the tanks,
- there is a very significant drop in the thermal power of the tanks when the phase transition begins. This is due to
the increasing thermal resistance, which is caused by the increasing distance of the front of the PCM phase
transition from the container's surface,
- the temperature of water that flows out of the tanks changes over time, and after a few hours it approaches the
temperature of the water that enters the tanks. This is because of the decreasing flux of transferred heat between
the PCM and water.
In addition, the obtained results show that the change in the ratio of the PCM to the accumulation of heat and cold
has a slight effect on the thermal power of the tanks. However, due to the greater cooling demands, variants with
a greater proportion of S10 material will be further analysed.
The presented results were made with an assumption that the convective heat transfer coefficient for the PCM is
neglected. This simplification resulted in lower accuracy of the obtained results. Therefore, the next important
step is to determine it as a function of existing variables and improve the calculation algorithm using this
parameter.
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Appendix
Nomenclature:
Nu – Nusselt number, 𝑄̇ – heat flux, W
S – the distance between the front of the phase change and a nodule's wall, m
T – temperature, K
α – heat transfer coefficient, W/(m·K)
Indexes:
bottom – bottom surface
cold – PCM for the accumulation of cold
in – inside the heating tank
out – outside the heating tank
rad – radial
side – side surface
top – top surface
1, 2 – number of storage tank
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Abstract
We report on the experimental demonstration of a modular solar dish-reactor system to perform the splitting of CO2
into separate streams of CO and O2 via a 2-step thermochemical cycle based on ceria redox reaction. Since only the
reduction step requires a solar input, the system comprises two solar reactors mounted side-by-side on a sun-tracking
dish concentrator coupled to a secondary rotating reflector that allows for simultaneous operation of both reactors by
alternating the concentrated solar input between them. Each solar reactor consists of a cavity-receiver containing a
reticulated porous structure made of ceria exposed to a solar radiative power input of 6 kW at 2360 suns entering
through the cavity’s aperture. Process stability and system robustness are demonstrated by performing fully
automated consecutive redox cycles.

Keywords: solar, fuel, concentrator, reactor, thermochemical, redox, cycle, ceria, CO2.

1. Introduction
This paper describes the solar technology for performing the splitting of CO2 into separate streams of CO and O2 via
a reduction-oxidation (redox) thermochemical cycle driven by concentrated solar energy (Romero and Steinfeld,
2012, and literature cited therein). The ceria-based thermochemical redox cycle comprises two steps involving a
temperature/pressure swing cyclic process:
1) the endothermic reduction of ceria, typically performed at a temperature above 1400 °C and a pressure below 0.1
bar:
𝛿

CeO2 → CeO2−𝛿 + 2 O2

(eq. 1)

2) the exothermic oxidation of reduced ceria with CO2, typically performed at a temperature below 1000 °C and a
pressure above 1 bar:

CeO2−𝛿 + CO2 → CeO2 + 𝛿CO

(eq. 2)

where the nonstoichiometry 𝛿 indicates the reduction extent. The net reaction is CO2 = CO+½O2, with fuel CO and
O2 derived in different steps and thus eliminating the need for high-temperature gas separation.

2. System Description
The solar technology for effecting the CO2-splitting thermochemical cycle consists of a modular solar dish-reactor
system with two major coupled components: the solar concentrator and the solar reactor.
2.1 The Solar Concentrator
Fig. 2.1 a) shows a schematic of the solar concentrator comprising a primary sun-tracking 4.4 m-dia., 2.2 m-focal
length, parabolic reflector and a secondary rotating 1.71 m2-area 24°-tilt flat reflector (Dähler et al., 2018). This
optical configuration allows to rotate the concentrator focal point among 4 positions, as depicted in Fig. 2.1 b): the
two solar reactors, a water-calorimeter for solar radiative power measurements and a Lambertian target for solar flux
distribution measurements. This arrangement enables the operation of the two solar reactors side-by-side for
performing both redox reactions simultaneously by alternating the solar radiative input between them while making
continuous and uninterrupted use of the incoming concentrated sunlight. For a normalized DNI of 1 kWm−2, the

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.24.08 Available at http://proceedings.ises.org

1353

R. Schäppi et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

concentrating setup delivers a solar radiative power of up to 7680 W to the 30-mm radius aperture of the solar reactor
with a mean and peak solar concentration ratio of 2710 suns and 5010 suns, respectively, yielding an overall optical
efficiency of 59.6%. Detailed optical analyses based on experimentally measured and numerically simulated data
identify feasible measures to increase this optical efficiency to 82% (Dähler et al., 2018).

Fig. 2.1: Schematics and photographs of the solar dish system: a) 3D rendering of the primary two-axis sun-tracking parabolic dish
and secondary rotating flat reflector (Dähler et al. 2018); b) solar reactors, water-calorimeter, and Lambertian target. Dashed circle
indicates the focal point trajectory during rotation of the secondary reflector (reproduced from Dähler et al. 2018).

2.2 The Solar Reactor
The design and fabrication of the solar reactor has been previously described (Marxer et al., 2017); only the main
features are highlighted here. It consists of a 200 mm-i.dia., 100 mm-length cylindrical cavity-receiver with a 60
mm-dia. circular aperture sealed by a 6 mm-thick clear fused quartz disk window for the access of concentrated solar
radiation. The cavity contains an octagonal 35 mm-thick reticulated porous ceramic (RPC) foam-type structure made
of pure ceria that is directly exposed to the solar irradiation, enabling volumetric absorption and uniform heating.
The RPC structures with dual-scale porosity – mm-size pores for enhanced volumetric absorption during the
reduction step and μm-size pores within the struts for enhanced mass transfer during the oxidation step – were
fabricated according to the replication method (Furler et al., 2014). Two identical solar reactors were fabricated and
mounted side-by-side at the focal plane of the solar concentrator (Fig. 2.1 a and b).
2.3 Measurement Instrumentation
Temperatures were measured using multiple B- and K-type thermocouples. Gas flow rates were regulated and
measured using Bronkhorst electronic mass flow controllers and meters. The reactor pressures were measured using
THERMOVAC TTR 101N pressure sensors. A multistage roots dry vacuum pump (Adixen ACP 28CV) in
combination with multiple valves was used to evacuate the reactors during reduction. Product gas composition was
analyzed on-line downstream of the solar reactors by gas chromatography (Agilent Technologies) and Siemens
Ultramat 23 and Calomat 6 gas analysis units (electrochemical sensors for O2, IR detectors for CO and CO2, thermal
conductivity based detectors for H2). The direct normal irradiation (DNI) was measured with a sun-tracking
pyrheliometer. The entire solar dish-reactor system is controlled by a LabView program for performing fully
automated consecutive redox cycles over the whole day.
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3. Results and Discussion
Fig. 3.1 shows a representative CO2-splitting redox cycle. Plotted as a function of time are the temperature at the
outer perimeter of the RPC (green), reactor pressure (red) and gas evolution of O2 released during solar reduction
(black) and CO produced during oxidation (blue). During the reduction step (eq. 1), the solar reactor was heated with
concentrated sunlight to 1400 °C (measured at the outer perimeter of the RPC) while the total pressure was lowered
to 4 mbar by the vacuum pump with a flow of 1 l min-1 Ar as sweep gas. The oxidation step (eq. 2) was initiated once
the reactor cooled down to 1000 °C by providing a CO2 flow of 7 l min-1 that reacted with the reduced ceria to form
CO.

Fig. 3.1: Measured RPC temperature, reactor pressure and gas evolution rates for a representative CO2-splitting redox cycle.

Fig. 3.2 shows a representative on-sun run with fully-automated 32 consecutive CO2-splitting cycles as described
above. Plotted as function of time are the measured DNI (yellow line) over the day, mean RPC temperatures of both
solar reactors (solid lines), and integrated specific gas production per cycle (O2: hollow circles, CO: asterisks) for
both solar reactors operated in alternate mode – one reactor is performing the solar reduction step (eq. 1) while the
other reactor is performing the oxidation step (eq. 2). The ceria mass loading of each solar reactor was 3752 g and
3760 g. The solar power input and mean solar flux concentration through the aperture, measured between the cycles
(white areas in Fig. 3.2), were up to 5.9 kW and 2360 suns, respectively. Averaged over these cycles, the peak and
total O2 evolution was 0.29 ml g-1CeO2 min-1 and 1.44 ml g-1CeO2, respectively, and the peak and total CO production
was 0.31 ml g-1CeO2 min-1 and 2.89 ml g-1CeO2, respectively. Peak CO2-to-CO molar conversions of 83% and
𝜂solar−to−fuel of 5.25% (without heat recovery) were previously demonstrated (Marxer et al., 2017).
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Fig. 3.2: Measured RPC temperatures, DNI, and CO and O2 specific gas yield per cycle over 32 consecutive CO2-splitting cycles of
both solar reactors A and B operated in alternate mode: while reactor A is performing the solar reduction step (eq. 1), reactor B is
performing the oxidation step (eq. 2) and vice versa.

4. Summary and Conclusions
A modular solar dish-reactor system was developed for the production of solar CO from CO2 via a ceria-based
thermochemical redox cycle using concentrated solar energy. Multiple consecutive CO2 splitting cycles were
demonstrated during fully-automated on-sun daily runs. These solar runs demonstrate the stability and robustness of
the system and advance the technological readiness and its industrial implementation. Future development work will
be aimed at demonstrating the solar reactor technology for splitting H2O into separate streams of H2 and O2, and thus
produce syngas for the synthesis of liquid hydrocarbon fuels.
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Abstract
Theoretical model, experimental and real life tests done for estimate opportunity and gain from phase change material
(PCM) application in glazing. Theoretical model and results of tests are described in the publication. Tested
component was chosen according to widely used technologies and easily accessible materials. Double and triple
glazed window with glazing thickness 6 mm was chosen. Pretested experiments show that pure paraffin could be
used as PCM in glazing, however it has disadvantages. Annual real life test done in Temperate climate conditions.
This publication explores of passive control of solar energy gain. Increasing the thermal capacity of glazing gaps
leads to the decrease of thermal resistance. But if the thermal energy absorption and desorption is transformed from
temperature changes to phase changes we receive specific thermal barrier with fixed defined point phase change.
This barrier has its positive and negative effects. Detailed research was conducted and is described.
Keywords: Solar energy accumulation; energy savings in buildings; optical properties, phase change material;
window glazing.

1. Introduction
Heating (cooling), the use of air conditioners (heaters) or the use of windows are solutions for maintaining internal
comfort, but these measures involve high initial and maintenance costs. On the other hand, the use of passive thermal
methods, in general, necessitates large and costly building modifications. For these and other reasons, intense
research activities were devoted towards increasing energy efficiency in buildings in order to reduce the traditional
fossil fuels use for air heating or conditioning.

One of the most efficient means of reducing heating / cooling loads is to enlargement or eliminates the solar heat
gain through glass windows by using passive mechanisms of reducing the amount of direct heat radiation crossing
the window without impairing the natural illumination.
One of the most efficient means of reducing heating or cooling loads is to control solar heat gain through glass
windows by using passive mechanisms of reducing the amount of direct heat radiation crossing the window without
impairing the natural illumination
Blind chase towards energy efficiency can cause harmful consequences, such as: interference in fresh air calculation
due to decrease of building envelope infiltration and overall improvements in hermitization. The lack of fresh air
calculation increases presence of mold and the presence of microorganisms that are harmful for humans, in the
renovated buildings. The extreme focus on the energy efficiency causes us to overlook vital microclimate.
Since thermal resistance constructions mostly have low thermal capacities, buildings that are constructed from the
energy efficient light materials have higher dependency on the stability of external and internal heat gains due to the
low thermal capacity of such buildings. Low thermal capacity materials are incapable to act as heat absorbing buffers
during the sudden changes of heat gains, and at the same time, conventional microclimate control systems do not
have short enough reaction time to be able to compensate this effect. As a result, feasible temperature changes occur
indoors.
Since the variations of solar intensity and outdoor temperature are unsteady, both the thermal conductivity and the
specific heat of the insulation affect the heat flow. In this regard, insulations with low thermal conductivity and high
thermal capacity are preferred materials (Alawadhi, Esam M., 2012). However, glazing components are commonly
the weakest building envelope element considering thermos-physical properties (Knera, D. at al. 2018).
Glazing is usually examined with regards to sealing, constant thermal conductivity, and economical feasibility.
Energy-efficient glazing, with using active coating, such as chameleon, allows to decrease ndoor solar radiance
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penetration during warm periods; but during the cold periods such coating is increasing heat deficit.
More effective solutions - active shading systems, such as kinetic shading or electrochromic glazing. Disadvantages
of these solutions are: necessity of tuning and support; wearing out over time; energy consumption. In hot climates
curtains, roof visor and similar methods are widely used as means of reducing incident direct solar energy radiation.
Mills and McCluney (Mills, L.R., at al. 1993.), discuss the advantages of using shading materials especially internally
installed ones as visor.
Ideal solution would be to transform shading energy into electricity and usage of the above-mentioned electricity in
order to maintain indoor microclimate. At this point this solution will require to unite photovoltaic.

2. Theoretical model
The idea of improving the thermophysical properties of glazing components in buildings, for example, windows by
PCM application is relatively new. There has been several researches in experimental and simulation analysis done
up till now (Ismail, K. A. R., at al. 2002; Weinlader, H., at al. 2005 and Favoino, F., at al. 2015). In general, analyzing
120 scientific publications on these aspects it is concluded that was published is diverse and in many cases insufficient
(Mavrigiannaki, A., at al. 2016). The diversity of experiments and reported values suggest that it is impossible to
compare raw materials and already developed PCM elements directly .
At the earlier stages of the research various PCM materials were examined, and finally we’ve focused on Water-Salt
mixtures and Paraffin. Water-Salt mixtures are difficult to use due to its chemical activity and stratification over
time. Pure paraffin is also chemically active, but it is possible to use frame materials that are resistant to this.
Theoretical model that is described in the publication (Vanags, M., at al. 2019) informs about light reflection,
transparency and absorption of PCM in liquid, solid and transitional states.
Simulation model is based on conducted optical and thermal flow measurements of PCM and glazing. Thermal flow
was tested by using HFP01SC heat flux sensors. To measure total transmittance of paraffin Spectrophotometer
Specord 210 was used. Integral sphere was used to measure total transmittance, wavelength range from 200 nm to
1100nm. Theoretical model was created for simplifying measurement procedure for PCM light transmittance at
different angles of the light source. The transmission of light through a window with filled PCM depends on the
location of the Sun at the sky or the angle of incidence of light α from the window plane. Assuming that the solid
state of the PCM is homogeneous, the light path through the PCM changes only from the angle of incidence α (Fig.
1).

Fig. 1: Light path through the PCM to the angle of incidence.

Consequently, the light path d through PCM depending on the angle of incidence of light on a window plane can be
expressed by the following formula:
,

(eq.1)

where h is the gap thickness in which the phase change material is filled. This assumption allows us to study the
optical properties of samples of different thickness of PCM and to express the thickness as the angle of incidence of
the light source on the window plane (Vanags, M., at al. 2019).
Theoretical model was created for understanding the influence of glass on the properties of light transmittance. In
operation, the external glass receives solar radiation, where part of it is absorbed, part is reflected and the rest, about
80 %, is transmitted to the PCM initially in the solid phase (Uribe, D., 2018). Light transmittance through the glass,
depending on the location of the light source, will not be significantly affected by the thickness of glass, but the
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reflection of light on the glass surface. Thus, it is experimentally necessary to determine light transmittance through
a glass sample at different angles of incidence of light.
Knowing light transmittance through PCM samples of different thicknesses and knowing light transmittance through
a glass sample at various angles and summing up the absorption of light in both materials and converting total
absorbance into permeability, it is possible to obtain light transmission through a common system of glass-PCM
glass (Vanags, M., at al. 2019).
Theoretical model was developed and tested experimentally that is described in the publication (Vanags, M., at al.
2019). It was concluded that:

● light beam shines on the PCM layer at different angles horizontally and vertically because of different sun
position;

● a luminance through the PCM layer varies horizontally and vertically from different angles, as the sun
positions differ.

According to a conventional window form, light beam goes through a thicker layer of PCM in case of perpendicular
beam direction. Pure paraffin is homogeneous in the liquid phase, and the solid phase of paraffin has small crystals
with directorial structure. Crystal form has insignificant impact on results in cases with big size samples. Hence, light
reflection and absorption depend on PCM thickness and angles of incidence of the rays.
EnergyPlus, a state-of-art energy simulation tool, allows simulating the heat transfer through opaque elements that
incorporate PCMs. However, EnergyPlus does not allow this for transparent elements with PCMs. Partners from
Pontificia Universidad Catolica de Chile in the framework of the ERA-NET-LAC project „Solar hybrid translucent
component for thermal energy storage in buildings” (SOLTREN) developed a mathematical thermal model of double
glazing windows with PCM in the cavity to be coupled with EnergyPlus in the future. Developed mathematical heat
transfer model, the sensible and latent heat of the PCM is mathematically modelled in MATLAB. The PCM RT25
HC of Rubitherm shows the better performance because it keeps the internal surface temperature of the window near
the comfort range for more time and the Predicted Mean Vote (PMV) below 1.0 (Ismail, K.A.R., 2001).

3. Tests and results
It has been decided not to conduct tests in the public buildings, due to the risk of leakage, since heavy evaporation
of paraffin can be harmful for the human health, therefore special experimental boxes have been constructed. Final
stage of the research consists of the following field test: Two identical boxes were created, with the only difference
between them being in glazing. One has conventional glazing, while the other one has PCM glazing.

a) Triple glass structure

b) Placing of the sensors

1359

A. Snegirjovs et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

c)Setting up and running the test
Fig. 2: Construction of the experimental installation

Envelope of experimental boxes is made from waterproof 21mm plywood. The boxes impermeability is secured by
with rubber seals. Glazing consists of 3 transparent 4mm glasses and 12mm gaps between the glasses.
Air temperature was monitored inside both boxes as well as monitoring of ambient air temperature. PT1000
temperature sensors were used for all air temperature measurements. Penetration of solar radiation to both boxes was
measured with Kipp&Zonen Pyranometer CMP3. The result of the field test identified differences with simulation
model in the transitional states and its post effects. The publication describes the results of this field tests and
discussion of them.
Construction of the experimental installation highlighted technical barriers for the implementation of this technology
in the mass market. Laboratory tests have shown that paraffin has significant expansion of about 14% for the
temperature range from -25°С to +60°С. Consequently, it is essential to provide air gaps (fig. 2) or expansion
containers in the upper parts of the glazing, to compensate for the thermal expansion.
The expansion leap occurs at the paraffin melting temperature. In cases when the melting is not steady this effect
creates concentrated pressure to the specific parts of the enclosing surface, which in the long run can lead to the
destruction of the whole construction.
It is much more convenient to fill in glazing with the paraffin while paraffin is in its liquid phase, but this process
will lead to complications while working with the high melting temperature paraffins.
Pure paraffin is chemically active, the experiments has proven that paraffin is capable to dissolve almost all materials
that are usually used for sealing in double glazing. Longer term results are obtained when using sanitary teflon thread,
or polyurethane sealant such as "Gravit 630 NOVOL".
Evaporations of the pure paraffin are harmful for human health, so there have additional safety requirements have to
be in place during the manufacturing, exploitation and dismantling.
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Fig. 3: Two boxes with conventional glazing and with PCM glazing under real test condition on the Solar energy testing polygon.
(during experiments top of experimental boxes was closed)

The benefits of the usage of PCM for energy efficiency of building cooling have been proven. But there is no reliable
data on the impact of usage of PCM during the heating season yet. The main goal of the research is to explore the
energy-efficiency of the passive solar technology- PCM, in glazing during the winter season. The most evident
example is the indoor temperature in unheated rooms.
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Fig. 4: Temperatures of Outdoor, inside of test and reference boxes the on a sunny winter day.

The boxes are mostly heated by the solar light. Solar trajectory in the winter period is quite close to the horizon. The
lighting of the sidewalls and the lid of the box has minimal impact on the temperature inside the boxes- this has been
proven by changes the places of the boxes. The temperature distribution seen on the fig. 4 illustrates most of the
testing results during the winter period. It is seen from the graph that the initial heating of the experimental box
occurs slower. This is caused by the fact that paraffin in its solid phase is dull white. Further on the melting of the
paraffin occurs- temperature changes are smoother, and leaps are evened out in the tested box. During the second
part of the day, the cooling down of the experimental box is slowed down.

Fig. 5: Temperatures of Outdoor, inside of test and reference boxes the on a partly cloudy winter day.

Curious results were received during the experimental day, when PCM melted down, and began to crystallize almost
right away, see fig. 5. In the period from 12:30 AM paraffin starts to melt again, and after 1 PM it begins to crystallize
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again, this causes the temperature inside the box to be more stable. Drops of the temperature around 10:30-11:00 are
caused by the slight cloudiness outside.
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5. Conclusion
Using a passive solar energy accumulator in glazing with integrated paraffin material has positive effect on building
energy performance and internal microclimate stabilisation in the conditioning season. When the paraffin aggregate
state changes, for instance, when it melts, its phase transition temperature is preserved but when a complete phase
transition has occurred, the temperature of the material starts increasing in proportion to the amount of the supplied
thermal energy. On the basis of the applied great potential of the latent heat it becomes a possible solution for the
development of the new technologies connected with the indoor microclimate stabilization. The effect of solar energy
latent heat storage will result in effective heat transfer coefficient. But, during the heating season the effect on energy
efficiency is negative, due to the fact that paraffin in its solid phase practically doesn’t transmit sunlight, and thermal
conductivity of paraffin is greater than that of the air gap.
Test in the real time illustrates the heating of the spaces when paraffin is used in glazing, in comparison with the
standard glazing.
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Abstract
Carbon dioxide (CO2) gas hydrates based cold thermal energy storage is an emerging promising technology for applications
in residential, commercial and service building air conditioning. The main research topics include experimental and
theoretical methods to study CO2 hydrate thermodynamics and kinetics, lab-scale cold storage system demonstration, and
system modelling and integration, which have rarely been intensively reviewed. This paper reviews of the state of the art
as well as potential future research directions in the field. Numerous discussion points are based on authors’ own work.
Keywords: CO2 gas hydrate, cold thermal energy storage, thermodynamics, kinetics

1. Introduction
Cold thermal energy storage (CTES) is suited to air conditioning (AC) systems in residential, commercial and service
buildings including schools, hospitals, data centres and hotels. A typical configuration of an AC system with CTES is
shown in Figure 1. In this way, cooling can be produced at opportune times and later deployed for cooling service. The use
of CTES with air conditioners provides a number of cost and efficiency advantages including (i) lower electricity bills by
accessing off-peak electricity rates, (ii) lower peak electricity charges and demand-side management requirements, (iii)
increased chiller efficiency through night operation and reduced chiller start cycles, (iv) increased chiller efficiency by
load sharing with CTES, (v) reduced chiller size and initial cost, and (vi) CTES is cheaper than electrical batteries.
Commercially used cold storage media include water, ice and phase change materials (PCMs). The inherent challenges
associated with the use of those media have prevented them from broad deployment. Chilled water has a very low energy
storage density that causes the cold storage to take up a large volume. Storing ice requires a dedicated glycol chiller which
is expensive and has low energy efficiency. Conventional PCMs are normally expensive and may exhibit chemical
instability and phase segregation [Zhai et al. 2013; Sarbu and Sebarchievici, 2018].

Fig. 1: Configuration of cold thermal storage in an AC system

Fig. 2: CO2 hydrate formed in a pressure vessel (Wang 2016b)

Gas hydrates are ice-like compounds consisting of water molecules forming a clathrate structure to host guest gas
molecules. The guest gas is typically hydrogen (H2), nitrogen (N2), carbon dioxide (CO2), methane (CH4), ethane (C2H6),
propane (C3H8), or mixtures of thereof, for example in form of natural gas. Applications include CTES, hydrate-based
carbon capture and sequestration (Lee et al. 2017a; Lee et al. 2018; Lee et al. 2017b; Xia et al. 2017; Xu et al. 2019), gas
separation (Azimi and Mirzaei 2016; Chen et al. 2017; Horii and Ohmura 2018; Liu et al. 2018) including biogas upgrading
1
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(Castellani et al. 2017; Yue et al. 2018), hydrate-based desalination (Babu et al. 2018; Croeser et al. 2019), separation
processes in food processing (Li et al. 2015), intesification of algal biomass production (Nakano et al. 2014), transportable
cooling carriers (Youssef et al. 2019), and environmentally friendly refrigeration (Kim et al. 2017a; Wang et al. 2014).
CO2 hydrates have characteristics that enable them as promising cold storage media, including suitable phase equilibrium
temperature range for AC applications (adjustable in the 0–14oC temperature range (Wang and Dennis 2016a; Wang and
Dennis 2017b), high latent heat (501–507 kJ kg–1 for pure CO₂ hydrates (Fournaison et al. 2004); 318–441 kJ kg–1 for CO₂
hydrate with various promoters (Kim et al. 2017a; Wang and Dennis 2016a; Wang and Dennis 2017b)), low material cost,
and chemical safety (Wang et al. 2014). The appearance of CO2 hydrate crystals formed in a pressure vessel is shown in
Figure 2 (Wang 2016b). The thermal storage process is realised through exothermic hydrate formation (equation (1)) and
endothermic hydrate dissociation (equation (2)):
CO2 + nH2O → CO2·nH2O + heat

(1)

CO2·nH2O + heat → CO2 + nH2O

(2)

In the last decade, there have been a large number of studies on CO2 hydrate material fundamental research and proof-ofconcept trials of CO2 hydrate based CTES systems. Many studies focused on improving equilibrium conditions and thermal
properties of CO2 hydrate in order to enhance its viability in thermal storage applications. There is a lack of reviews that
summarise fundamental studies on CO2 gas hydrate formation thermodynamics and kinetics as well as its CTES application
in system demonstrations. This paper provides a comprehensive review on these significant topics and focuses on newly
published articles.

2. CO2 hydrate equilibrium characterization
To study CO2 hydrate thermodynamic and kinetic performance, various reactors (a.k.a. cells or crystallisers) have been
designed to accommodate gas hydrate formation and dissociation under controlled pressure-temperature conditions with
proper promoters, agitations, magnetic and/or ultrasonic fields. The design and configuration of systems are listed in Table
1. There are similarities among these reactors. Most are small-scale (<600 mL) high-pressure vessels since handling safely
with high pressure in a large scale is difficult. They are mostly cylindrical, which is for a uniform radial heat transfer and/or
effective stirring motion of impeller. There is a closed external cooling loop that circulates heat transfer fluid at a constant
temperature to trigger gas hydrate formation. A gas cylinder is connected to the vessel with controlled pressure.
There are some common aspects in most of the designed setups and procedures that require improvements.
1)

The methods to determine the start and completion of gas hydrate formation/dissociation differ among studies. Some
rely on the observation of crystals to recognise the onset point of hydrate formation, while others use temperature and
pressure curves, i.e. taking the inflection point in the curve or derivative curve of temperature or pressure (indicates
the highest changing rate) as the point when hydrate formation and dissociation take place. These methods should be
unified as it is less convincing to compare data generated from different methods.

2)

The mass of sample, size and material of the reactor and cooling/heating rate are all found to affect the measurement
result and its accuracy. In order to reduce the effect of heat transfer rate, stepwise cooling and heating are applied in
most cases to determine the phase equilibrium.

3)

Heat transfer and mass transfer during gas hydrate formation is usually restricted by the experimental setup, especially
when the liquid in reactor is stationary. When cooling is proceeded, gas hydrates tend to first form on cooling surfaces,
since the low surface temperature provides nucleation driving force and the surface roughness provides nucleation
sites. However, the formed hydrates cause resistance of heat and mass transfer, which leads to slow and incomplete
gas hydrate formation in experiments and in turn reduces the accuracy of results.

In addition to tradition thermodynamics and kinetics studies, there are novel approaches proposed for efficient CO2 hydrate
formation and accurate nucleation observation. By Ambuehl et al. (Ambuehl and Elwood Madden 2014), CO2 infused ice
experiments were proposed. In order to test the effects of CO2 within ice on hydrate formation, ultrapure water was infused
with CO2 gas and frozen prior to the hydrate formation, which allowed much of the gas to exsolve. CO2 consumption and
release rates both increased significantly in infused ice experiments. CO2 bubbles formed during the freezing of the infused
ice likely provided larger surface area for hydrate nucleation, increasing the rate of formation. Atig et al. (Atig et al. 2018)
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designed a droplet-based millifluidic method for investigating hydrate nucleation and growth, which consisted of a
transparent capillary and a train of regularly-spaced droplets of an aqueous phase in a carrier oil. The nucleation and growth
were video-monitored as temperature and pressure were suited. The novelty of this approach is the ability to work under
pressure with dissolved gas, which opens the way to investigations of gas hydrate nucleation in addition to ice nucleation.

3. Thermodynamic and kinetic modelling of CO2 hydrate formation and dissociation
Most widely-used models are thermodynamic models and kinetic models with the former related with the driving force
while the latter made for equilibria calculation (Sun and Kang 2016).
The thermodynamic model is based on the basic statistic thermodynamic models derived by Van der Waals and Platteeuw
(vdW–P) with Leonard–Jones potential function to calculate gas hydrate dissociation pressure. Cage occupancies of a CO2
+ CH4 system were predicted based on the vdW–P thermodynamic theory with the Langmuir adsorption model and Peng–
Robinson question of state. In the work of Sadeq et al., results indicated that the model was accurate at pressures <10 MPa,
while it had considerable deviation at more extreme pressures where CO 2 had a propensity to occupy the large cavities of
sI cages (Sadeq et al. 2017). By Waseem et al. (Waseem and Alsaifi 2018), a thermodynamic modelling approach was built
to predict gas hydrate formation conditions based on vdW–P model for hydrate phase and SAFT–VR Mie equation of state
(EOS) for vapour and liquid phases. Three different association schemes into the SAFT–VR Mie EOS were employed to
account for hydrogen bonds between water molecules, namely square-well, Lennard–Jones and Mie potentials. The results
compared with experimental data showed excellent predictions of dissociation pressures for single and mixed gases without
readjustment of the Langmuir constants. By Herslund et al. (Herslund et al. 2014a), a thermodynamic model, based on
vdW–P model and Cubic-Plus-Association (CPA) EOS was applied to model mixed-promoter systems of single and binary
CO2-rich mixtures containing N2, CH4, C2H6, C3H8, isobutene, hydrogen sulfide and methanol for temperatures above 180
K and pressures below 100 MPa. The model explained the synergistic effect by the fact that THF displaces cyclopentane
(CP) from the large cavities of sII hydrate. The largest pressure reduction effect was predicted where approx. half of the
CP in the hydrate phase was substituted with THF. A simplified EOS based on hydrogen bonding non-random lattice fluid
theory was applied for both vapour and liquid phases. The two-phase and three-phase equilibrium calculations were found
to be comparable with another study and better for water contents in liquid CO 2 in equilibrium with gas hydrates (Lee et
al. 2016). A thermodynamic model based on the CPA EOS and the vdW–P hydrate model was applied by Herslund et al.
(Herslund et al. 2014b) to perform an evaluation of gas hydrate systems. In order to reduce the entropy generation rate in
gas hydrate dissociation, the entropy generation minimisation was set as the objective to perform an thermodynamic
optimisation for gas hydrate dissociation (Bi et al. 2016). By establishing thermodynamic optimization model, both the
optimal control strategy and the optimal heating rate of gas hydrate dissolution process were determined. The entropy
generation rate related to the optimal heating rate decreased by 7.5% compared with normal situation. The research results
provided guidelines for optimal design of gas hydrate based CTES systems.
In kinetic modelling, main driving forces, such as chemical potential difference, mole fraction of CO 2 dissolved difference,
fugacity difference, subcooling degree, and Gibbs free energy difference, are analysed. In the work of Khosharay et al.
(Khosharay et al. 2015), the formation kinetics of CH4 and CO2 hydrates was studied. A kinetic model based on the mass
transfer restriction of the gas through the liquid film was used to describe the kinetics of gas hydrate formation. Besides,
in order to determine interfacial mole fraction of hydrate former, a Parachor model for interfacial properties was employed.
A semi-empirical kinetic model presented by Rasoolzadeh et al. (Rasoolzadeh et al. 2016) was used in the work of Moeini
et al (Moeini et al. 2018). Results showed that the proposed model was able to predict the induction time of CO 2 hydrate
formation with a good accuracy. A chemical affinity model was used for modelling of hydrate formation kinetics, and its
parameters were obtained for one-stage and two-stage kinetics. The results showed that the model was successful for the
kinetics of CO2 + THF hydrate formation prediction (Roosta et al. 2015).
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Tab. 1: CO2 hydrate characterizing reactor structure and system configuration

Gas
composition

Promoters

Properties
characterised

CO2

TBAB,
TBAF, SDS,
TiO2
nanoparticle

Equilibrium,
enthalpy, CO2
consumption,
induction time,
supercooling
degree
Three-phase
equilibrium, gas
solubility in
aqueous phases

CH4
and CO2

Not used

CO2 (0.148/
0.395/0.750
mol%) + H2
(0.852/0.605/0
.250 mol%)
CO2

TBAB (0.05,
0.30 wt%)

Three-phase
equilibrium

THF, CP,
mixture of
THF+CP

CO2 (0.151/
0.399/0.749
mol%) + N2
(0.849/0.601/0
.251 mol%)
CH4
and CO2

Key method

Operating
conditions

Main component

Scale

Agitation

Ref.

 Hydrate formula was
2.49CO2·TBAB·38H2O, and the
hydrate formation enthalpy was
318.5 J g–1 (hydrate).
 This result was in agreement with
literature.
 Data were compared against
reported experimental data in
literature and very good
agreement was achieved for both
systems.

Wang
et al.
2016a

Moham
madi et
al.
2013

Stirrer at
constant
speed of
1500 rpm

 Significant decrease in operating
pressure of gas hydrate formation
from the corresponding gas
mixtures was observed due to the
promotion of TBAB.
 Dissociation pressures by adding
THF was lower than those of CP
promoted system. By adding 5
mol% THF to the CP promoted
system, hydrate dissociation
pressures were reduced by 20%.
 Significant change of CO2
concentration in the gas phase
was observed under hydrate
stability conditions.

Magnet
stirrer at
0–1400
rpm

 Formation was accelerated by
better mixing, higher
supersaturation and memory
effect.

He et
al.
2011

T-history
method

High-pressure
horizontal
reaction tube

279.0–
288.0 K,
0.1–1 MPa

10-mm
internal
diameter
and 160mm length

Not used

Isochoric
pressure-search
method, phase
boundary
dissociation
method
Isochoric
pressure-search
method

High-pressure
pressure-volumetemperature
(PVT) cell in an
air bath

278.6–
283.4 K,
2.33–9.68
MPa

325 ml

Magnet
stirrer

High-pressure
equilibrium cell

275.5–
292.8 K,
up to 15.9
MPa

201.5-cm3
internal
volume

Motordriven
turbine
agitation

Dissociation
conditions

Isochoric
temperaturesearch method

282.4–
293.2 K,
0.42–3.70
MPa

66.5-ml
internal
volume

Magnetic
stirrer

TBAB (0.05,
0.30 wt%)

Phase
equilibrium

275.2–
289.2 K,
0.581–19.1
MPa

Not used

Gas hydrate
formation
kinetics

Isochoric
method
combined with
gas phase
sampling
technique
Isochoric
pressure-search
method

Equilibrium cell
consists of a
jacketed
crystalliser with
temperature
controlled
High-pressure cell
in a temperaturecontrolled bath
with a gas
chromatography
(GC)
Autoclave

201.1-cm3
internal
volume
including
transfer
lines
430-ml
internal
volume

276.0 K,
0–3.5 MPa

Main findings and accuracy

Kastani
dis et
al.
2016

Herslun
d et al.
2014a

Belandr
ia et al.
2012
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Gas
composition

Promoters

Properties
characterised

Key method

Main component

Operating
conditions

Scale

Agitation

Main findings and accuracy

Ref.

 CO2 hydrate formation was
efficiently enhanced by
mechanical agitation and gas
recycle.
 The induction time was shortened
from 261 to 24 min as increasing
agitation speed.
 Reactor, temperature and initial
pressure all significantly affected
CO2 hydrate formation.
 Shortest induction time was at
1000 mg L–1 SDS, but a small
decrease in the final hydrate
saturation was at 1000 mg L–1
SDS.
 The statistical analysis of the
obtained data showed a maximum
experimental error of 1.65%.
 The measured phase equilibrium
data demonstrated high hydrate
promotion effects of TBAB
aqueous solutions.
 TBAB hydrate formation and
TBAB–gas mixture hydrate
formation were two independent
processes.
 CO2 recovery under static
conditions had been greatly
improved compared to the stirring
process.
 The hydrate formation pressure of
the CO2 + H2 + TBAB mixture
was remarkably lower than that of
CO2 + H2 mixture at the same
temperature, and decreased with
the increase in TBAB
concentration.

Li et al.
2017

CO2

Not used

CO2 hydrate
formation as a
function of
rotation speed,
temperatures,
and initial
pressures

Isochoric
pressure-search
method

Cylindrical highpressure reactor
with impeller to
induce gas
through an orifice
in the hollow
shaft above the
liquid surface

274.2–
279.2 K,
2.09–6.02
MPa

300-ml
maximum
volume of
gas
enclosed

Gasinducing
impeller at
up to 800
rpm

CO2

THF (3
mol%), SDS
(0–2000 mg
L–1), porous
media
Not used

The effects of a
mixture of
additives, on
CO2 hydrate
formation
Dissociation
conditions

A graphic
method, the
Gibbs phase
rule

High pressure
vessel

279.3–
291.6 K,
0.22–4.65
MPa

476 ml

Not used

Cryogenic
sapphire cell

TBAB (0.05,
0.15, 0.30
wt%)

Dissociation
conditions

Isochoric
temperaturesearch method
Isochoric
pressure-search
method

275.8–
294.0 K,
5–25 MPa
277.1–
293.2 K

60-ml
internal
volume
30 cm3

Electric
stirrer at
550 rpm
Magnetic
stirrer

TBAB (0.29
mol%)

Morphology and
hydrate kinetics

Isochoric
method

Stainless steel
reactor with GC

100 mL

Not used

TBAB
(0.14–2.67
mol%)

Phase
equilibrium

Compositional
analysis and
resistance
detecting
method

High-pressure
stainless steel
hydrate
crystalliser

336 cm3

Magnetic
stirrer

CO2 + CH4, N2
+ CH4,
CO2 + N2
CO2 (15.1%) +
N2 (84.9%),
CO2 (39.9%) +
N2 (60.1%)
CO2 (40%) +
H2 (60%)

CO2 + H2

Hastelloy
cylindrical vessel

16.2 MPa
275.2–
277.2 K,
1.5–5.5
MPa

274.1–
288.6 K,
0.25–7.26
MPa
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Gas
composition

Promoters

Properties
characterised

Key method

Operating
conditions

Main component

Scale

Agitation

Main findings and accuracy

Ref.

Fugacity or
solubility as a
driving force in
formation, effect
of temperature
and pressure on
gas solubility
Hydrate
formation
kinetics

Isochoric
pressure-search
method

Crystallizer and
auxiliary cell with
an insulated bath

275.2 and
281.2 K,
1.85–3.97
MPa

271 cm

Magnetic
stirrer at
270 rpm

 Solubility of CO2 in water during
hydrate growth is timeindependent.

Najafi
et al.
2014

Isochoric
pressure-search
method

Cylindrical highpressure reactor
with a
thermostatic bath
and a controllable
circulator

275.2–
284.2 K,
2.09–2.66
MPa

600 cm3

Four-blade
mixer at
800 rpm

 The chemical affinity model is
suitable for the kinetics of CO2 +
THF hydrate.

Roosta
et al.
2015

Hydrate
formation
kinetics in order
to maximise the
heat flow rate

Thermal
analysis

Two highpressure cells

258.0–
288.0 K,
up to 20
MPa

Approx.
1 cm3

Not used

 LAE2 led to a larger increase in
the kinetics.
 The optimal values of CO2
hydrate formation was at 3.045
MPa with LAE2 at 29 ppm.

Naeiji
et al.
2018

CO2-rich gas

SDS, lauryl
alcohol
ethoxylate
(LAE),
lauryl
alcohol
ethoxylate-2
(LAE2)
Not used

Three-phase
equilibrium,
quadruple point

Isochoric
pressure-search
method

A stainless steel
cylindrical vessel

269.6–
275.8 K,
0.825–1.71
MPa

200-cm3
internal
volume

Magnetic
impeller

Nema
et al.
2017

CO2

Not used

The effect of
initial pressure,
temperature,
flowrate, and
liquid loading
on CO2 hydrate
formation

CO2 injection in
flow loop with
cold glycol with
the desired
temperature

Flow loop with
flowrate between
16–48 L min–1
and liquid
loadings 66.7,
73.3, 80.0 vol%

274.2–
277.2 K,
4.5–6.5
MPa

7.5 L

Not used

 The determined p–T condition at
quadruple point was 271.6 ± 0.2
K and 1.04 ± 0.02 MPa.
 The equilibrium data obtained are
in agreement with the literature
data.
 Gas consumption increased as the
initial pressure increased while it
decreased with the increase of the
temperature, flowrate, and liquid
loading.

CO2

Not used

CO2

THF

CO2

3

Zhou et
al.
2018
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4. Lab demonstration of CO2 hydrate based CTES systems
Although many have been done on the fundamental study of CO2 hydrates for its suitability in CTES, only a limited number
of lab demonstrations of CO2 hydrate based CTES application in a cooling system has been found. By Wang et al. (Wang
and Dennis 2017a, c), a lab demonstration of CO2–TBAB hydrate based CTES was built in an emulated AC system, as
shown in Figure 3. It was found CO2 hydrate formation only proceeded when the liquid was circulated. An experimental
demonstration for a shell-and-tube fluidised bed heat exchanger, combined with a CO2 hydrate slurry CTES, were carried
out (Zhou et al. 2015), as shown in Figure 4. Heat was removed from the CTES by circulating the slurry through a heat
exchanger which was a part of the cooling distribution system. The COP of the system composed of fluidised bed for
hydrate generation and storage appeared to be 23–43% higher than the COP of a conventional system. The heat transfer
coefficient during hydrate generation in the fluidised bed heat exchanger was around 5000 W m–2K–1. During the operation
with continuous hydrate slurry removal, solid concentrations up to 35% was maintained in the system. The influence of
pressure on gas hydrates based CTES was studied using a stirred tank reactor equipped with a cooling jacket (Dufour et al.
2017; Dufour et al. 2019), shown in Figure 5. Under the same conditions and during the same charging time, the amount
of stored energy using CO2 hydrates can be three times higher than that using water. By increasing the initial pressure from
2.45 to 3.2 MPa at 282.15 K, it was also possible to decrease the charging time by a factor of 3. Lifting pressure to increase
CO2 hydrate phase change temperature improved system efficiency as it could decrease the thermal loss. Result also showed
that the use of CO2 hydrate slurries had beneficial impact on the heat exchanger efficiency and pressure drops under
appropriate conditions. For example, CO2 hydrate slurry at 25 kg h–1 and 8% hydrate mass fraction presented half the
pressure drop of water at 100 kg h–1 with higher heat exchange. A small-scale gas hydrate CTES apparatus was designed
(Xie et al. 2010), shown in Figure 6. The cooling capacity, growth rate, hydrate packed factor and overall heat transfer
coefficient were calculated under different heat exchangers, SDS additive concentrations, cooling fluid temperatures and
flowrates. Results showed that the performance could be improved greatly by adding a heat exchanger with vertical metal
fins and using SDS with concentration of 0.04 wt%. Decreasing cooling fluid temperature or increasing its flowrate also
increased the cooling storage capacity. In addition, a mechanical blending for 5 min was a better hydration enhancement
method, which presented the perspective for practical application.

5. System modelling of CO2 hydrate-based CTES–secondary refrigerant system
The potential presence of CO2 gas hydrate in a secondary refrigeration process with CTES is a new feature, and a number
of system modelling have been conducted on this process. Two types of gas hydrates were used in secondary refrigeration
processes: single CO2 hydrate and mixed CO2–TBPB hydrate (Youssef et al. 2019). For each user, the slurry is circulated
across a heat exchanger where the hydrate melts. When leaving the heat exchanger, the three-phase flow (slurry plus gas
released from hydrate) enters a cyclone where centrifugal forces and gravity separates the solid–liquid slurry from CO2
gas. Then the slurry returns to the secondary loop where it flows toward the next users, and eventually to storage together
with CO2 gas from a separated loop. The results showed that the process saved up to 75% of the total storage volume. The
marginal COP of this extra cold production was up to 6. A simulated cooling system based on CO 2+THF hydrate was
proposed (Kim et al. 2017b). CO2+THF hydrate is formed at a formation reactor (1.0 oC, 1.5 MPa) by waste cooling and
then transported to a dissociation reactor (6.0oC, 0.1 MPa). The chilled water of 15.0oC from the demand side enters the
dissociation reactor and leaves it at a temperature of 7.0 oC, cooled by the dissociation energy of the CO2+THF hydrate.
The dissociated CO2 gas is compressed in the compressor to return to the formation reactor, and dissociated THF solution
is pumped to the formation reactor. The system provides the cooling capacity of 51,600 RT for the district cooling region.
Based on this, a two-stage liquefied natural gas (LNG) cooling recovery system is proposed (Choi et al. 2019). The first
stage is a NH3/H2O absorption system for cooling recovery under low temperature conditions; the second stage is a CO 2
hydrate CTES system harvesting cooling from −3°C of nature gas. By using hydrate slurry as the secondary refrigerant,
much smaller flowrate is required compared to conventional district cooling systems. In the cases of the THF concentrations
at 1.0, 1.5 and 5.56 mol%, the corresponding COPs are 12.04, 11.55 and 6.72, respectively. The COP of CO2–THF hydrate
slurry district cooling system for 5000 RT is higher (14.3) (Sun et al. 2017). Through a life-cycle cost analysis, the CO2
hydrate system can save the energy cost by approx. $ 666,553 compared to sensible heat methods (Choi et al. 2015).
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Fig. 3: Schematic diagram of the lab-scale CO2 hydrate cold storage system (Wang and Dennis 2017a, c)
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Fig. 4: System of shell-and-tube fluidised bed heat exchanger with a CO2 hydrate slurry CTES (Zhou et al. 2015)
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Fig. 5: Configuration of a stirred tank reactor equipped with a cooling jacket (Dufour et al. 2017; Dufour et al. 2019)
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Fig. 6: Configuration of a small-scale gas hydrate CTES apparatus (Xie et al. 2010)
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6. Conclusions
This review has summarised the recent research progress in CO2 hydrate technology for cold thermal energy storage
applications, especially its thermodynamics and kinetics characterisation and enhancement. It discussed major progresses
in this area including experimental and theoretical methods to study CO 2 hydrate thermodynamics and kinetics, lab-scale
cold storage system demonstration, and system modelling and integration, which have rarely been intensively reviewed. It
also summarised aspects in most of the current setups and procedures that require improvements, and suggests possible
future research directions based on the authors’ own work.
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Abstract
To satisfy the needs of space heating and domestic hot water, the use of renewable energies and particularly solar
energy stands out for its technical feasibility and competitiveness. However, in order to mitigate the variations on
the availability of the resource and fully meet the thermal loads, storage systems are commonly used. In those
systems, water is usually used as heat transfer fluid, due to its low cost and thermophysical parameters that facilitate
the stratification. Aiming to further this phenomenon, different geometries of inlet diffuser were proposed and
assessed through computational simulations of the charging and discharging process. CFD simulations were carried
out using ANSYS Fluent, aiming to compare the temperature profiles , and considering the stratification efficiency
as a figure of merit. The results of the CFD simulations show that the use of the diffusers and the inlet flow through
the upper zone of the tank generate the best stratification efficiencies, reducing unexpected mixing in the storage
tank.

Keywords: CFD simulation, Thermal energy storage, thermal stratification, stratification efficiency.

1. Introduction
Fossil fuels are widely used to meet the needs of space heating (SH) and domestic hot water (DHW), however, it
presents significant issues regarding its availability and environmental pollution. In this context, solar energy offers
outstanding potential as a substitute for fossil fuel for domestic applications. However, it still presents technological
challenges that hinder its widespread application. As a solution for the offset the domestic loads presents, regarding
the availability of solar radiation, solar thermal systems are commonly coupled to thermal energy storage (TES)
systems. For instance, in the domiciliary applications, the use of TES allows achieving high efficiencies and simple
operation, constituting the sensible heat storage using water as a working fluid, as the best option (Tian et al., 2013).
Depending on their geometry, storage tanks facilitate the occurrence of thermal stratification. This phenomenon is
explained by the variation on the fluid’s temperature inducing a variation on its density, which results in the
emergence of buoyancy forces, which causes that the tank’s upper zone remains at higher temperatures than the
lower zone. Thermal stratification in storage tanks have been widely studied, where the benefits of having a thermally
stratified tank have been assessed both for SH and DHW (Sharp et al., 1979), as well as the possibility of coupling
storage tanks with heat pumps systems as it’s shown by Haller et al. (Haller et al., 2014). In this study, experimental
and numerical analyses were carried out and allowed to identify that the thermal stratification efficiency is crucial in
the performance of the storage tanks, being even more important than the size of the tank’s insulation. The thermal
stratification efficiency is based on the second law of thermodynamics (Haller et al., 2010), which considers the
entropy generation in the tank, due to internal irreversibilities, allowing to compare its operation under different
conditions. Taking into consideration such a numerical simulation framework that allows assessing the fluid dynamic
behavior in the tank, and the impact of variations in the flow structure during charging and discharging processes, as
well as the potential benefits of introducing innovative geometries for diffusers. is both a guideline and a template
for preparing your manuscript for the joint conference proceedings.
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2. System Description
The system analyzed herein consists of the modeled storage tank and its internal fluid dynamics and heat transfer
phenomena. The control volume is delimited by the tank; and its relationship with the environment as flow inlet and
outlets, and thermal losses with the environment. Two innovative diffuser geometries were considered. These
geometries are inspired in those proposed in other investigations, such as a T type diffuser (Gwerder et al., 2016),
and an elbow type diffuser (Moncho-Esteve et al., 2017). Both geometries are illustrated in Fig 1.
The charging and discharging processes last between 5 and 10 minutes, depending on the flow used. For charging,
the outflow is through the lower area of the tank, and for the discharge, the outflow is through the upper zone. The
used tank is shown in Fig 2 has a volume of 83 [lt] a height of 0.75 [m] and a diameter of 0.395 [m]. The inlet and
outlet channels had a 32 [mm] diameter.

Fig. 1: Diffuser Geometries, T tipe diffuser (left) and elbow type diffuser (right)

3. Methodology
The performance analysis of storage tanks proposed herein is conducted by a CFD simulation framework, which is
validated in an experimental setup.

3.1. Experimental setups
Aiming to validate the simulations, a dedicated test bench was implemented, considering the same conditions used
in the simulations. Therefore, a set of numerical/ experimental experiments were carried out, allowing to assess the
accuracy of such simulation runs. This experimental setup it’s shown in fig 3, and it can be seen that the operating
conditions considered constant flow rates and constant inlet temperature.

Fig. 2: Test bench for validation
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Then the temperature distribution in the storage tank is measured in 6 points, as well as at the inlet and outlet
conditions. The ambient conditions were also considered since it correlates the thermal losses of the storage tank.
The diffuser geometries are complex to manufacture and therefore were 3D printed, as it’s shown in Fig 4

Fig. 3: 3D printed diffusers

3.2 Computational simulations
The transient simulations are carried out in ANSYS Fluent 18.2, while the post-processing procedure for computing
the stratification efficiency is carried out using MATLAB R2015a.

Fig. 4: Mesh used
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For these simulations, the following considerations are taken, described below. Since the problem has a plane of
symmetry, only half of the tank is simulated, imposing a symmetry border condition on the plane mentioned. The
tank is simulated considering a heat flow, taking into account the conductive resistance of the tank wall, the external
convective resistance and an ambient temperature of 20 [C]. It is considered a 3-mm thick HDPE tank. The input
flows are simulated as a constant velocity profile on the face of the input, with a constant temperature in time equal
to 70 [C] for the charging process, and 19 [C] for the discharging process. A flow rate Q1 of 3 [lt/min] and a flow
rate Q2 of 7 [lt/min] are used. A turbulent intensity of 5% is considered, following the configuration of Gwerder
(Gwerder et al., 2016). The outlet is imposed as constant pressure, equal to the ambient pressure. Taking into account
the turbulence present in the model, it is considered appropriate to use a turbulence model of two equations such as
the k-ω SST model. The buoyant forces are simulated using the Bousinessq model. For spatial discretization of the
domain, a hexahedral mesh is used, which is convenient due to the low number of elements obtained. The mesh is
shown in figure 4.

4. Results
4.1 Thermal behavior
The results of the validations shows a resemblance between the simulations and experiments, which can be seen in
Figures 5 and 6. A result that is worth analyzing is the fact that the results of the mesh 1, for almost every simulation,
presents a lower error than mesh 2. This makes sense in a first analysis, since experience indicates that a greater
refinement usually brings results closer to reality, contrary to the ones presented in this study. This phenomenon
could be explained by an implicit compensation of the internal errors, generated by the worst quality mesh. With
this, mesh 1 is selected, which has an RMSE between 1.5 and 3.4 [K].

Fig. 5: Validation results, T diffuser, flow 3 [lt/min] (left) and flow 7 [lt/min] (right)
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Fig. 6: Validation results, elbow diffuser, flow 3 [lt/min] (left) and flow 7 [lt/min] (right)

Results points out that the variable with the highest impact on the thermal stratification is the location (height) of the
inlet diffuser, showing that the stratification is accentuated as higher the inlet is located. Both of the innovative
geometries showed a more pronounced stratification than the base case, where the highest stratification was
developed by the T diffuser. This diffuser shows a wide thermal range and an accentuated thermal stratification. The
elbow type diffuser also presents better results than the base case, but in some of the experiments its improvement is
negligible in terms of thermal stratification. The inlet region of the flow is easily recognized by inspecting the
discontinuities in the temperature profiles, and these are more pronounced for high flow rates, when using the T type
diffuser, because it has a higher cross-section surface of the tank.

Fig. 7: Temperature profile, low inlet. Flow 3 [lt/min] (left) and flow 7 [lt/min] (right)
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The difference between the results of the low and high flow rates is considerable since it denotes that for higher inlet
flows, wider thermal ranges can be achieved, such as demonstrating that the diffusers are more effective for these
conditions. The latter may be explained by the fact that the diffusers help to decrease the effect of the incoming flow
on the thermocline, which increases along with the level of turbulence. It was also analyzed the variations in the
outlet temperature of the tank for the different configurations since it has high impact in terms of the potential
applications of the tank. Figure 10 to 13 shows the temperatures of the outlet flow of the tank, where a discontinuity
is observed when charging and discharging processes are activated.

Fig. 8: Temperature profile, middle inlet. Flow 3 [lt/min] (left) and flow 7 [lt/min] (right)

Fig. 9: Temperature profile, high inlet. Flow 3 [lt/min] (left) and flow 7 [lt/min] (right)
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4.2 Stratification Efficiency
Important differences were observed in terms of the stratification efficiency, for each of the analyzed configurations
where the T type diffuser presented the best results. The effect of the different flows shows a considerable
improvement for almost all the cases, allowing to observe stratification efficiency values ranging from 55% to 94.5%.

Fig. 10: Stratification efficiency and outlet temperature. Flow 3 [lt/min] and low inlet location.

Fig. 11: Stratification efficiency and outlet temperature. Flow 7 [lt/min] and low inlet location.
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Fig 12: Stratification efficiency and outlet temperature. Flow 3 [lt/min] and high inlet location.

The effect of the different flows, shows an improvement for the stratification efficiency up to 9%, for the elbow
diffuser in the low height, shown in figure. The only case that shows a decrease in this parameter is for the base case
and height 1, where it decreases by 5%. The maximum stratification efficiency is achieved in all cases by the end of
the loading phase, which leads to consider that the tanks can further increase their efficiencies by increasing the
charging period. The stratification efficiency values range from 55% for the case without diffuser and with the flow
rate Q2, to 94.5% for the diffuser in T with the flow rate Q2. It can be seen how the efficiency curves do not start
from 0, which is due to the addition of the heat loss factor through the walls, where this term forces the initialization
of the calculation data of efficiency should start from the same point. With the outlet temperature, the analysis of the
impact of the diffusers can be extended, where it is observed that for inlet heights through the lower zone they
generate a more constant temperature output, which makes sense since the pond meets a lower thermal range, ie less
stratified. By improving stratification, you can see how the outlet temperatures increase in the tank. For charging
heights 2 and 3, the outlet temperature is no longer as constant, but higher values are achieved. A trend is seen
between greater stratification efficiency, and generating a peak output temperature at the start of the discharge.

Fig. 13: Stratification efficiency and outlet temperature. Flow 3 [lt/min] and high inlet location.
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5. Conclusions
In the present investigation, charging and discharging configurations of a thermal storage tank with stratification of
their temperature has been analyzed, seeking to improve this last parameter. Consider two types of diffusers for the
water inlet into the tank, in addition to a base case without a diffuser. The variables of the height and flow into the
tank are also analyzed. Computational fluid dynamics and heat transfer simulations in transient state of the tank were
developed, with cases for all variables. Simulations require a heat flow from the tank and ambient temperatures, and
a global transfer factor, for each node in the pond wall. Along with this, an experimental validation of the tank was
carried out, in order to ensure that the simulation results resemble reality. This involved the calculation, quotation,
purchase and assembly of a test bench, on where a total of 6 experiments were processed, which expressed the
thermal behavior of the tank in question. To objectively compare the thermal behavior of the tank with the different
configurations, the stratification efficiency parameter defined by Haller (Haller et al., 2010) is used, with which it’s
possible to directly assess the stratification, despite the of incoming and outgoing flows, and thermal losses to the
environment. Based on the analysis of the results obtained, the following conclusions are established.
The thermal behavior is as expected in the tank, showing thermal stratification for practically all configurations. The
variable with the greatest impact is the inlet height, showing that the higher it is, the more accentuated is the
stratification. The results show a wide thermal range, and with this also shows a more pronounced stratification for
the T-diffuser, followed by the elbow diffuser and finally the base case. The difference between these two cases is
small, showing that the diffuser, T although it generates improvements in thermal behavior, its contributions are
eclipsed by those of the elbow diffuser. It was also decided to analyze the variations in the outlet temperature of the
tank for the different configurations, since it is finally the variable that has more relevance in terms of the utility that
can be given to the storage system. With this analysis it is found that a very pronounced thermal stratification results
in peaks of outlet temperature at the beginning of the discharge, but then it drops rapidly; on the other hand,
configurations with less accentuated thermoclines generate output temperatures with less variation.
The calculation of stratification efficiency is quite simple when it works with data obtained from simulations, where
it is possible to obtain the temperature and entropy of the entire tank for each time step, and calculate the entropy
generated by thermal losses through the walls to the tank. The results of stratification efficiencies proved to be useful
for quantitatively comparing simulation results, by quantifying the improvement of each configuration with respect
to the base case. The different flows generated differences in the stratification efficiency peaks of up to 20%; the
different diffusers, differences of up to 20%. This proves that using a flow inlet in the upper area of the tank, and the
use of diffusers, particularly the type T diffuser, is a contribution in improving stratification efficiency. These
recommendations are simple ways to improve thermal stratification, which has the potential to generate positive
impacts on the performance of domestic hot water systems, helping to improve their competitiveness in the market.
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Abstract
The knowledge of an adequate risk management is vital at the time of making investments, especially in the
photovoltaic (PV) industry, where this issue is currently under development. Therefore, to achieve with the
objective of managing the risk, one must have knowledge of the different faults, which can be organized by
means of a failure mode and effect analysis (FMEA) and, classified by the same, according to several
criteria, such as occurrence, time to detection, time to repair and/or replace and impact on the whole system
and energy production. Crossing this information with economic data, fault modes can be ranked with an
overall weighted cost. The ranked fault modes are used by a maintenance plan to reduce the overall cost and
guide the asset management. This paper proposes a methodology to quantify the economic impact of faults
experienced in a photovoltaic power system and how can maintenance plans might mitigate these costs.
Keywords: Asset Management, FMEA, Maintenance Plan

1. Introduction
Photovoltaic solar power plants have reached a deep spot in the energy market, due to their almost nonexistent energy production costs, low environmental impact and government support all over the world
(Solar Power Europe, 2016). The market is growing fast, with new technologies being developed and tested
in every new installation. Nevertheless, there is still some uncertainty about how a power plant should be
operated. Asset management in this area is still in development. Having PV system in different regions with
different climates and operating technologies makes reaching a consensus about the maintenance practices
and risk evaluation for investors a difficult task. Plant managers create their operating plans on the run, and
most of the maintenance and cleaning is done by external contractors. Combined with the confidential
information management, there is no practical way to determine if a maintenance technique will be useful in
different projects.
To make PV systems attractive for potential investors, it is necessary to have somewhat standardized asset
management strategies and risk assessment methods. Being able to identify and classify all the potential
failures and quantify their economic impact and how these will be mitigated by maintenance plans in the
future can make all the difference when it comes to selling the project. However, asset management
techniques rely heavily on historical performance data, and unfortunately, this information is often scarce
and confidential.
At present, several studies have been developed with the objective of collecting and requesting maintenance
information regarding photovoltaic modules in the field. This is the case of the PhotoVoltaic Energy System
of the International Energy Agency, which works on one of its tasks in terms of "performance and
reliability". Task "T13 - 01" (Köntges et al., 2014) presents a review of the most common failure modes of
photovoltaic modules, which also describes some mechanism for detecting the failure modes observed. In the
same way, section nine of task 13 "T13-09" (Köntges et al., 2017) presents how to deal with maintenance
data from three different perspectives: scientist, investor (or banker, subscriber) and testing institute (or
photovoltaic systems planner).
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Other studies suggest adding to the failure mode analysis the degradation effect that the solar module suffers
throughout its useful life. This fact is addressed by Jordan et al. in some studies in which they present a
compendium of photovoltaic degradation rates (Jordan et al., 2016), as well as a study in which a
methodology is proposed on how to determine the rate of degradation (Jordan et al., 2018).
Another important issue to be consider in the maintenance analysis is the information of faults coming from
both the inverter element and the substation associated with the PV system. In the inverter system, the
temperature at which it works plays a fundamental role in the reliability of the system (Sorensen et al., 2013)
and if we want to make predictions of the behavior of this system, it is necessary to have a model that
describes the behavior of the inverter in an appropriate way (Rampinelli et al., 2017). In the same way,
knowing the factors that affect the reliability of the transformation station of the photovoltaic system, where
it allows the solar energy generated to be compatible with the electrical grid, is of utmost importance if you
want to determine the reliability of the entire system.
With the information presented, it is possible to build reliability models of the complete photovoltaic system
with the aim of reducing maintenance costs as indicated in (Zhang P. et al., 2013), where the state of the art
of the year 2013 is presented, that includes system connection diagrams, reliability indices and reliability
evaluation methods. A more detailed qualitative analysis is included in (Sayed A. et al., 2019.), where it is
presented a mixed analysis between reliability, availability and maintainability (RAM), considering faults
and repair rates, available in the current state of the art, for calculate the reliability of the system using a
reliability block diagram to describe the behavior of the system. The authors conclude that the best
probability density function (PDF) for some parts of the system is an exponential distribution, while for other
parts they are the Weibull or lognormal distributions. In a complementary way, (Ahadi A. et al., 2014)
presented an analytical approach to evaluate the reliability of the system through fault trees, where it is
concluded that the inverter is the most critical component of the photovoltaic system.
For the reliability analysis to be useful, it is necessary to cross that information with the cost associated with
the maintenance plan. This is studied in (Zhou P., 2016.) in a general manner, i.e., applied to renewables
energies. In that study, the authors given some tools to make an economic evaluation like the cost-benefit
function. On the other hand, (Moser D., 2017.) proposed a methodology to evaluate the cost of maintenance
but with a large amount of information using a Cost Priority Number (CPN) which is like information
retrieved from the Risk Priority Number (RPN). Despite this, in this last study, no reference is made to the
maintenance plans used by the company, so that possible improvements in detection, repair or replacement
factors that a maintenance plan can provide are left out.
There is a limited number of operating plants with a significant power output that records historical
performance data, and an even smaller number that are willing to share this information. The authors of this
work encourage plant managers and owners to share their records so that researchers can devise new
management strategies based on deep statistical analysis.
This paper presents a methodology to assess maintenance costs with limited information so that plant
managers and researchers can have a guide for decision making. In the future this study can be extended to
integrate degradation rates cost, based on an improved measurement system. Section two explains failure
classifications. Section three shows examples of asset management approaches and section four explain the
methodology proposed. Finally, section five end the paper with conclusions.
2. Failure Classification
Several studies have described the most common failure modes on every level in a PV power plant, ranging
from the module itself (Köntges et al., 2014), to inverters (Flicker J, 2014) to transformer stations (Barbosa
et al, 2018). Even when some of the faults are caused by localized phenomena, such as weather or operating
condition, most of them are transverse to every system. Furthermore, this paper encourages plant managers
to use their own data, so they can focus on their most recurrent failures.
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Fig. 1: General diagram for the proposed methodology.

To simplify the analysis, the plant is divided in the three sub levels shown in figure 1. Each zone has its own
failure modes and different asset management approaches and must be studied accordingly. It is crucial for
this analysis to have information about the power losses associated to fault modes. This data can be measured
empirically or can be found in the literature.
3.1 Modules
A fault in a module is defined as a state that degrades the asset energy output and is not reversed through
normal operations (IEA 2014). Aesthetic defects that have no impact on energy production will not be
considered for this analysis:
Tab. 1: Failures at the modules level.

Fault Mode
Delamination

Hotspots
Shading
Cracked cells

Broken Glass

Stolen modules
Faulty Bypass Diode
Soiling
Potential Induced Degradation

Description
Adhesion loss between the different
layers in the module due to external
factors such as temperature of humidity
Overheating in cells due to reverse bias
current
Mismatching incident radiation over a
module
Microcracks formed in the silicon
substrate caused by thermal or
mechanical stress
Fractures in the glass cover of the
module resulting from impacts or
extreme temperatures
Missing modules stolen from the plant
in operation
Reverse currents circulating through
defective module cells
Accumulated particles on the surface of
a module obstructing incident radiation
Degradation in crystalline silicon
modules due to potential differences in
operating conditions.

Relative Power Loss
1%

2%
10%
1%

10%

100%
33%
25%
10%

3.2 Inverters
Several studies conclude that the inverter is the critical asset on a PV system due to the higher failure rates
(Ahadi, A. et al 2014). Unlike modules, this is a complicated piece of hardware built on numerous electrical
subsystems with individual failure modes and reparation costs. (PV System reliability, 2012) and (Moser D.,
2017.) gathers information submitted by operators working on different installations on the fault modes
experienced:
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Tab. 2: Failures at the inverter level.

Fault Mode

Description

Relative Power Loss

Control Software

Communication issues
with the asset and the
control station
Misconnection of
components in different
circumstances
Faulty cooling system
Inverter disconnection
due to power supply
issues
Substring disconnection
due to spikes in current
Particles getting inside
the system and causing
damage to electrical
circuitry
Faulty switches causing
equipment disconnection

15%

Circuit/Board

Overheating
Power Source

AC Fuses
Air Filter
Capacitors

Relay/Switches

22%

20%
100%

12%
7%

100%

3.3 Transformer Station
Like inverters, transformer stations are complex systems composed by several pieces of hardware, each one
with their own fault modes and costs. (Sihite J., 2013) ranks the most common failures in a transformer
station, but a difference of the inverters and photovoltaic modules, it is necessary more detailed studies to
estimate the relative power loss. Plant managers are encouraged to use their own data and focus on the most
recurrent issues:
Tab. 3: Failures at the transformer station level.

Fault Mode

Description

Ferrous Core

Loss of magnetism or
flux core fails
Faulty cooling system.
Augment of resistive and
other losses.
Conductive or insulation
part fails.
Drive mechanism, tap
selection or control
device fails.

Overheating
Winding
Bushing
On Load Tap Charger

3. Asset Management
Several methods are being researched in asset management to optimize power output and lifespan for every
component in the PV system. Some of these methods involucres machine learning models that use electrical
parameter as inputs and classify t as indicated in (Rodrigues et al., 2017).
Image analysis is being used as a novel tool to diagnose faults at modules. The use of unmanned aerial
vehicles can dramatically reduce the time needed to sweep the whole installation. Different fault modes are
visible on certain spectrums. Thermography based imagery is useful to detect hotspots and fire hazards
(Tsanakas J. et al, 2013), photos on the visible spectrum can be used to quantify the level of soiling and glass
impacts (Mehta S. et al, 2017) and electroluminescence is used to identify electrically inactive zones inside a
PV module (Burhenne R. et al, 2012)
On the other hand, the prevention soiling motivates to programming a correct clean maintenance plan which
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affects the overall failure cost, maintenance cost and performance of the solar panels. These facts involve
carrying out elaborate studies related to the influence of the cleaning method over the photovoltaic modules
(Morraham et al., 2013). In this line of investigation, other methods include new technologies as selfcleaning for solar cells array, e.g., natural means, mechanical means, self-cleaning nano-films and
electrostatics means (Gaofa et al., 2011). These methods of self-cleaning are especially important in space
applications, like Martian or lunar exploration.
New technologies are investigated in (Pandey et al., 2016), where integrated photovoltaics systems are
investigated. This is the case of desalination and concentrated photovoltaics applications. Another new
approach indicates that using mathematical models of the photovoltaic system, it can be monitored mixing
Artificial Intelligence (AI) and Big data analysis. This method usually is called PV digital twin and can be
used to estimate different operating conditions of the PV system (R.M. Asimov et al., 2018). It is important
to know how this new knowledge will affect power output and energy revenue in the long term and add to as
input for a maintenance model.
Asset management techniques must be classified according to the following criteria, which fault modes do
the attend and how. It is up to the managers and researchers to classify their strategies accordingly.
4. Methodology
The proposed methodology attempts to make a general cost estimation when it is known several previous
information, i.e., cost data, maintenance data and cost model, with the objective to make the best decision
that reduce the overall failure cost. If the user knows the cost data, it could analyze different maintenance
plans strategies like corrective, preventive, predictive or proactive. In this way, for make better decisions it
must be considered the cost of implement a more elaborated maintenance plan in the overall failure cost,
however, in this paper this cost does not be considered. The figure 2 resume the proposed methodology.
In the case of it has historical maintenance data, the maintenance plan could be improved by determining
better inspections times. On the other hand, if the historical data is not available or it does not exist,
maintenance data can be generated along the way. Finally, with the information coming from the cost model,
the user can make the decision that reduce the cost over a set of maintenance plan and techniques.

Fig. 2: General diagram for the proposed methodology.

1390

C.R. Cárdenas Bravo et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 3: Fault mode evolution over time (F.E. = Failure Event, C.A. = Corrective Action, N.O. = Normal Operation)

Figure 3 shows a typical failure behavior in an operating PV system. It is important to note this image
represents a general behavior and does not include an asset management strategy. The shape of this curve
changes with a different approach (be corrective or preventive).
Each fault described in the previous section has its own cost and can be expressed as function of multiple
variables:
•

Detection Cost: The economic losses incurred from the fault´s beginning up to its detection

𝐶𝑑𝑒𝑡 = 𝑡𝑑𝑒𝑡 ∙ 𝑃𝐿𝑓 ∙ 𝑆 ∙ 𝐸𝐶
•

(eq. 1)

Repair Cost: The economic losses incurred from fixing a fault mode

𝐶𝑟𝑒𝑝 = 𝑡𝑑𝑜𝑤𝑛 ∙ (𝑃𝑒𝑞 ∙ 𝑆 ∙ 𝐸𝐶 + 𝐶𝑤𝑜𝑟𝑘 )

(eq. 2)

With every cost calculated, it is possible to assign an overall failure cost:

𝐶𝑓 = 𝐶𝑑𝑒𝑡 + 𝐶𝑟𝑒𝑝 + 𝛿 ⋅ 𝐶𝑒𝑞

(eq. 3)

With each variable defined as:
•

𝑡𝑑𝑒𝑡 = The time incurred between the beginning of the failure and the moment where corrective
actions are taken. It is important to note that in many cases plant managers know about the existence
of faults within the plants, but they do not act immediately because the impact and the scope of the
fault are not relevant.

•

𝑃𝐿𝑓 = The power loss caused by the fault mode. In operating system, untreated faults evolve over
time and the power losses incurred change accordingly. For the sake of simplicity, this analysis will
consider this variable as a constant over time.

•

𝑆 = Scaling factor. This parameter is used to quantify the effect of a faulty unit on the associated
subsystem.

•

𝑡𝑑𝑜𝑤𝑛 = The total time an equipment is disconnected due to maintenance reasons

•

𝑃𝑒𝑞 = Power generated by a healthy operational unit
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•

𝐶𝑤𝑜𝑟𝑘 = Workforce cost

•

𝐶𝑒𝑞 = Total cost of a healthy operational unit

•

𝐸𝐶 = Energy spot price

•

𝛿 = Replacement Factor. This parameter indicates whether a faulty unit needs replacement or not

It is important to notice that the proposed cost does not consider the cost of implement the maintenance plan,
so the results of this methodology are only valid as indicatives and not mandatory. Finally, maintenance
plans are reviewed and classified on how they can affect variables shown in Table 2, and thus reduce the
economic impact from the failures associated. Within the maintenance focuses are corrective, preventive or
proactive plans, however, the publication will focus on the preventive and corrective maintenance plans.
The maintenance approaches discussed in section 3 can be summed up and classified according on how they
do affect the variables that make up each cost for every fault mode analyzed:

Tab. 4: Asset management scope and impact

Description
Surveillance
around the plant

rounds

Subsystem Covered

Fault modes covered

Modules

Broken Glass

Impact
− 𝑡𝑑𝑒𝑡

Delamination
Shading
Stolen Modules

Infrared inspection of
equipment with manual
cameras

Modules

Broken Glass

− 𝑡𝑑𝑒𝑡

Delamination
Hotspot
Faulty Bypass Diode

Infrared inspection with
aerial vehicles

Modules

Broken Glass

−𝑡𝑑𝑒𝑡

Delamination
Hotspot
Faulty Bypass Diode

I-V Curve

Modules

Soiling

− 𝑡𝑑𝑒𝑡

PID

+ 𝑡𝑑𝑜𝑤𝑛

Hotspot
Inverter

Control Software

Transformer Station

Overheating

Machine learning and data
mining

Modules

*

−𝑡𝑑𝑒𝑡

Electroluminescence

Modules

PID

−𝑡𝑑𝑒𝑡

Inverts

Broken Cells
Delamination
*Depending on the technique, machine learning algorithms can detect different fault modes
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5. Case study
The case study consists in two strings of three solar modules each, connected to one inverter station (inverter
and transformer station, for the sake of simplicity). Then, the system is connected to the electrical grid, as
indicated in figure 4. In this case, the system has one failed solar module on a string, so it is necessary to find
the scale factor 𝑆 with the aim to extend the failure over all the system. In addition, it is supposed a failure
detection event as indicated in figure 3 and the energy spot price is assumed equal for the different divisions
of the case. In this explanatory case, it is studied two different techniques of maintenance: Surveillance
round around the plant and Drone inspections. For each technique it is defined the same set of fault modes,
i.e., soiling and broken glass. The generic photovoltaic module has 310 𝑊𝑝 and the energy per Wp used for
the calculation of 𝑃𝑒𝑞 and 𝑃𝐿𝑓 was obtained from www.calculadorasolar.cl, with a value of 191.7 𝑘𝑊ℎ/
𝑘𝑊𝑝. On the other hand, the energy spot price is assumed as 60 $/𝑘𝑊ℎ.
The explained case is resumed in the table 5, and the results of this are in the last column of this. It can be
noticed that the total cost of the S.R. is about double for the case of D.I. for this simplified case study, which
implies that the D.I. are a better maintenance strategy than S.R., however as mentioned before, in the future
the overall failure cost function should include the maintenance cost.

Tab. 5: Findings of the case study (S.R. = Surveillance Rounds, D.I. = Drone Inspections).

Element
Solar
Module
S.R.
Solar
Module
D. I.

Fault
Mode

𝒕𝒅𝒆𝒕
days

𝒕𝒅𝒐𝒘𝒏
days

𝑷𝒆𝒒
kWh

𝑷𝑳𝒇
kWh

𝑺

𝑬𝑪
$/kWh

𝜹

𝑪𝒘𝒐𝒓𝒌
$

𝑪𝒅𝒆𝒕
$

𝑪𝒓𝒆𝒑
$

Soiling

60

5

356.56

14.9

1.3

60

0

30

69530

2344

𝑪𝒇
$
71874

300

Broken
Glass

15

5

356.56

5.94

1.2

60

1

20

6418

2156

Soiling

30

3

356.56

14.9

1.3

60

0

30

34866

1418.4

Broken
Glass

𝑪𝒆𝒒
$

8874.1
36284
300

5

4

356.56

5.94

1.2

60

1

20

2138

1728.8

4167.2

Fig. 4: Case study scheme.

6. Conclusions
It is important to note that an asset management strategy cannot take in account every single fault mode
presented. The proposed methodology can evaluate different maintenance strategies according to the level
they work at (be module, inverter or transformer station), the faults they can analyze and how do they change
the multiple variables that compose each failure cost. Having this information can help plant managers or
researcher to assess the economic impact of a certain strategy. Further work should include the cost of
implementing said plans to further evaluate if an approach is financially viable.
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Abstract
This paper presents investment valuations on Photovoltaic (PV) Distributed Generation (DG), on systems
simulated for the 27 Brazilian capital cities (for all the 26 states and the Federal District), considering
systems start-up in July 2019. The article also presents analyses of Brazilian: PV-DG prices and market
evolution, average annual increase for residential energy tariff prices and a survey on tax rates levied on
electricity tariffs, for the 27 Brazilian capital cities. The NPV for investment in micro PV-DG systems in the
Brazilian capitals had an increase ranging from 326% (Macapá-AP) to 11553% (Porto Velho - RO) in a bit
more than six years! The average NPV increase between the capitals was 1504% from May/2013 to
Jul/2019. The economic figures and the resulting discounted payback periods demonstrate that rooftop PV is
an excellent investment for the residential consumer in Brazil.
Keywords: distributed generation, investment valuation, Brazil, photovoltaics, NPV, payback time, IRR

1. Introduction
According to ANEEL (2019a), the cumulative installed capacity of Brazilian grid-connected Photovoltaic
(PV) Distributed Generation (DG) (max. 5 MWp/system) has almost tripled each year, from 2016 to 2018:
68 MWp in December 2016, 195 MWp in December 2017 and 588 MWp in December 2018. Evaluating the
cumulative total number of installed PV-DG systems in Brazil, as of July 28, 2019, 74% of the systems were
installed in the residential sector. Considering only the first half of 2019 or even the second quarter of 2019,
the number of PV-DG systems installed in the residential sector represents 73% of total PV-DG installed
systems in Brazil (and 38% of total installed power).
Considering the growth of the PV-DG in residential sector in Brazil, the main purpose of this paper is to
present investment valuations on simulated PV-DG systems installed in residential consumer units, for the 27
Brazilian capital cities (from all the 26 states and the Federal District), considering system start-up in July
2019.
The following topics are also addressed in this paper
•

Evolution in PV-DG prices and market in Brazil,

•

Residential energy tariff prices average annual increase;

•

Survey on tax rates levied on electricity tariffs, for the 27 Brazilian capital cities.
2. PV-DG in Brazil: evolution in systems prices and market

The market study developed by Greener (2019) interviewed 760 PV integrators companies from all regions
of Brazil, in the period between 3 December 2018 and 9 January 2019, using responses from 690 of the
interviewed companies (91% validation rate). This study showed that in the last two years (Jan/2017 to
Jan/2019) the reduction in average prices for end consumer of 4 kWp PV-DG residential systems
(installation costs included) was 32.4% (from 7.74 R$/Wp to 5.23 R$/Wp), as shown in Figure 1. In the same
period, the US$ exchange rate increased 16.3% (from 3.210 R$/US$ in Jan/2017 to 3.734 R$/US$ in
Jan/2019). This reduction of prices occurred due to the expansion in the PV-DG market in Brazil in the
period (as shown in Figures 2 and 3), which brought considerable reductions in the nationalized expenses
(e.g. projects, installation labor and metallic structures) referring to PV-DG (Greener, 2019), and also due to
the reduction in PV module prices in the international market in the same period (BloombergNEF, 2018). It
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should be noted that, as shown by Greener (2019), from Jun/2017 to Jan/2018, there is a 33.3% reduction in
the average prices of PV-DG integration in Brazil, but a 13.2% increase in average prices of PV kits with 4
kWp. As highlighted by Greener (2019), the increase in prices of PV kits in this period occurred mainly due
to the increase in the US$ exchange rate.

Figure 1: Average prices for end-consumers of PV-DG systems in Brazil (installation costs included),
from June 2016 to January 2019 (Greener, 2019).

Figure 2: PV-DG market in Brazil: evolution in the quantities (per year and cumulative) of installed PV-DG systems and of
consumer units that receive PV-DG credits, from 2014 to 28/07/2019, based on ANEEL (2019a) data.
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Figure 3: PV-DG market in Brazil: evolution in the installed power (per year and cumulative) of PV-DG systems,
from 2014 to 28/07/2019, based on ANEEL (2019a) data.

3. Residential energy tariff prices from Dec/2012 to Jul/2019
A survey of the values for residential energy tariffs without taxes – named B1 tariff, that in fact includes the
energy tariff per se, the power transmission and distribution systems use tariff, and sector charges – for
Dec/2012, and for the 27 Brazilian capital cities were presented by Montenegro (2013). The values of the B1
tariffs without taxes practiced in Dec/2012 for the Brazilian capital cities did not change until May/2013,
which was the month of the investment return evaluations presented in that study, and that are updated in this
paper. The updated values of B1 tariffs without taxes for Jul/2019 were checked (ANEEL, 2019b), and a
comparison was made with the values, also without taxes, practiced in Dec/2012, for the 27 Brazilian capital
cities.
As shown in Table 1, for the period considered (Dec/2012 to Jul/2019), considering the B1 nominal tariff in
R$ for the 27 cities, it was noted: a mean annual average increase of 10.4%, a minimum annual average
increase of 7.5% (Rio Branco - AC) and a maximum annual average increase of 17.4% (Macapá-AP). The
capital city with highest B1 tariff in Jul/2019 (not including taxes) is Manaus - AM (0.70606 R$/kWh, which
is equivalent to 0.18659 US$/kWh). If the B1 tariff prices from Dec/2019 are corrected by inflation index
IGP-M (FGV, 2019), it was noted: a mean annual average increase of 4.3%, a minimum annual average
increase of 1.6% (Rio Branco - AC) and a maximum annual average increase of 10.9% (Macapá-AP).
Despite the high annual average values of nominal residential electricity tariff increases observed in Table 1,
as shown in Table 2, these values are being greatly influenced by the average 40% nominal increase between
2014 and 2015 in these tariffs. In addition, Table 2 shows that from 2016 to 2017, the national average
nominal residential tariff showed a price reduction of 0.2%. The other annual nominal increases for the
period analyzed in Table 2 were 7.1% (2013-2014) and 6.2% (2015-2016).
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Table 1: Evolution of residential electricity tariff prices for the 27 Brazilian capital cities, from Dec/2012 to Jul/2019.
Nominal Dec/2012 tariff prices data from Montenegro (2013). Nominal Jul/2019 tariff prices data from ANEEL (2019b).
R$_2019 means tariff prices corrected by IGP-M (FGV, 2019) inflation index, from Dec/2012 to Jul/2019.
R$_2012 means nominal tariff prices in Dec/2012.

Capital city

Aracaju
Belém
Belo Horizonte
Boa Vista
Brasília
Campo Grande
Cuiabá
Curitiba
Florianópolis
Fortaleza
Goiânia
João Pessoa
Macapá
Maceió
Manaus
Natal
Palmas
Porto Alegre
Porto Velho
Recife
Rio Branco
Rio de Janeiro
Salvador
São Luís
São Paulo
Teresina
Vitória

Average
Average
Real (corrected
Nominal
Nominal (and
Percentage
annual
annual
by inflation)
Percentage
electricity
real) electricity
increase in
percentage
percentage
electricity
increase in real
tariff,
tariff,
nominal
increase in
increase in
tariff,
electricity tariff
residential
residential electricity tariff
nominal
real electricity
State
residential
Dec/2012
sector (B1),
sector (B1),
Dec/2012
electricity tariff
tariff
sector (B1),
(R$_2019) to
without taxes,
without taxes, (R$_2012) to
Dec/2012
Dec/2012
without taxes,
Jul/2019
in Dec/2012
in Jul/2019
Jul/2019
(R$_2012) to (R$_2019) to
in Dec/2012
[%]
[R$_2012/kWh]
[R$]
[%]
Jul/2019
Jul/2019
[R$_2019/kWh]
[% PY]
[% PY]
SE
PA
MG
RR
DF
MS
MT
PR
SC
CE
GO
PB
AP
AL
AM
RN
TO
RS
RO
PE
AC
RJ
BA
MA
SP
PI
ES
Average

0.30829
0.32076
0.34700
0.26009
0.24253
0.32648
0.34282
0.24258
0.25580
0.30821
0.29662
0.31782
0.19729
0.30293
0.27139
0.30853
0.34423
0.27588
0.33862
0.29877
0.37060
0.31416
0.29327
0.36610
0.23801
0.36292
0.31509

0.44812
0.46624
0.50439
0.37806
0.35253
0.47456
0.49831
0.35260
0.37182
0.44800
0.43115
0.46197
0.28677
0.44033
0.39448
0.44847
0.50036
0.40101
0.49220
0.43428
0.53869
0.45665
0.42629
0.53215
0.34596
0.52753
0.45800

0.53072
0.67098
0.62833
0.63462
0.55722
0.60865
0.62684
0.51761
0.52049
0.52949
0.56175
0.57177
0.56638
0.53525
0.70606
0.50553
0.60008
0.54760
0.58137
0.54933
0.59777
0.62565
0.55213
0.65602
0.51559
0.61531
0.56228

72.1%
109.2%
81.1%
144.0%
129.8%
86.4%
82.8%
113.4%
103.5%
71.8%
89.4%
79.9%
187.1%
76.7%
160.2%
63.9%
74.3%
98.5%
71.7%
83.9%
61.3%
99.2%
88.3%
79.2%
116.6%
69.5%
78.5%

18.4%
43.9%
24.6%
67.9%
58.1%
28.3%
25.8%
46.8%
40.0%
18.2%
30.3%
23.8%
97.5%
21.6%
79.0%
12.7%
19.9%
36.6%
18.1%
26.5%
11.0%
37.0%
29.5%
23.3%
49.0%
16.6%
22.8%

8.6%
11.9%
9.4%
14.5%
13.5%
9.9%
9.6%
12.2%
11.4%
8.6%
10.2%
9.3%
17.4%
9.0%
15.6%
7.8%
8.8%
11.0%
8.6%
9.7%
7.5%
11.0%
10.1%
9.3%
12.5%
8.3%
9.2%

2.6%
5.7%
3.4%
8.2%
7.2%
3.9%
3.5%
6.0%
5.2%
2.6%
4.1%
3.3%
10.9%
3.0%
9.2%
1.8%
2.8%
4.8%
2.6%
3.6%
1.6%
4.9%
4.0%
3.2%
6.2%
2.4%
3.2%

0.30247

0.43966

0.58055

91.9%

32.0%

10.4%

4.3%

Table 2: Evolution of Brazilian average residential nominal electricity tariff prices,
from 2013 to 2017, based on EPE (2018) Figure 2.14 data.

Year

Brazilian average electricity
tariff for residential sector
(R$/kWh)

Increase in the average
Brazilian electricity tariff
over the previous year

2013

0.28524

2014

0.30535

7.1%

2015

0.42789

40.1%

2016

0.45433

6.2%

2017

0.45356

-0.2%
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4. Residential energy tariff taxes
The tax rates levied on Brazilian electricity tariff are named:
•

ICMS: state tax, with rates set by each state government (ANEEL, 2019c) and

•

PIS/PASEP+COFINS: federal taxes (actually, they are called federal “contributions”), with rates set
by each utility (ANEEL, 2005; EDP, 2019).

Table 3 shows the updated ICMS tax rates levied on electricity tariffs, for the 27 Brazilian capital cities, in
Jul/2019, for residential consumers, based on data available on each city utility's website. The ICMS tax has
a wide range of rates in the various states of the country and depends on the consumption level. All these
variations were considered in the investment analyses presented in this article.
Table 3: ICMS tax rates levied on electricity tariffs, for the 27 Brazilian capital cities, in Jul/2019, for residential consumers,
based on data available on each city utility's website.

Consumption range (kWh) for
application of ICMS tax rates

ICMS tax rates for each
consumption range

SE

0-50, 51-220, >220

0%, 25%, 27%

Belém

PA

0-100, 101-150, >150

0%, 15%, 25%

Belo Horizonte

MG

Invariable Tax Rate

30%

Boa Vista

RR

0-100, >100

0%, 17%

Brasília

DF

0-50, 51-200, 201-300, 301-500, >500

0%, 12%, 18%, 21%, 25%

Campo Grande

MS

0-50, 51-200, 201-500, >500

0%, 17%, 20%, 25%

Cuiabá

MT

0-100, 101-150, 151-250, 251-500, >500

0%, 10%, 17%, 25%, 27%

Curitiba

PR

0-30, >30

0%, 29%

Florianópolis

SC

0-150, >150

12%, 25%

Fortaleza

CE

0-50, >50

0%, 27%

Goiânia

GO

0-50, >50

0%, 29%

João Pessoa

PB

0-50, 51-100, >100

0%, 25%, 27%

Macapá

AP

0-100, >100

0%, 17%

Maceió

AL

0-100, 101-150, >150

0%, 17%, 27%

Manaus

AM

Invariable Tax Rate

25%

Natal

RN

0-60, 61-300, >300

0%, 18%, 27%

Palmas

TO

Invariable Tax Rate

25%

Porto Alegre

RS

0-50, >50

12%, 30%

Porto Velho

RO

0-220, >220

17%, 20%

Recife

PE

0-30, >30

0%, 25%

Rio Branco

AC

0-100, 101-140, >140

0%, 16%, 25%

Rio de Janeiro

RJ

0-50, 51-300, 301-450, >450

0%, 18%, 31%, 32%

Salvador

BA

Invariable Tax Rate

27%

São Luís

MA

0-50, 51-100, 101-500, >500

0%, 12%, 14%, 27%

São Paulo

SP

0-90, 91-200, >200

0%, 12%, 25%

Teresina

PI

0-50, 51-200, >200

0%, 20%, 25%

Vitória

ES

0-50, >50

0%, 25%

Capital city
Aracaju

State

Table 4 shows the PIS/PASEP+COFINS tax rates levied on electricity tariffs, for the 27 Brazilian capital
cities, in Dec/2012, as shown in the electricity bills obtained by Montenegro (2013) from one residential
consumer for each capital city. The PIS+COFINS tax has a wide monthly variation of rates for each utility in
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the various states of the country (EDP, 2019; Montenegro, 2013). Also, several utilities do not disclose
official and reliable information about the monthly PIS/PASEP+COFINS applied rates. For these reasons,
and in order to include this tax in the financial analysis of the investment, the rates effectively verified in
electricity bills made available by Montenegro (2013) were used, and such rates were considered constant
throughout the investment period analyzed.

Table 4: PIS/PASEP+COFINS tax rates levied on electricity tariffs, for the 27 Brazilian capital cities, for residential
consumers (Montenegro, 2013).

Capital city

State

PIS/PASEP+COFINS tax rate

Aracaju

SE

5.3157%

Belém

PA

7.7319%

Belo Horizonte

MG

4.4831%

Boa Vista

RR

5.5923%

Brasília

DF

4.4883%

Campo Grande

MS

5.4720%

Cuiabá

MT

7.3917%

Curitiba

PR

6.5587%

Florianópolis

SC

4.1489%

Fortaleza

CE

5.3072%

Goiânia

GO

7.1526%

João Pessoa

PB

6.5699%

Macapá

AP

0.5768%

Maceió

AL

5.5559%

Manaus

AM

0.0000%

Natal

RN

5.7100%

Palmas

TO

7.6965%

Porto Alegre

RS

4.7216%

Porto Velho

RO

9.0571%

Recife

PE

5.5600%

Rio Branco

AC

5.0004%

Rio de Janeiro

RJ

5.0800%

Salvador

BA

6.1800%

São Luís

MA

6.8908%

São Paulo

SP

4.8658%

Teresina

PI

7.1859%

Vitória

ES

3.6650%

5. Method
The method developed by Montenegro (2013) was the basis to evaluate the investment on residential micro
PV-DG systems in each one of the 27 Brazilian capital cities, presented in this article. These are the values
and specifications adopted in the micro PV-DG systems investment analyses for the 27 capitals, for PV-DG
system start-up in Jul/2019:
•

Type of consumer: residential (excluding low income), with three-phase connection;

•

Total monthly consumption: 250 kWh/month, constant throughout the year, and over the years;

•

Energy tariff applied for the start-up of the PV-DG system: current B1 tariff, including taxes, in the
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month of the start of the PV-DG system, that is Jul/2019 (“bandeira tarifária” costs are not
considered in this investment valuation);
•

Annual average increase in nominal residential tariff: 4% per year (a more conservative value than
those raised in Table 1, considering the analysis of the data presented in Table 2);

•

Monthly cost of availability (minimum charge in the electricity bill, even if there is no consumption
to pay) (ANEEL, 2010): to the residential three-phase consumer, it corresponds to the equivalent
amount for a monthly consumption of 100 kWh (i.e. if the consumption is less than 100 kWh, the
consumer has to pay the amount equivalent to 100 kWh consumption);

•

Monthly solar irradiation (kWh/m2.month): monthly solar irradiation on a plane with a slope equal
to the local latitude and facing true North, data collected in Pereira et al. (2017);

•

Performance Ratio (PR) (Marion et al., 2005): 80% PR was adopted for the simulations – this is a
conservative value, since it has been verified PR of 80 to 90% for PV systems installed from 2010
(Reich et al., 2012; Thevenard and Pelland, 2013; Fraunhofer ISE and PSE, 2018);

•

Monthly Yield (kWh/kWp.month) (Marion et al., 2005): is numerically equal to the multiplication
of monthly solar radiation on the plane of PV array by PR;

•

Installed PV power: 1 kWp – with this PV system size, in no capital, in any month of the year, the
monthly net consumption (monthly total gross consumption minus monthly PV generation) charged
by the utility is below the 100 kWh corresponding to the monthly cost of availability;

•

Annual Yield reduction: 0.5% per year, that is typical for Brazil (Viana et al., 2012);

•

Installed Wp price: 5 R$/Wp (1.3 US$/Wp), considering the cost reduction between Jan/2019
(Figure 1) and Jul/2019;

•

Monthly cash flow for expense and revenue analysis (it is important to remember that cash flow and
MARR values must be on the same basis, either nominal or both real);

•

MARR (Minimum Acceptable Rate of Return): 6.4% per year (SELIC) (BCB, 2019) – that index
includes interest and inflation;

•

Initial cost of investment: turnkey cost of the analyzed PV-DG system (Installed Wp price x
Installed PV power = R$ 5,000);

•

Annual O&M costs: 1% x Initial cost of investment (to simplify the calculations and due to the high
uncertainty of these future values, no inflation correction of these values was made);

•

Replacement costs: inverter replacement every 10 years: 30% x Initial cost of investment, each 10
years (to simplify the calculations and due to the high uncertainty of these future values, no inflation
correction of these values was made);

•

Service life of the PV-DG system (period considered for investment analysis): 25 years.
6. Results

Table 5 shows the results obtained in the investment valuation on PV-DG systems for the 27 Brazilian
capital cities, for Jul/2019, considering the values and specifications mentioned in the previous topic. The
most attractive capital city for this kind of investment is Belém - PA that for 1 kWp installed power has:
NPV of R$ 22,932 (US$ 6,060), IRR of 40.0% (including inflation) and payback time of 3.5 years. The less
attractive capital city for this kind of investment is Macapá - AP that for 1 kWp installed power has: NPV of
R$ 9,985 (US$ 2,639), IRR of 21.5% (including inflation) and payback time of 6.8 years. Comparing these
results with those obtained in the investment analyzes for May/2013 (Montenegro, 2013), the NPV for
investment in micro PV-DG systems in the Brazilian capitals had an increase ranging from 326% (MacapáAP) to 11553% (Porto Velho - RO) in a bit more than six years! The average NPV increase between the
capitals was 1504% from May/2013 to Jul/2019.
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Table 5: NPV, IRR and payback time for investment on micro PV-DG systems for the 27 Brazilian capital cities, for Jul/2019.

Capital city

State

Aracaju
Belém
Belo Horizonte
Boa Vista
Brasília
Campo Grande
Cuiabá
Curitiba
Florianópolis
Fortaleza
Goiânia
João Pessoa
Macapá
Maceió
Manaus
Natal
Palmas
Porto Alegre
Porto Velho
Recife
Rio Branco
Rio de Janeiro
Salvador
São Luís
São Paulo
Teresina
Vitória

SE
PA
MG
RR
DF
MS
MT
PR
SC
CE
GO
PB
AP
AL
AM
RN
TO
RS
RO
PE
AC
RJ
BA
MA
SP
PI
ES

NPV
(R$/kWp)
17,244
22,932
21,464
14,770
15,461
17,324
18,813
12,628
11,151
17,313
19,000
18,905
9,985
19,707
15,361
13,505
18,687
13,134
12,691
17,026
15,462
15,053
17,410
17,241
15,726
17,331
15,217

NPV
(US$/kWp)
4,557
6,060
5,672
3,903
4,086
4,578
4,972
3,337
2,947
4,575
5,021
4,996
2,639
5,208
4,060
3,569
4,938
3,471
3,354
4,499
4,086
3,978
4,601
4,556
4,156
4,580
4,021

IRR
(% PY)
31.8%
40.0%
38.1%
28.3%
29.2%
31.9%
33.9%
25.3%
23.2%
31.9%
34.3%
34.3%
21.5%
35.3%
29.1%
26.5%
33.9%
26.0%
25.3%
31.5%
29.5%
28.8%
32.1%
31.7%
29.4%
32.5%
29.0%

Payback time
(years)
4.3
3.5
3.7
5.0
4.8
4.3
4.1
5.7
6.2
4.4
4.1
4.1
6.8
3.9
4.8
5.3
4.1
5.4
5.6
4.4
4.8
4.9
4.3
4.4
4.8
4.3
4.8

7. Conclusions
This work shows that the average prices for turnkey PV-DG systems in Brazil had considerable price
reductions in the last two years (2016 - 2019). This reduction of prices occurred due to the expansion in the
PV-DG market in Brazil in the period. The number of new PV-DG systems installed in 2017 is 2.1 times the
number installed in 2016, and the installed PV-DG power in 2017 is 2.4 times the power installed in 2016.
The number of new PV-DG systems installed in 2018 is 2.5 times the number installed in 2017, and the
installed PV-DG power in 2018 is 3.1 times the power installed in 2017.
The economic figures (NPV and IRR) and the resulting discounted payback periods using the proposed
method demonstrate that rooftop PV is an excellent investment for the residential consumer in the 27
Brazilian capital cities.
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Abstract
The altiplanic of Bolivia has one of the best solar resources in the world due to the high annual radiation that reaches
these places that combined with its unique geography, climate and other aspects, make it an ideal place to implement
different solar projects. In addition, the different mineral deposits such as tin, zinc, antimony, gold, copper, lithium
and others, which are exploited in an unsustainable way with the environment. Currently through solar energy is
intended to provide sustainable energy solutions to different mining processes, which are directly related to the
economic cost of electricity, this due to different subsidies that the state of Bolivia makes to the price of electricity
due to the production of fossil fuels, in addition this place is isolated from the country's national electricity system
interconnected which outlines an opportunity for the development of solar power generation projects that can
gradually cover the demand for energy. This publication presents a technical and economic analysis by obtaining the
capacity factor, investment cost and the estimated Levelized Cost Of Energy of a 60 MW solar photovoltaic plant
located in the Department of Potosí (20.59 S, 66.78 O), which can be compared with a real plant of the same capacity
located in the municipality of Uyuni.
Keywords: Solar Photovoltaic, LCOE, Bolivia, High Radiation.

1. Introduction
The electricity sector is experiencing a period of rapid and unprecedented change in the scale and breadth of
deployment of renewable energy generation technologies. Since 2012, they have accounted for more than half of the
new additions of power generation capacity worldwide. New additions of renewable energy in 2016 reached 162
GW, with 36 GW of new hydropower capacity, 51 GW of wind power, 71 GW of solar photovoltaic (PV) power, 9
GW of bioenergy power generation capacity and a combination of 1 GW of Concentrating Solar Power (CSP),
geothermal and marine power (International renewable energy Agency, 2018).
The global photovoltaic market has grown rapidly in the last decade from 2010 to 2016, net additions increased
approximately 28 % per year on average and additions in the period represented approximately 94 % of the total
capacity installed between 2006 and 2016 (International renewable energy Agency, 2018).
In Bolivia, since 2014, electricity generation has been registered for the first time through two renewable energy
sources such as wind energy and solar energy (Ministerio de hidrocarburos y energia del estado plurinacional de
Bolivia, 2015).
Energy production in 2017 was 8981.3 GWh; of which 2229.9 GWh corresponded to hydroelectric production,
6690.0 GWh to thermoelectric production, 60.4 GWh to wind production and 1.1 GWh to solar generation, equivalent
to 24.83 %, 74.49 %, 0.67 % and 0.01 %, respectively (Comité Nacional de Despacho de Carga, Ministerio de
Energías and Estado Plurinacional de Bolivia, 2017).
Bolivia currently has 91% national coverage of electric service, of which 99% in urban areas and 80% in rural areas,
and it is expected to reach 100% national coverage by 2025 (Raul Dominguez, 2019). There is an enormous mining
potential in Bolivia, which is found in the Andean Orogen (Western and Eastern Cordillera, Altiplano and SubAndean), which covers approximately 42 % of the national territory and hosts more than 2200 prospects and mines
of silver, tin, wolfram, antimony, lead, zinc, copper, bismuth, gold, and so on. This important potential has allowed
the mining sector to become one of the main economic activities of the country (Ministerio de hidrocarburo y energia,
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2014).
At the beginning of 2019 Bolivia had an energy supply of 2235 MW compared to an energy demand of 1511 MW.
With a reserve in the system of 724 MW, the existing reserve allows domestic demand to be guaranteed and
consolidates energy export projects to neighboring countries such as Argentina and the study of interconnection with
Peru (Raul Dominguez, 2019).
The generation of electricity through renewable sources is very new in Bolivia currently have connected to the
national interconnected system two photovoltaic plants of 60 MW located in the town of Uyuni in the department of
Potosi and another photovoltaic plant of 5 MW of power located in the town of Yunchara in the department of Tarija,
on the other hand the wind generation is concentrated in the town of Qollpana in the department of Cochabamba,
which has a power of 27 MW. The first experience of generation with renewable sources was given in the
municipality of Cobija city of Pando in which is installed the first hybrid photovoltaic diesel system with a power of
5MW, another hybrid photovoltaic plant called Sena in the Municipality Madre de Dios, city of Pando that has a
power of 400 kW, being both plants isolated systems. Analyzing the information obtained from the CNDC (Comité
Nacional de Despacho de Carga, 2019), the supply of energy through renewable sources has a percentage of
approximately 2% of which 1.74% are generated through photovoltaic energy and 0.17% from wind energy.

2. Procedure
2.1. Modeling and simulation
Annual yield, capacity factor, investment cost, and leveled energy cost were evaluated using simulated models in
Matlab software, simulation models, and the main assumptions for evaluating PV plant performance under particular
site conditions are presented in the following sections.
2.2. Solar resource
The present study was carried out using meteorological data per hour of the meteorological year type (TMY) obtained
through the National Solar Radiation Database, the data included are Global Horizontal Irradiance (GHI), Direct
Normal Irradiance (DNI), Horizontal Diffuse Irradiance (DHI), ambient temperature, relative humidity and wind
speed. The place considered for the study is (20.59 S, 66.78 O). The western part of Bolivia is characterized by high
daily solar radiation with an annual GHI of 7.4 kWh m-2 and an annual DNI of 9.5 kWh m-2, which greatly influences
the performance and profitability of the PV plant. Figure 1 and 2 show the solar radiation values throughout the year.
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Fig. 1: Global solar radiation during one year.

Fig. 2: Direct normal radiation within one year.
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2.3. PV plant model
The PV plant was modeled for an output of 60 MW consisting of 187500 fixed-axis modules characterized by a
nominal output of 320 W. The main characteristics of the photovoltaic module are shown in Table 1.
Tab 1: Parameters taken for the PV system (Etsolar, 2017) (Petrollese and Cocco, 2016).

Plant PV
Parameter

Value

Unit

Nominal power of the module

320

W

Efficiency

16,5

%

Temperature coefficient

-0,41

% ºC-1

Type

Polycrystalline

Effective area of the panel

1,940352

m-2

Nominal working temperature of the module

45

ºC

Nominal incident radiation in the module

800

W m-2

Ambient temperature NOCT

20

ºC

Nominal efficiency of the inverter

97,8

%

Power reduction factor

0,8

Absorbance-transmittance coefficient

0,8

Nominal convection coefficient NOCT

9,5

Cell temperature under standard test conditions

25

ºC

The orientation of the fixed modules is northward with azimuth equal to 0º, while the calculation of irradiations on
inclined surfaces from data on horizontal surfaces, with an inclination equal to latitude, the irradiation on the GI
surface at the optimum inclination is calculated by the method described in (Duffie and Beckman, 2001).
The photovoltaic yield is affected by the temperature of the cell which is involved in the model through the equations
proposed in (Duffie and Beckman, 2001), where 𝑇𝐶 is the actual operating temperature of the photovoltaic module,
𝑇𝐴 is the ambient temperature, 𝑇𝑁𝑂𝐶𝑇 is the nominal operating temperature of the cell, 𝐺𝐼 is global irradiance, 𝐺𝐼𝑁𝑂𝐶𝑇
is global irradiance nominal and equal to 800 W m-2, 𝑈𝐿𝑁𝑂𝐶𝑇 and 𝑈𝐿 are heat transfer coefficients under nominal and
real conditions respectively, 𝜏𝛼 is the absorbance-transmittance coefficient.
𝑇𝐶 = 𝑇𝐴 + (𝑇𝑁𝑂𝐶𝑇 − 𝑇𝐴𝑁𝑂𝐶𝑇 ) ∗ (

𝐺𝐼
𝐺𝐼𝑁𝑂𝐶𝑇

)∗(

𝑈𝐿𝑁𝑂𝐶𝑇
𝑈𝐿

) ∗ (1 −

𝜂𝑃𝑉
𝜏𝛼

)

(eq. 1)

The current PV yield 𝜂𝑃𝑉 and the heat transfer coefficient 𝑈𝐿 is calculated by means:
𝑈𝐿 = 5.7 + 3.8 ∗ 𝑣𝑣𝑖𝑒𝑛𝑡𝑜

(eq. 2)

𝜂𝑃𝑉 = 𝜂𝑃𝑉𝑛𝑜𝑚 ∗ (1 + 𝛾 ∗ (𝑇𝐶 − 𝑇𝐶𝑅𝐸𝐹 ))

(eq. 3)

Where 𝑣𝑣𝑖𝑒𝑛𝑡𝑜 is the wind speed of the place, 𝜂𝑃𝑉𝑛𝑜𝑚 is the nominal efficiency, γ is the temperature coefficient, and
𝑇𝐶𝑅𝐸𝐹 is the operating temperature of the cell in reference conditions and equal to 25ºC. The output power of the PV
panels is calculated using the following equation:
𝑃𝑃𝑉 = 𝑛𝑚𝑜𝑑 ∗ 𝐴𝑚𝑜𝑑 ∗ 𝐺𝐼 ∗ 𝜂𝑃𝑉 ∗ 𝜂𝐼𝑁𝑉𝑛𝑜𝑚 ∗ 𝑓𝑃𝑉

(eq. 4)

Where 𝑛𝑚𝑜𝑑 is the number of photovoltaic panels, 𝐴𝑚𝑜𝑑 is the effective area of each photovoltaic panel, 𝜂𝐼𝑁𝑉𝑛𝑜𝑚 is
the nominal efficiency of the inverter, and 𝑓𝑃𝑉 is a power reduction factor, which takes into account panel dirt, cable
losses, shading, snow cover, aging and other losses of secondary elements (Petrollese and Cocco, 2016).
2.4. Capacity factor
The capacity factor is the relationship between the predicted electrical output of the system in the first year of
operation and the output of the nameplate, which is equivalent to the amount of energy the system would generate if
it operated at its rated capacity every hour of the year. The annual capacity factor is calculated by:
𝐶𝐹 =
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Where 𝐸𝑝𝑙𝑎𝑛𝑡𝑎−𝑎𝑛𝑢𝑎𝑙 is the actual annual production, and 𝑃𝑝𝑙𝑎𝑛𝑡𝑎 is the nominal power output of the plant (Zhai et
al., 2017).
2.5. Levelized Cost Of Energy (LCOE)
The levelized cost of energy is the price that must be received per unit of production as payment for energy production
to achieve a specific financial return, or simply the price that the project must earn per megawatt-hour to reach
equilibrium point. The LCOE calculation standardizes the units of measurement of the life cycle costs of electricity
production thus making it easier to compare the cost of producing one megawatt hour per technology (Joseph
Salvatore, 2013). The economic evaluation of the system is estimated through the LCOE which is deducted through
(Hernández-Moro and Martínez-Duart, 2013) (Zhai et al., 2017).
𝐿𝐶𝑂𝐸 = (

𝐴𝐶
𝐼𝐶+(∑𝑁
𝑛=1(1+𝑖)𝑛 )
𝐸𝑝𝑙𝑎𝑛𝑡𝑎−𝑎𝑛𝑢𝑎𝑙 ∗(1−𝑑)𝑛
(∑𝑁
)
𝑛=1
(1+𝑖)𝑛

)

(eq. 6)

Where 𝐼𝐶 is the initial cost of the plant, and consists of the direct cost 𝐼𝐶𝑑𝑖𝑟 and indirect cost 𝐼𝐶𝑖𝑛𝑑 of the plant.
𝐼𝐶 = 𝐼𝐶𝑑𝑖𝑟 + 𝐼𝐶𝑖𝑛𝑑

(eq. 7)

𝐴𝐶 is the annual cost of the plant, and consists of operation, maintenance and insurance costs. 𝐸𝑝𝑙𝑎𝑛𝑡𝑎−𝑎𝑛𝑢𝑎𝑙 is the
energy production of the first year of the plant, 𝑑 is the annual degradation rate, 𝑖 is the discount rate, and 𝑁 is the
expected useful life of the plant.
The direct cost of the photovoltaic plant consists of photovoltaic panels, inverters, system balance, and battery costs
(Zhai et al., 2017).
𝐼𝐶𝑃𝑉𝑑𝑖𝑟 = 𝐼𝐶𝑚𝑜𝑑𝑢𝑙𝑜𝑠 + 𝐼𝐶𝑖𝑛𝑣𝑒𝑟𝑠𝑜𝑟𝑒𝑠 + 𝐼𝐶𝐵𝑂𝑆 + 𝐼𝐶𝐵𝐸𝑆𝑆 (eq. 8)
On the other hand, each of these costs depends on different parameters that are shown in the following equation.
𝐼𝐶𝑃𝑉𝑑𝑖𝑟 = (𝑐𝑚𝑜𝑑𝑢𝑙𝑜𝑠 + 2 ∗ 𝑐𝑖𝑛𝑣𝑒𝑟𝑠𝑜𝑟𝑒𝑠 + 𝑐𝐵𝑂𝑆 ) ∗ 𝑃𝑃𝑉𝑛𝑒𝑡𝑎 + 𝑐𝐵𝐸𝑆𝑆 ∗ 𝐸𝑎𝑙𝑚 (eq. 9)
Where 𝑐𝑚𝑜𝑑𝑢𝑙𝑜 is the cost of the module, 𝑐𝑖𝑛𝑣𝑒𝑟𝑠𝑜𝑟 is the cost of the inverter, 𝑐𝐵𝑂𝑆 is the cost of the Balance Of System
(BOS), which covers all the additional equipment needed to convert direct current from solar modules to alternating
current
(Hernández-Moro
and
Martínez-Duart,
2013),
𝑐𝐵𝐸𝐸𝑆
is
the
cost
of
the
batteries, 𝑃𝑃𝑉𝑛𝑒𝑡𝑎 is the total power of the installed modules, and 𝐸𝑎𝑙𝑚 the necessary power of the battery bank, which
is not considered in this work.
The indirect cost of the photovoltaic plant consists of the cost of the land 𝐼𝐶𝑡𝑒𝑟𝑟𝑒𝑛𝑜 , engineering and construction
costs 𝐼𝐶𝐸𝑃𝐶 .
𝐼𝐶𝑃𝑉𝑖𝑛𝑑 = 𝐼𝐶𝑡𝑒𝑟𝑟𝑒𝑛𝑜 + 𝐼𝐶𝐸𝑃𝐶

(eq. 10)

Where it can also be:
𝐼𝐶𝑃𝑉𝑖𝑛𝑑 = 𝑐𝑡𝑒𝑟𝑟𝑒𝑛𝑜 ∗ 𝑛𝑚𝑜𝑑 ∗ 𝐴𝑚𝑜𝑑 + 𝑐𝐸𝑃𝐶 ∗ 𝑃𝑃𝑉𝑛𝑒𝑡𝑎 (eq. 11)
Where 𝑐𝑡𝑒𝑟𝑟𝑒𝑛𝑜 is the cost of the land, 𝑛𝑚𝑜𝑑 the number of modules of the plant, 𝐴𝑚𝑜𝑑 is the area of the photovoltaic
modules, 𝑐𝐸𝑃𝐶 engineering cost and costs of construction.
The annual cost is defined in percentages of the initial cost for this system, which entail in operating costs,
Maintenance 𝐴𝐶𝑂&𝑀 and insurance expenses or contingencies 𝐴𝐶𝑐𝑜𝑛𝑡 .
𝐴𝐶𝑃𝑉 = 𝐴𝐶𝑂&𝑀 + 𝐴𝐶𝑐𝑜𝑛𝑡

(eq. 12)

Where
𝐴𝐶𝑃𝑉 = 𝑐𝑂&𝑀 ∗ 𝑃𝑃𝑉𝑛𝑒𝑡𝑎 + 𝑐𝑐𝑜𝑛𝑡 ∗ 𝐼𝐶𝑑𝑖𝑟

(eq. 13)

Where 𝑐𝑂&𝑀 is the cost for maintenance and operation and 𝑐𝑐𝑜𝑛𝑡 is the cost against contingencies.
The costs and financial parameters are shown in the following table 2.
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Tab. 2: Estimated costs and financial parameters of a PV system (Fu, Feldman and Margolis, 2018) (Valenzuela et al., 2017).

PLANT PV
Cost

Value

Unit

Module

0,35

USD W-1

Inverter

0,06

USD W-1

BOS

0,2

USD W-1

Contingencies

3

%

EPC

0,06

USD W-1

O & M annual

15,4

USD kW-1

Rate of return

8

%

Degradation rate

0,7

%

Time of life

25

Year

3. Results
This section presents the results obtained for the simulation of the 60 MW PV plant with fixed axes and without
energy storage.
3.1. Validation of the model
The simulation models previously shown have been compared with those obtained through the SAM tool, the
parameters such as the capacity factor and the electrical energy generated with the model in Matlab and SAM
maintain a margin of error less than 5% appreciated in table 3, they are shown in the following figure 3.

Fig. 3: Variation of the electrical energy generated in each month.
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Tab 3: Comparison of the results obtained by the simulation model and SAM.

Parameter

Plant PV

Plant PV

Matlab

SAM

25.31

26.2

Capacity Factor

Unit
%

Error
%
3.967

Energy annual 133050785 137623792 kWh 3.323

The main results for the study site obtained through the simulated model are shown in table 4 below.
Tab 4: Results obtained by the simulation model.

Plant PV
Unit
Parameter

Value

Capacity Factor 25.31

%

Investment cost 0.730

MUSD MW-1

LCOE

50.796 USD MW-1 h-1

The following figures 4 and 5 also present the results obtained from the simulated model for different discount rates
and considering different costs of the photovoltaic modules.

Fig. 4: Variation of the LCOE with the cost of the PV module.
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Fig. 5: Variation of the LCOE with the discount rate.

4. Conclusions
The west of Bolivia is a place that has outstanding levels of irradiation, which is currently generating interest for the
implementation of solar power generation plants, particularly photovoltaic power generation projects due to its low
cost of installation, however this type of systems presents a dynamic generation which is a problem, because you
cannot control the atmospheric conditions of the place, consequently the variation of generation does not present a
degree of reliability to the consumer, so for this situation is necessary to interconnect to the network to avoid mishaps
mentioned.
Due to the fact that the electrical energy generated by the PV modules is strongly related to the hours of sunshine
and the irradiation that the place presents, the result of the simulated model shows a capacity factor of 25.31% which
is among the highest values that can be obtained in the installation of this type of technology.
The cost attributed to the PV modules affects the variation of the LCOE and in the investment cost of the plant, a
projection in decrease of the cost of the PV modules gives as a result that this type of technology is more accessible.
In the present work it was considered that the land is not a scarce resource and that the place of installation will be
available without any cost attributed to it.
It is also possible to consider the analysis of a PV plant with follow-up which entails an increase in the energy
generated as can be seen in the figure, but also implies an increase in the costs of installation and maintenance of the
same. The most suitable type of project depends on several factors such as market prices, technical limitations and
priorities of the plant owner.
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Fig. 6: Generation curve of fixed-axis PV plant and single-axis tracking (summer solstice).

The figure shows the daily power generated by the plant for fixed panels and for panels with east-west tracking
through the axis of the inclined panel using the model cited in (Zhong et al., 2011) (Okoye, Bahrami and Atikol,
2018). It is possible to appreciate that there is a considerable increase in electricity generation due to its greater
reception of solar irradiation, however, it is also necessary to take into account the monetary value involved in the
tracking system to consider this type of technology.
The mining sector demands the electricity sector an estimated power of 323 MW and an energy of 2,343 GWh,
representing 39% of the total electricity demand of the productive sectors, until 2025 (Ministerio de hidrocarburo y
energia, 2014), which means that the PV generation systems implemented in the altiplanic sector do not supply the
total for feeding and therefore need a connection to the backbone of the country of Bolivia to supply the demand and
give reliability to its system.
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Abstract
Australia is experiencing a remarkable renewable energy transition. The renewable electricity pipeline is 6-7
GGigawatts (W) per year, which is 250 Watts per person per year, the vast majority of which comprises solar
photovoltaics (PV) and wind energy. This compares with 80 Watts per person per year for Germany, and about
50 Watts per person per year for the European Union, Japan, China and the USA. This paper explores the
reasons for and the sustainability of this rapid Australian transition and considers whether this is a model that
will be followed by other countries. The prospects for rapid greenhouse emission reductions are explored.
Keywords: Solar photovoltaics, wind energy, pumped hydro energy storage

1. Introduction
Australia is installing renewable energy (solar PV and wind) far faster per capita than other countries: 4-5 times
faster per capita than the EU, USA, Japan and China. The pipeline for new wind and solar photovoltaic (PV)
electricity systems is 6-7 Gigawatts (GW) per year. This equates to 250 Watts per person per year compared
with about 50 Watts per person per year for the European Union, Japan, China and the USA. This renewable
energy pipeline is fast enough to reach 50% renewable electricity in 2024 and 100% in 2032. Stabilising the
electricity grid when it has 50-100% variable renewable energy is straightforward using off-the-shelf techniques
including transmission and storage.

Fig. 1: Annual per capita renewables deployment rate for countries and regions. Data for Australia (2018 and 2019) is from the
Clean Energy Regulator [CER, 2019] and data for other countries/regions (2018) is from [IRENA 2019].
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The electricity sector is on track to deliver Australia’s entire Paris emissions reduction targets several years
early, provided that substantial investment in more transmission and storage is made. Remarkably, the net cost is
zero because expensive fossil fuels are being replaced by cheaper renewables. Australia is on track for deep and
rapid greenhouse emissions reductions through deep renewable electrification. Much of the world can readily
follow the Australian path. Renewable energy offers real hope for a future livable planet.

2. Global renewable energy deployment
Solar PV, wind and hydro together account for about two thirds of global net new capacity additions, with gas
and coal comprising most of the balance. China, EU, India, USA and Japan accounted for three quarters of
global new renewable deployment in 2018 [IRENA, 2019].

Fig. 2: Global net new capacity additions 2015-18

In 2018 Australia deployed 5.1 GW of PV and wind systems (3.5 GW ground-mounted, 1.6 GW roof-mounted).
Clean Energy Regulator data [CER, 2019] indicates that the current ground-mounted PV and wind pipeline for
2019 is about 4 GW. Roof-mounted PV is likely to exceed 2.5 GW in 2019, for a total renewable energy
deployment of about 6.5 GW in 2019. At this rate, Australia is on track to reach 50% renewable electricity in
2024 and 100% in 2032.
About 9 GW of roof mounted solar PV has now been deployed, which is by far the largest per capita rooftop-PV
deployment in the world. Australian cities have good sunshine by world standards, and the cost of electricity
from rooftop PV systems is far below the retail tariff for most home owners and businesses.
The impetus provided by the Australian Renewable Energy Target allowed great industry experience and critical
mass to be developed in the construction of ground-mounted PV and wind farms. The Target has now
effectively been met, and new PV and wind farms can no longer expect significant subsidy support. The price of
electricity from large-scale PV and windfarms in Australia is currently $50-60 per Megawatt-hour (MWh), and
falling. This is below the cost of electricity from existing gas-fired power stations and is also below the cost of
new-build gas and coal power stations. PV and wind comprise nearly 100% of new power stations.
The Australian renewable energy pipeline is sustainable in the long term. The average age of Australia’s coal
power stations is 30 years. The cost of electricity from PV and wind is already similar to the cost of fuelling and
maintaining much of the black coal fleet. Premature retirement of many existing black coal power stations is
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likely during the 2020s, enlarging the market for PV and wind.
PV and wind are already substantially cheaper than retail gas for low temperature air and water heating in
buildings, particularly when used in conjunction with an electric heat pump. Gas use in buildings is likely to
decline in the 2020s. Complete displacement of gas would increase electricity demand by 8%, which would
come from new-build PV and wind. Gas for use in industrial furnaces at $10 per Gigajoule has an equivalent
price of about $45/MWh assuming a combustion efficiency of 80%. In the 2020s, electric furnaces using PV and
wind electricity will become competitive, opening a further large market.
Electric vehicles (EV) are likely to make substantial inroads into the land transport market during the 2020s.
Complete conversion of the vehicle fleet to EV would increase electricity demand by 39%, almost all of which
would come from new-build PV and wind.
The wind and PV farms, pumped hydro and grid extensions will be in regional areas, bringing long term
sustainable investment and jobs.

3. Stabilising the grid
Stabilising the electricity grid when it has 50-100% variable renewable energy is straightforward using off-theshelf techniques that are already widely used in Australia.
The techniques comprise storage, demand management, and strong interstate interconnection using high voltage
transmission lines to smooth out the effect of local weather [Blakers, 2017]. By far the leading storage
technologies are pumped hydro and batteries (including EV batteries). Multi-gigawatt-scale storage and
transmission projects are being actively considered by Governments and private interests. In addition, new smart
energy systems are being developed for electricity grids.
ANU’s global pumped hydro site atlas lists 616,000 sites, with storage potential of 23 million GWh, which is
100-200 times more than needed to support a 100% global renewable electricity industry:
http://re100.eng.anu.edu.au/global/index.php
The cost of hourly balancing of the Australian electricity grid is modest: about $5/MWh for a renewable energy
fraction of 50%, rising to $25/MWh for 100% renewables [Blakers, 2019]. Thus, the cost of the required storage
and transmission is considerably smaller than the cost of the corresponding wind and solar farms. Australia’s
coal power stations are old and are becoming less reliable, and transition to a modern renewable energy system
can improve grid stability.

4. Declining emissions
The electricity sector is on track to deliver Australia’s entire Paris emissions reduction targets several years
early, as explained below. Remarkably, the net cost is zero because expensive fossil fuels are being replaced by
cheaper renewables.
Substitution of renewable electricity for gas and coal reduces greenhouse emissions. Each additional GW of
renewables reduces emissions from coal power stations by about 2 Megatonnes (MT). This assumes capacity
factors of 15%, 21% and 40% for roof-mounted PV, ground-mounted PV and wind respectively, curtailment
losses of 4%, and greenhouse emissions from black coal power stations of 0.9 tonnes per MWh. The current
renewables pipeline results in net emissions reduction of 10-12 MT each year.
In recent years, Australian emissions have been increasing. This increase is likely to moderate soon because of
stabilisation of LNG exports. Future increases in emissions outside the electricity system are likely to be smaller
than decreases in the electricity sector from the uptake of wind and PV, leading to an overall decrease in
emissions. This decrease could be fast enough to reach Australia’s entire Paris target in the mid-late 2020s.
In the medium term, large reductions in emissions are likely using off-the-shelf technology through elimination
of coal and gas from the electricity sector (36%), gas from the heating sector (18%) and oil from land transport
(13%). Looking further ahead, curtailment of fossil fuel exports would remove a further 10% of emissions. Deep
renewable electrification of the remaining economic sectors, including electro-chemicals (synthesised from
electric-driven water splitting and atmospheric carbon-capture), allows elimination of all oil, gas and coal,
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causing an 85% reduction in greenhouse gas emissions. Eliminating land clearing and ecological restoration can
eliminate most of the rest.
If Australia keeps installing PV and wind at the current rate, then all fossil fuel use could be eliminated around
2050. Importantly, the continuing rapid decline in the cost of PV and wind and increasing renewable electricity
demand arising from the elimination of gas heating and the rise of electric vehicles could lead to accelerated
deployment of PV and wind during the 2020s, and a much earlier end-date for fossil fuels.

5. The sunbelt countries
If developing countries follow a fossil fuel intensive pathway then very serious damage will be done to Earth’s
climate. On the other hand, following a renewables pathway coupled with ending land clearing decouples
economic development from climate damage.
Most of the world’s population lives in the sunbelt (within +/- 35° of latitude). Here is also where most of the
world’s growth in population and energy consumption is occurring. There are no cold winters and heating loads
are small. This region has ample sunshine and low seasonal variation of both demand and solar insolation. Most
countries are within a few thousand kilometres of regions with excellent wind resources, which allows high
voltage DC powerline connection and gives access to the frequent counter-correlation of solar and wind. There
is low requirement for (expensive) seasonal storage and vast numbers of excellent sites for off-river pumped
hydro storage.
Low-latitude countries are more like Australia rather than Europe or north America or north Asia (Table 1).
These countries can follow the Australian path and transition rapidly to renewables with consequent large
avoidance of future greenhouse emissions.
Tab. 1: Comparison of various attributes for renewable energy utilisation

Sunbelt

Australia

The north

Latitude

Low

Low

High

Solar resource

High

High

Low-moderate

Seasonality of solar

Low

Low

High

Access to wind

Moderate

High

High

Heating load

Low

Low

High

Need for seasonal storage

Low

Low

High

Pumped hydro site count

High

High

High

Wealth & technology

Low-Moderate

High

High

Current fossil fuel capacity

Low

High

High
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Abstract
The industrial sector worldwide is responsible for more than 20% of the total final energy consumption. Although
Solar Heat for Industrial Process (SHIP) technologies have proven their technical and financial feasibility to supply
a significant share of this demand, the deployment of such projects is far below the projected potential. The biggest
lever to accelerate the uptake is not technological improvement but rather suitable financing schemes. This article
provides an overview of the current situation of the industrial energy consumption linked to an assessment of
financial challenges and risks for SHIP projects. The main financing challenges are examined in four aspects: i)
missing general policy framework, ii) high project development costs, iii) investment constraints by end-users, and
iv) risks and risk aversion factors. The article also examines existing financing solutions and business models from
other sectors - such as the ESCO (Energy Service Company) model and presents case studies in which successful
SHIP projects and policies were successfully implemented.
Keywords: solar process heat, SHIP, financing, business case, risk management.

1. Introduction
Heating is responsible for almost 50% of the total final energy demand worldwide and accordingly for around 40%
of the total CO2 emissions (Collier, 2018). However, despite that importance, the heating market is insufficiently
addressed. For example, only 48 countries have targets for renewable heating and cooling compared to 146 countries
with targets for renewable electricity (REN21, 2019). A major share of the heat demand accrues in the industrial
sector which accounts for approximately 1/3 of the total energy (heat and power) of which around 74% are used for
heating (Solar-Payback, 2018). Accordingly, industrial process heat is responsible for more than 20% of the total
final energy consumption.

Figure 1: Total Final Energy Consumption 2014: 260 EJ (Solar-Payback, 2018)

Specific data on the share of renewable heat per sector is not available. Yet, in total, around 72% of the global heat
demand is still supplied by the combustion of fossil fuels. In the industry, an even higher share is expected due to the
comparatively high temperatures needed in industrial processes as well as the below-mentioned financing challenges.
From the remaining renewable share, traditional biomass for cooking and heating accrues for the major part (Collier,
2018). As biomass and geothermal are ultimately constrained and full electrification of industrial heat is not realistic
in the midterm, Solar Heat for Industrial Processes (SHIP) must play a major role to achieve the required
decarbonization of the industrial production.
Various solar thermal technologies, which can cover a wide range of temperatures of up to 400 ºC, are available and
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already market-proven (Horta, 2015) while research for commercial applications in the industry for even higher
temperatures is ongoing. Nevertheless, the growth rates of the SHIP market are unsatisfactory, even in markets where
SHIP is feasible in terms of internal rate of return (IRR). Thus, besides the need for ongoing technological
development, especially with respect to increased performance and lower costs, there are further non-technical
market challenges that need to be addressed. A study conducted by (Collier, 2018) enumerated a list of economic
barriers that prevent renewable heat from playing a major role in the decarbonization of the economy. While some
of these challenges are valid for all kinds of renewables, some are only relevant for renewable heating. For SHIP
specifically, there are four major obstacles that hamper the market growth, even in situations where SHIP is feasible
due to energy costs and solar irradiation. These challenges are:
•

General policy framework for renewable heat

•

High project development costs

•

Investment constraints by industrial end-users

•

Risks and risk allocation

Solutions for each of them, such as financing models or support schemes, are available and have already been proven
elsewhere. In order to accelerate the uptake of SHIP, these solutions need to be adapted to the specifications of the
SHIP market. Technology providers need to adapt their business models or partner with financial institutions to offer
full-fledged solutions while governments need to support the initial market development and create favorable market
conditions.
In the next chapter, the financing challenges are examined in more detail while thereafter, solutions are described. In
the end, existing examples of best practices are presented.

2. Financing challenges
2.1 Policy Framework
Renewable heat is still not on track to achieve its required contribution for the goals set in the Paris Agreement (IEA,
2017), this holds especially for industrial process heat. As mentioned above, only 48 countries have targets for
renewable heating and cooling compared to 146 countries with targets for renewable electricity (IRENA et al., 2018).
Most importantly, countries need to establish ambitious, concrete and verifiable long-term targets for renewable heat
and translate them afterwards in sector-specific targets (IEA-RETD, 2015). These high-level targets will firstly
induce the private market to build up the capacities required for implementation and secondly foster the
implementation of detailed policy instruments. Various instruments, specifically for renewable heat considering the
current market phase, are available and tested as described in (IEA-RETD, 2015) and shown below. It is important
to explicitly address the industrial sector and design mechanisms that meet the specific industrial requirements, as it
can be seen in the diagram below.

Figure 2: General and heat specific policy principles for renewable energies (Beerepoot, et al., 2012)
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Solution: Set specific, ambitious and legally binding targets for renewable heat in general and for industry in
specific and accelerate the implementation of concrete policy instruments to achieve them. Concrete measures with
high impact on SHIP can be, inter alia:
•

Improve availability of macro data for industrial heat demand (e.g. per specific sector / region / fuel).

• Adjust pricing of fossil fuels to foster renewable heat. This to current prices as well as to mid-term price
predictions (e.g. 5 to 10 years).
•

Foster demonstration plants (still, in most countries there is no commercial SHIP system in operation).

•

Ease access to capital (e.g. soft loans)

2.2 High project development costs for solution providers or end-users
The development of SHIP projects is complex and thus costly. The major reasons are: i) insufficient availability
(temporal resolution) and quality (temperature) of thermal energy consumption data (including forecast), which is
needed for the optimal sizing of the collector field and components; ii) industrial end-user staff often have insufficient
understanding of the technology, and iii) insufficient data availability on the required carrying capacity of industrial
roofs. All this leads to increased costs which initially must be covered by the solution provider who will be able to
recover them only if the project is implemented. While project development for a specific project can be feasible,
there is always the risk for the developer that the project is not realized at all or taken by a competitor. Accordingly,
project developers refrain from SHIP even when the market is attractive on a project level.
Solution: Public entities can engage in project development and thus lower the costs for developers. In addition,
for companies with an energy consumption above a certain threshold, energy monitoring can be made mandatory.

2.3 Investment constraints
In industry, capital is constrained, especially for small and medium-sized companies (Richards et al., 2009). Thus,
even when a project is feasible, e.g. the internal rate of return (IRR) exceeds the weighted average cost of capital
(WACC), the project might still not be realized for various reasons. Firstly, even when the IRR is greater than the
WACC there might still be other projects which are even more attractive. Secondly, companies often constrain their
investments to their core business due to their greatest expertise in this sector, to gain market share and to maximize
the use of existing resources. It is important to note that, while the first aspect, in which other projects have even
higher IRR can be addressed by soft loans (e.g. subsidized interests due to carbon reduction effect of SHIP), the latter
cannot.
Solution: Business models where the energy consumer does not need to cover the capital investment such as in
Energy Service Companies (ESCO). To foster ESCO various measures can be undertaken, such as:
•

Establishment of arbitration board and provision of standards and procedures.

•

Ease access to capital for ESCOs.

•

Implementation of public projects through ESCO models to accelerate market growth.

•

Provide tax and customs incentives for ESCO when operating with renewables / energy efficiency.

•

Provide options for securitization of ESCO projects to lower risks in case of customer default.

2.4 Risk aversion
There are various associated risks with SHIP projects which must be covered by one of the involved parties. For
standard projects with capital investment by the energy consumer, the risks accrue mainly with the end-user.
Subsequently, the major risks and potential mitigation measures are described:
Solar resource risk: The returns of a SHIP project are directly linked to the available solar resource. Even though
the quality of available irradiation data has increased in recent years, measurements are mostly done in areas suitable
for large power generation projects and not specifically for SHIP projects. Especially for concentrating solar
technologies, as they require Direct Normal Irradiation (DNI), for which the available data has a greater uncertainty,
the solar resource risk remains a major challenge. In-situ measurements in areas with high SHIP potential increase
the quality of irradiation data and can thereby accelerate the SHIP market. However, due to the size of most SHIP
projects, the costs for in situ measurements cannot be covered by individual projects.
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Mitigation measures:
•

Publicly funded measurement campaigns for solar irradiation in areas with great SHIP potential.

Operating costs: Even though the major share of the costs accrue with the capital investment, the running costs
which are comprised of i) consumables (power and water), ii) spare parts, iii) operating staff and iv) third-party
support effect the feasibility. For the end-consumer, these costs are difficult to estimate and become a risk.
Mitigation measures:
•

Long maintenance contracts.

•

Heat as a service (In this case the risk shifts from end-user to the ESCO provider which is most likely better
positioned to quantify and mitigate the risk).

Performance risks: Until commissioning, the investor does not know whether the system meets the promised
performance. Regardless of actual irradiation and operating costs, the total yield depends also on the performance
under standard conditions (e.g. peak performance under reference conditions) and the downtimes of the system.
Mitigation measures:
•

Public support for collecting and publishing third-party monitored performance data of SHIP plants with a
long-term resolution (at least 12 months).

•

Performance guarantees (referring to specific operating conditions).

•

Minimum availability guarantees.

•

Heat as a service (the risk shifts in this case from the end-user to the ESCO provider which is most likely
better positioned to quantify and mitigate the risk).

Sizing risk: There is a risk of overproduction of solar heat beyond the storage capabilities which negatively affects
the financial viability. The risk increases with larger solar shares and changes in production processes. Unlike power
generation projects which operate under feed-in-tariffs or net-metering, renewable heat needs to be consumed onsite as storage capacity is limited. While part of that risks can be mitigated by a thorough assessment of the
consumption (taking into consideration hourly consumption data), the risk of changes in production processes
remains.
Mitigation measures:
•

Comprehensive project development.

Future Energy Pricing: Underlying the feasibility assessment of SHIP systems is the expenditure with fuel-based
heat generation which will drop in the future due to the integration of solar heat. In most countries where fossil fuels
are not subsidized, the prices are indirectly linked to the fluctuating international oil prices. In comparison to
electricity, there is a greater fluctuation of fuel-based heat supply and thus also future cashflows. In feed-in-tariff
schemes for renewable electricity, for example, the future prices per MWhel are even already defined.
Therefore, prices for fuel-based heat mostly vary more over time than the costs of electricity. These fluctuations add
further risk to the project.
Mitigation measure:
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3. Building a market framework and innovative business models
Considering the previously mentioned challenges, there are different levels of promoting the implementation of SHIP
technologies. Firstly, by implementing national-level policies and commitment to reducing carbon emissions, which
should be broken down to sector-specific measures. Secondly, by developing market knowledge and capacity
building regarding the industrial demand with matching SHIP technologies, which favors and accelerates project
development. Finally, by fostering financing alternatives to implement such projects, which tackle the investment
constraints and risks involved in SHIP projects.
3.1. Policies and support schemes
Although renewable heat policies are much less common than policies for renewable power generation, there are
success stories that can be taken as references for other governments in order to incentivize the use of SHIP and other
renewable heat supply. The map below indicates countries that have renewable heating and cooling policies in place,
at least in some state-level (indicated by the hatched lines).

Figure 3 - Countries with renewable energy heating policies (IRENA et al., 2018)

Definition of quotas
In 2018, the European Union issued its latest directive to promote the use of energy from renewable sources and set
a dynamic target of an annual increase of 1.3% for renewable heating and cooling until 2030 (EU, 2018). Although
the actual value of 1,3% falls short in ambition, it indicates the market direction and is a long-term sign to the market.
Carbon taxes and trade
Another policy mechanism to support the rise of the SHIP market is the implementation of carbon taxes and carbon
trading schemes. India in 2010 and Mexico in 2013 introduced related measures that are now equivalent to USD 6
and USD 3,5 per ton of CO2 equivalent, respectively (IRENA et al., 2018). More recently, the South African
government approved a carbon tax law which will come into force in different phases to charge R120 (equivalent to
7,65€) per ton of CO2 equivalent (South Africa, 2019).
In 2005, the European Union implemented a CO2 “cap and trade” scheme called EU ETS – Emissions Trading
System, which works by limiting the amount of greenhouse gas emissions from heavy polluters such as
manufacturing industry sectors and conventional power plants, and the saved emissions from some companies can
be traded for other companies who would be above the threshold (EU, 2016). The price of the CO2 emissions
allowance has steadily increased in the last 3 years as shown in the graph below (Business Insider, 2019). To ensure
that carbon taxes accelerate the uptake of SHIP or any other renewable process heat supply in the industry, it is
important that, unlike in the current EU ETS scheme, all industrial sectors are included.

1425

I. Santos Ribeiro et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Figure 4 - CO2 European Emissions Allowance (Business Insider, 2019)

3.2 Capacity building and raising awareness
Insufficient capacities by solution providers and industrial end-users are still a constraint for SHIP. Capacity-building
activities have been put in practice in African countries through the Southern African Solar Thermal Training and
Demonstration Initiative (SOLTRAIN) in order to raise awareness and incentivize the deployment of solar thermal
technologies, inter alia in the industrial sector. The program, funded by the Austrian Development Agency and the
OECD Fund for International Development, contributes to unleashing the untapped potential of SHIP in the Agroprocessing and Textile industries, among others (IRENA et al., 2018).
Another example of an international program focused on developing markets is the Solar Payback project which has
a target to promoting the use of SHIP technologies across four partner countries: India, Brazil, Mexico, and South
Africa. The program presented national SHIP potential studies for each partner country and is also helping to build
reference projects. The final goal is to raise awareness and build capacity regarding technical and economic
advantages of SHIP technologies, as well as to assist stakeholders and investors to access financing (Solar Payback,
2019).

3.3 Innovative business models
The main alternative to the direct acquisition of a SHIP installation is a “Heat as a Service” or ESCO approach.
ESCO – Energy Service Company
In this model, a local entity, often a so-called Special Purpose Vehicle (SPV), is created to invest in the SHIP project,
operate it and sell the heat to the industrial customer (Putz, 2015). Thus, the ESCO takes a great part of the abovementioned risks, especially regarding the solar resource, operation costs and performance risks associated with the
SHIP projects. The contract agreement between the ESCO and the customer can take different shapes, depending on
the preferences of each party. The main aspects to be considered, as compiled by the ESCO models report from the
SHC Task 45 (Putz, 2015) and others, are mentioned below:
•

The energy price, currency, as well as an eventual indexation to a reference for future price adjustments.

• The methodology for defining the plant performance with respect to varying factors (e.g. input and output
temperatures).
•

A monitoring and verification scheme as well as a procedure for stratification or an arbitration board.

• A minimum offtake which the industrial customer guarantees to procure on both a daily as well as an
annual basis. This is especially relevant considering the commonly insufficient consumption data (see 2.2).
• Comprehensive definition of interfaces including inter alia supply of utilities (e.g. power, water, data
connection required for operation), operation responsibilities, and insurances (also differentiating the SHIP plant
and the industrial customer building).
• The financial status of the industrial customer and eventual guarantees by third parties (long-term security
for the SPV to recover its investments).
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• The balance sheet effects for the industrial customer when entering long-term heat supply agreements
(optimization of tax effects for involved parties).
There are several variations of the above-described ESCO model such as “Build-Operate-Transfer” or the “Shared
Savings”. In the first one, the operation time is typically shorter than in an ESCO contract. Thus, the end-user also
profits from delayed expenditure and less performance risk, although carrying more operating risks in the long run
(e.g. solar resource). In shared-savings contracts, which are more common in energy efficiency projects, the enduser and the operator share the savings obtained by the projects. As energy efficiency measures can be well linked
to a SHIP project, this approach can also be an attractive alternative. Depending on the specific details, the contracts
can be tailored to meet the requirements of each party. Another interesting alternative is the arrangement of longterm payments as they can reduce the burden of high-capital expenditures in the beginning.
Other possibilities to share risks and increase the attractiveness of SHIP projects for financial investors is the creation
of project pooling, which would be comprised of selected business cases already developed to be implemented with
long-term agreements. Therefore, special funds could be created to invest and manage a broader portfolio of SHIP
projects, also sharing risks and best practices.
The ESCO model can overcome the challenge of investment constraints as explained above. Yet, also the ESCOs
need access to capital. As such the ESCO concept is not new and widely applied already today in large fossil-based
energy supply. These ESCO companies are often very large companies, with turnovers exceeding 100 million €/a,
and low costs for capital. Yet, the companies establishing ESCO projects based on renewable heat are often rather
small companies, establishing a new business model. Accordingly, to accelerate the market uptake of ESCOs with
renewable heat the strength of the established player should be used. This could for example be achieved by a quota
approach whereas each company offering ESCO services has to have a certain minimum share of renewable energy
which is also increasing over time.

4. Case studies and future scenario
Although being in an infant phase, there are best practices of policy-related measures and innovative business models
to accelerate the uptake of SHIP technologies which are presented below.
4.1 Successful policy measures
Solar Concentra – Spain
Spain is one of the leading countries worldwide in the development and implementation of solar concentrating
technologies, having the largest global concentrated solar power installed capacity. From 2004 to 2012, the country
implemented strong policies to promote solar technologies and created a national technological platform called Solar
Concentra, which is a forum built from different players including the solar industry value chain, public
administration agencies, technological centers, and universities. The initiative’s main objectives are: (i) provide a
framework for the market development, (ii) foster cooperation and know-how transfer among members, (iii) enhance
competitiveness via a strategic R&D agenda, and (iv) help public institutions to define and develop programs
including solar thermal and concentrated solar technologies (PROTERMOSOLAR, 2019).
In one of its working groups, Solar Concentra developed a study focused on the Spanish potential SHIP market for
medium temperature processes (between 100 °C and 400°C) in the industrial sector. The study called “Who is Who”
delved into a more business development approach by applying a detailed filtering into three main aspects of the
feasibility of SHIP projects: (1) availability of solar irradiation in a municipality level, (2) availability of low cost
fossil fuel, and (3) industrial activity with suitable energy demand profile. The first filter applied a baseline of
minimum direct solar irradiation (4.8 kWh/m²/a) and reduced the area of analysis to locations in which the SHIP
installation can generate higher yields. The second filter evaluated the proximity and access to the natural gas grid,
which in Spain is the cheapest source of fuel. Therefore, selecting locations more likely to have expensive fuels as
they are far from the natural gas grid. The third filter used national statistical databases to select companies related
to four previously selected strategic industrial sectors, namely Food and Beverage, Paper, Textile, and Agriculture
and Cattle raising. In the second phase of the study, the Chemical, Mining, Wastewater Treatment, and Industrial
Laundry sectors were added (Solar Concentra, 2017).
The outcome of the study included visual maps showing areas with higher density of industries presenting a high
potential to implement SHIP projects, and a selected list of 200 companies for which solar energy could provide
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attractive industrial energy savings, both being valuable inputs for SHIP providers by reducing the high costs for
project development (see 2.2). In a further step, the monitoring of operation data should be fostered in order that
projects can be suitably sized more easily (see 2.3). This will benefit the implementation of any energy optimization
measure and can be incentivized in various ways from soft (e.g. fiscal) to hard (mandatory) incentives.

Figure 5 - Analysis of the heat demand in selected municipalities for the Food and Beverage sector (Solar Concentra, 2017)

Fonds Chaleur / France
In France, the ADEME (French Environment & Energy Management Agency) set up the “Fonds Chaleur” in 2009
as the major tool to reach the objective of 23% of renewable energy share in the national energy consumption by
2020 (38% in 2030). It addresses inter alia industrial heating, explicitly solar process heat. Between 2009 and 2017,
ADEME spent 1.75 billion € for 4,273 projects of which 1,696 were solar thermal (detailed data on SHIP is not
available). Selected projects receive a capital subsidy which is set in a case by case assessment and depends mainly
on the geographical area (to account for irradiation), the minimum plant performance, the current costs for fossil fuel
as well as a certain threshold of maximum eligible costs (ADEME, 2019).
One example of such an implemented project through the program is the Condat Paper mill, which came online in
January 2019 in southwest France by the ESCO supplier NewHeat. The SHIP project has a capacity of 3.4 MWth
which is provided by 4,213 m² of flat plate collectors installed with single-axis tracking, coupled with a thermal
storage of 500 m³, and which supplies around 40% of the steam boiler pre-heating demand. The total project
investment of 2.3 million euros was 61% co-funded by ADEME, and the ESCO sells heat at a fixed set price for the
paper factory (SolarThermalWorld, 2019).
4.2 Solar Process Heating Projects
Japan Tobacco International / Jordan
In 2017, Japan Tobacco International (JTI) Manufacturing installed a Fresnel collector system with an aperture area
of 1,254 m² on the roof of its facility in Jordan. The system generates steam at more than 200°C for the production
processes as well as to power a double-effect absorption chiller. The solar steam generation technology and operating
principle have already been described in detail by (Berger et al, 2016). The installation at JTI is important for two
reasons. Firstly, it proves that already today, concentrating solar thermal technologies can commercially provide
process heat at temperatures beyond 200°C, a range that cannot be reached by non-concentrating solar thermal
collectors. Secondly, it shows that the generation of both heat and cold is viable, which further increases the market
potential of solar thermal technologies in industrial applications.
4.3 Energy Service Companies / Heat-as-a-service cases
Pampa Elvira Solar / Chile
The Chilean copper producer Codelco has been benefitting from the largest SHIP installation in the country running
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in an ESCO model since 2013, which covers 80% of the mine’s heat demand, mainly used for copper electrolytic
refining. The system uses 43,920 m² of flat plate collectors with a thermal power capacity of 34 MWth to generate
hot water at 85°C, also coupled with a 4,300 m³ heat storage (Arcon-Sunmark, 2019). Pampa Elvira Solar is an SPV
created to invest, install and operate the system in a 10-year agreement providing heat at a fixed price. Located in an
extremely dry region in the Atacama desert, the collector field is dry-cleaned once a month and the plant operator is
also responsible for the operation of the existent boiler station (SolarThermalWorld, 2013).
Bonilait Dairy / France
A combined biomass and solar process heat installation is in operation at the French dairy producer Bonilait Protéines
to provide heat for drying milk and cleaning purposes at the factory. The solar field installed and operated by Dalkia
in an ESCO model is comprised of 1,500 m² of flat plate collectors and generates heat at 80 °C, also coupled with a
hot water thermal storage of 30 m³. When the solar irradiation is not enough to provide the expected temperature, the
biomass boiler covers the remaining power demand, as the whole system is operated by Dalkia, although only solar
heat is charged according to the ESCO contract (SolarThermalWorld, 2015).
With a larger implementation of such projects and the maturity of the SHIP market, these new financial tools will
become standards within the investment institutions and funds, creating momentum for a larger adoption from
industrial customers.

5. Summary
As industrial process heat accounts for approximately 20% of the total final energy demand, its decarbonization is
of major importance. Yet, renewable heat, especially in the industry, is not on track and also insufficiently addressed
by policy makers. As a complete switch to renewable electricity is not realistic, even in the mid-term, other
renewables are required. Since geothermal and biomass are locally constrained, solar thermal energy needs to play a
major role in the future industrial heat supply. However, despite SHIP projects having already proven their technical
and financial viability, the market growth remains slow. Four major hurdles need to be tackled in order to accelerate
the uptake of SHIP technologies: i) general policy framework for renewable heat, ii) high project development costs,
iii) investment constraints by industrial end-users, and iv) risks and risk allocation are identified. For all these
challenges, solutions are available and have been already proven. Countries need to set suitable targets for renewable
heat, accelerate capacity building for solution providers and off-takers, support project development and, most
importantly, accelerate the uptake of suitable financing schemes which consider the investment constraints by
industrial end-users. For the industry, financing is especially important as companies have investment policies, which
make the implementation of renewables more difficult compared to private persons or utilities.
Worldwide, various SHIP projects have already been implemented through an ESCO approach. For future research,
a comprehensive assessment and comparison of these projects are required, especially with respect to technical best
practices for monitoring and verification, contract standards as well as suitable support measures (e.g. guarantees).
Thereby it is especially interesting to examine how existing, fossil based ESCOs, can be incentivized or enforced to
switch to renewables.
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Abstract

We study the preferences in the city of Santiago of Chile about local Solar PV energy. We use an online survey
(distributed during August and October 2018, with 99 valid responses) to identify prevalent perceptions,
barriers, and opportunities related to local solar PV projects in the Santiago Metropolitan Region of Chile. We
analyze survey results to explore heterogeneity in willingness to pay for energy from a local solar project and
willingness to devote time to community led solar developments. Results can provide a better understanding of
who is and is not interested in local solar energy options, informing public policy makers.
Keywords: Chile, Distributed generation, Residential customers, Solar PV

1. Introduction
At a national scale, Chile is in the midst of a rapid technological transition to more environmentally-sustainable
energy generation sources, with a particular emphasis on solar photovoltaic (PV) technologies. However, the
degree to which this macroscale transition will be socially sustainable and inclusive on the micro scale remains
to be seen. Who will benefit from new jobs and revenue streams created by this massive growth in the solar
industry? Will everyone who wishes to have access to solar power be able to do so? In recent years,
“community solar” has emerged as an alternative business model to utility-scale solar and residential systems,
offering promise for more inclusive solar development.
In the community solar model, individuals can finance or rent portions of a solar panel array—in some cases
playing an active role in project management—and receive compensation for the generated clean electricity. The
community solar approach reduces costs through economies of scale and expands solar energy access to
portions of the population who are unable to purchase solar panels of their own due to physical, financial, or
time constraints. As such, community solar has potential to provide voice and agency to local communities to
secure their desired energy future, as well as economic and educational opportunities stemming from project
development. However, this evolving business model is inherently contingent upon community buying and,
hence, social and attitudinal factors that are not well-understood in their relation to local, shared solar initiatives.
The objectives of this work are: (i) Use a survey tool to assess respondents’ interest in participating in local solar
PV initiatives in both places (ii) Identify most influential factors in (1) interest in participating in local solar PV
initiatives, (2) willingness to dedicate time and money to such projects, and (3) willingness to collaborate with
community members, and compare between Chilean and Scottish respondents, (iii) Can trust and/or sense of
ownership explain/affect/predict these elements? (iv) Test specific hypotheses about differing answers of
Chilean and Scottish respondents, and influential factors/correlations for 3 dependent variables listed above (v)

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
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Assess and compare potential for varying forms of citizen-led/individual PV initiatives or projects in Santiago
and Edinburgh based on consumers’ perspectives.

2. Methodology
We implemented an online survey that was distributed during August and October 2018. We obtained 99 valid
responses. The variables used are:
(i) Dependent: Degree of interest in participating in a local solar PV initiative if time or money were not factors
(those with a high degree of interest can be thought of as the most broad segment of the sample population that
could be targeted for residential or community solar projects) / factor analysis, multiple linear regression,
descriptive statistics
(ii) Dependent: Willingness to participate (time and money, separately) in local solar PV initiatives
-

Which factors explain why someone who is interested in participating local solar PV initiatives is or is
not willing to dedicate time or invest money? / factor analysis, multiple linear regression, descriptive
statistics

-

H: Chilean residential electricity customers are more willing to invest time and money in local solar PV
initiatives, in comparison with Scottish residential electricity customers / Student's t-test, ANOVA,
Student's t test effect size

(iii) Dependent: Willingness to collaborate with other community members
-

Which factors explain why someone who is interested in participating local solar PV initiatives is or is
not willing to collaborate with other community members on a local solar PV initiative? / factor
analysis, multiple linear regression, descriptive statistics

-

H: Chilean residential electricity customers are less willing to collaborate with others to develop a
community solar energy project, in comparison with Scottish residential electricity customers /
Student's t-test, ANOVA, Student's t test effect size

-

The difference between one’s interest in local solar PV initiatives

-

The willingness to dedicate time and/or money in local solar PV initiatives

-

The willingness to collaborate with community members in local solar energy projects?

(v) Independent variables:
-

Socio-Demographic: Income, % of income used for electricity, Age, Education level, Urban vs
Suburban, Type of dwelling, Ownership vs rental of home, Likelihood of moving

-

Other: Familiarity with solar PV, Environmental concern, Attitude towards solar, Community identity,
Desire for energy independence, Perceptions of profitability, Sense of Ownership, Trust (in people),
Perceived financial return, Peer influence.

3. Results
3.1. Descriptive statistics
Descriptive statistics was performed in order to better understand the magnitudes of each variable declared by
the respondents. As can be seen below in Table 1, respondents present a “high” environmental concern (with
mean 6.06 and standard deviation 1.44), perceived usefulness of solar PV technology (with mean 6.08 and
standard deviation 1.49), and desire for energy independence (with mean 5.97 and standard deviation 1.65).
Respondents’ sense of ownership reaches a mean 5.26 with standard deviation 1.58 and trust presents a mean
4.86 with standard deviation 1.49. Community identity obtains a mean 5.20 with standard deviation 1.46. These
three variables can be catalogued within a “neutral and slightly high zone”. It is interesting to note that the
lowest score and highest dispersion is obtained by the buying solar technology expertise variable, with a mean
3.29 and standard deviation 1.85.
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Tab. 1. Descriptive statistics for variables that hypothetically would affect electricity residential
customers’ WTDT and WTDM to LSIPV

Type of
variable

Social

Variable

N

Mean

SD

Community identity

98

5.20

1.46

Trust

99

4.86

1.49

Willingness to collaborate with
community in a LSIPV

99

5.61

1.71

Perceived community interest in
solar energy

99

3.76

1.77

99

6.06

1.44

Desire for energy independence

99

5.97

1.65

Sense of ownership

99

5.26

1.58

Perceived usefulness of solar PV
technology

98

6.08

1.49

Perceived solar energy profitability

99

5.70

1.42

Buying solar technology expertise

98

3.29

1.85

Environmental Environmental concern

Sociotechnical

In terms of respondents’ WTDT and WTDM to LSIPV, according to Table 2, the first variable presents a mean
5.41 with a standard deviation 1.53. The distribution of the respondents’ scores indicate that most of them are
willing to devote time (76.8%) and the rest are neutral or more unwilling to do so. The second variable reaches a
mean 4.78 with a standard deviation 1.52. The distribution of the respondents’ scores indicate that 61.6% of the
respondents are willing to devote money to LSIPV but a considerable rise of indecisive people can be noted at
the same time (24.2%).

Tab. 2. Respondents’ WTDT and WTDM to LSIPV

N=99

Very Low

Low

Slightly low

Neutral

Slightly high

High

Very High

Mean

SD

WTDT (%)

4.0

1.0

6.1

12.1

18.2

32.3

26.3

5.41

1.525

WTDM (%)

6.1

2.0

6.1

24.2

30.3

18.2

13.1

4.78

1.522
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Other
Poor economic benefits derived from the project
There would not be a need to implement this type
of project
Lack of financial resources for funding the project
Lack of trust among project’s participants
Inadequate or weak project participants'
experience, knowledge or skills
Lack of project participants' time
0

20

40

60

%

Fig. 1. Main barriers for respondents to be willing to participate in a LSIPV.

Figure 1 shows the main barriers for the respondents to be willing to participate in a LSIPV. As can be seen
here, the most important barrier for them is “lack of financial resources for funding the project” (more than 50%
of the choices). It is followed by “inadequate or weak project participants’ experience, knowledge or skills”
(about 20% of the choices), and “lack of project participants’ time” (nearly 15% of the choices).

3.2. Regression Analysis
As shown below in Table 3, the regression model reasonably explains part of the variance
0.287, 4
10.759,
.001 in WTDM to LSIPV. The standardized coefficients show that the most
important or significant variable is willingness to collaborate with community in a LSIPV
0.461,
.001 , followed by community identity
0.301,
.05 , sense of ownership
0.266,
.05 , and
Education - Postgraduates v/s Secondary school or below
0.256,
.01 . The rest of the variables,
namely trust, perceived community interest in solar energy, environmental concern, desire for energy
independence, perceived usefulness of solar PV technology, perceived solar energy profitability, buying solar
technology expertise, house ownership, electricity payer, education (other categories), income, age, and gender
are not significant and, therefore, they are not included in Table 3. After checking the case-wise diagnostics and
residuals statistics, we found six potential cases to be catalogued as influential or outlier. Nevertheless, none of
these six cases presented a Cook’s distance greater than one, so we can conclude there is no influential case or
outlier that justifies a removal.
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Tab. 3. Significant coefficients of the regression analysis for WTDM

Unstandardized
Coefficients
B
Constant

2.884*

Std.
Error

Standardized
Coefficients
Beta

**

.545

Community identity

-.314*

.125

-.301

Sense of ownership

.256*

.107

.266

.409***

.117

.461

1.626*

.550

-.256

Willingness to collaborate with community
in a LSIPV
Education (Postgraduates v/s Secondary
school or below)

*

Dependent Variable: WTDM
***

p < .001

**

p < .01

*

p < .05

As can be seen in Table 4, the regression model explains a relevant part of the variance
0.506, 6
17.541,
.001 in WTDT to LSIPV. The standardized coefficients show that the most
important or significant variable is willingness to collaborate with community in a LSIPV
0.808,
.001 , followed by sense of ownership
0.220,
.05 , trust
0.206,
.05 , buying solar
technology expertise
0.180,
.05 , house ownership
0.167,
.05 , and electricity payer
0.167,
.05 . The rest of the variables, namely community identity, perceived community interest in
solar energy, environmental concern, desire for energy independence, perceived usefulness of solar PV
technology, perceived solar energy profitability, education, income, age, gender are not significant and,
therefore, they are not included in Table 4. After checking the case-wise diagnostics and residuals statistics, we
found six potential cases to be catalogued as influential or outlier. Nevertheless, again, none of these six cases
presented a Cook’s distance greater than one, so we can conclude there is no influential case or outlier that
justifies a removal.
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Tab. 4. Significant coefficients of the regression analysis for WTDT

Unstandardized
Coefficients

Standardized
Coefficients

B

Std.
Error

3.278***

.493

Buying solar technology expertise

.150*

.063

.180

Trust

-.211*

.084

-.206

*

.092

-.220

Willingness to collaborate with community
in a LSIPV

.722

***

.087

.808

House Ownership (Owner = 0, Tenant = 1)

-.658*

.289

-.167

*

.248

-.167

Constant

Sense of ownership

-.213

Electricity payer (Respondent = 0, Someone
else = 1)

-.575

Beta

Dependent Variable: WTDT
***
*

p < .001
p < .05

4. Discussion and Conclusions
Regarding the results shown above, people have a high score for all variables, generally speaking, with the
exception of two variables: perceived community interest in solar energy and buying solar technology expertise.
Here, it is interesting to see that the respondents might not have enough knowledge about what their neighbours
think about solar energy development, which would denote a need for improving the communication among the
neighbours. This may imply a cultural change that may take a huge effort, but it should be possible. Moreover,
respondents do not think or feel they know enough to buy solar energy technology. This means that the
government and/or private sector should strengthen the current communication channels and deploy an effective
marketing strategy that targets potential customers of solar energy technologies, especially taking into account
that there would be a potential market to explore, as respondents would be willing to participate in LSIPV. In
terms of trust and community identity, both variables are closer to the “neutral” score. In this sense, the
government should deal with this matter by encouraging and facilitating the communication as well as deeper
connections or relationships among the neighbours of a particular community. Of course, this does not
exclusively depend on specific activities carry out by some public or private entity; rather, there are more
profound cultural, psychological, historical, and sociological aspects that also need to be properly addressed in
the context of LSIPV emergence. This might take longer, but it should be considered and promoted, especially
in the context of community energy emergence in Chile.

We can also highlight that people in this study has a high WTDT but a lower WTDM, in comparative terms.
This might be influenced by the fact that people have different disposable income, knowledge or education, or
other things not accounted in this study. However, it is interesting to see that the most relevant barrier for them
is “lack of financial resources for funding the project”, which would indicate that financial constraints, some
reluctance about spending money in such initiatives, or just uncertainty about how the project is going to be
completely funded, could strongly be influencing the final choice. In this sense, the last two elements could have
more relevance due to most people have undergraduate and/or postgraduate studies (82%) what would indicate a
better access to financial resources, a better wage, so it would be possible a situation where people have the
money but they just do not want to spend it in LSIPV. Another interesting thing is that, even when people is
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willing to spend time in LSIPV, they are worried about the project participants’ time, so here the focus should
be on promoting an equal participation of people in such initiatives in case of having a collective project like a
community energy project. At the same time, improving and strengthening people’s expertise should be a
priority, at least, at a basic level that is enough for knowing the project management main aspects. In any case, it
is not necessary that all people have to know everything about how to manage a project. Some people can
volunteer, some public/private organisation can provide advice, etc.

Nevertheless, according to the aforementioned results, respondents would participate in LSIPV anyway. Of
course, the next question is how (or alternatively, through which scheme) would people participate in LSIPV?
We encourage further research in this sense for Chile, particularly addressing social elements like sense of
ownership as mentioned beforehand.

Concerning the regression analysis results, we can highlight that willingness to collaborate with community in a
LSIPV, community identity, sense of ownership, and education (postgraduates v/s secondary school or below)
are significantly related to WTDM to LSIPV. Willingness to collaborate with community in a LSIPV offers the
largest positive contribution to WTDM, which is expected. On the other hand, the largest negative contribution
to WDTM is given by community identity. This might be explained by the fact that respondents would not have
a strong identity or attachment with their closest community or group of neighbours. However, they might be
willing to collaborate with others by devoting money only if they develop a specific initiative with others
(community), such as a LSIPV. In the same vein, when respondents present a lower education level, they would
not be willing to give money, which can be seen through the coefficient for education (postgraduates v/s
secondary school or below). Finally, sense of ownership is positively related to WTDM. This might be
reasonably explained by the fact that respondents that want to make decisions and assume benefits, costs, and
risks (derived from a LSIPV), would contribute money in order to get more rights (more ownership) and then,
they would see their (financial) contribution rewarded by the LSIPV not only financially, but also
“administratively”. In other words, they would be willing to put money if they feel that they would have enough
rights or ownership.

In terms of the second regression model, we notice that willingness to collaborate with community in a LSIPV,
sense of ownership, trust, buying solar technology expertise, house ownership, and electricity payer are
significantly related to WTDT to LSIPV. Willingness to collaborate with community in a LSIPV offers the
largest positive contribution to WTDT, which is expected. Buying solar technology expertise is the second
positive contribution to WTDT in terms of magnitude. This might indicate that respondents with knowledge
about what, how and where to buy solar technologies, would be willing to contribute to LSIPV by spending time
and delivering their knowledge as well. The coefficients for house ownership and electricity payer negatively
contribute to WTDT indicating that when respondents are not the owners or are not paying the electricity bill,
they are not willing to spend time in a LSIPV. Trust is also negatively related to WTDT and this might be
explained by the fact that respondents that trust in others could spend time in other activities instead of spending
time in LSIPV, given that they actually trust in others’ actions (within a LSIPV). In the same vein, sense of
ownership negatively affects to WTDT. This might be seen as respondents with the chance of making decisions
and assuming the benefits, costs, and risks (derived from a LSIPV), would not like to spend time in a LSIPV
because they feel they have enough rights to be rewarded without being involved too much time.

Based on the above, some recommendations can be given in order to encourage the emergence of citizen
participation in energy production initiatives:

1) Foster deeper communication and connections within the communities and let them know the
advantages of that and the initiatives they might conceive in terms of energy production.
2) Give more information about solar energy technologies as well as the opportunities that
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energy/electricity markets could provide for people.
3) Delve into and analyse more social elements (especially taking the concept of sense of ownership into
account) that may influence WTDT and WTDM, broadening the scope and collecting more
representative data from Chilean residential customers.
4) Design and implement specific tools based on social and/or economic variables, for example, that help
people to decide which scheme would be the best for them. This can be seen as an analogy of the
customers risk profiles for financial investments, made by some financial companies.
5) Define specific and verifiable policies (and procedures) for promoting citizen participation in energy
production jointly with Chilean communities.
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Abstract

Electricity consumption patterns are changing globally. This is in part due to the emergence of the electricity
prosumer, where an electricity customer is also generating electricity, mostly from rooftop photovoltaic (PV)
installations.
This study introduces a computerized multi-criteria decision support tool for policy makers based on agent-based
modeling (ABM) that mimics the installation patterns of these rooftop PV installations by households over time
under different conditions. Input to the tool is provided by the results of an extensive online survey with residential
electricity customers, conducted in 2018 aimed at understanding the drivers for household investment in rooftop PV,
as well as workshops with distribution utilities held in 2019.
Additional inputs to this tool includes; rising electricity tariffs; changes in electricity tariff structures; the falling cost
of rooftop PV systems; municipal regulations; national regulations; power supply interruptions and; punitive
measures for unregistered and non-compliant PV systems.
The tool measures how, and to what extent, individual choices pertaining to the installations of residential rooftop
PV are both influenced by the state of the system and influences the state of the system in turn.
Keywords: Rooftop photovoltaic systems, electricity tariffs, net metering, feed-in tariffs, grid defection, agent-based
modeling, multi-criteria decision making.

1. Introduction
The worldwide increase in installations of rooftop solar photovoltaic systems (PV) (IRENA, 2016; IEA, 2018;
REN21, 2019), as evident in Figure 1, is changing the way that households consume electricity. The rising cost of
electricity, the falling cost of PV technologies (see Figure 2), and an increased awareness of the need to reduce
consumption of electricity generated from the burning of fossil fuels, are all motivating factors for this increase.
These trends are also seen in South Africa (see Figures 3 and 4), where continuing power failures further spurs on
investments in rooftop PV. Although the benefits of rooftop PV is recognized, the increased penetration might pose
both a risk to the financial viability of electricity utilities and a technical risk to grid operators, especially if the
systems are not installed according to regulations. This risk is increased if the grid operator is unaware of the location
of installations. In South Africa, only an estimated 25% of residential rooftop PV installations are registered at the
local authority as required by law, with the remaining 75% of households opting to flaunt the law (Korsten et al.,
2017; SEA, 2017; Korsten, Kritzinger and Scholtz, 2018a, 2018b; Baker and Phillips, 2019; Zander et al., 2019).
In the light of this, and in combination with other changes in electricity consumption, it becomes increasingly
important to identify and understand the drivers of rooftop PV investment decision in the residential sector and the
effect that these changes might have on the long term viability of utilities (van Niekerk, Kritzinger and Bekker, 2014;
Montmasson-Clair, G; Kritzinger, K; Scholtz, L; Gulati, 2017; Coley et al., 2018a; Korsten, Kritzinger and Scholtz,
2018a, 2018b). Not only do the expectations of electricity customers often not align with the expectations of the
utility, but the expectations of utilities also differ depending on whether their mandate includes the local, regional or
the national level.
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Figure 1 (left): Global total solar PV installed capacity 2000-2018 from (Schmela et al., 2019) and Figure 2 (right): Solar electricity
generation cost in comparison to other power sources 2009 – 2018 (IEA, 2018; IRENA, 2019; REN21, 2019; Schmela et al., 2019)

Figure 3 (left): LCOE for solar PV in South Africa, 2009 to 2016 for utility scale and for commercial and industrial (C&I) rooftop
installations, in USD per MWh adapted from (DoE, 2018) and Figure 4 (right): Additional rooftop PV installed in South Africa up to
2018 from (AREP, 2019)

This study explains the rationale for building a computerized multi-criteria decision support tool for policy makers
that mimics the installations of residential rooftop PV installations over time under different conditions.to better
understand the complex interaction between consumer investment decisions and the tariffs charged by utilities. The
aim of the tool is to visualize how changes in rooftop PV installations and different policy conditions mutually
influence each other and the effect that these changes have on rooftop PV installations, policy changes as well as the
electricity system. The computerized tool includes inputs that affect the system, such as; rising electricity tariffs;
changes in electricity tariff structures; the falling cost of rooftop PV; municipal regulations; national regulations;
power supply interruptions; and punitive measures for unregistered and non-compliant PV installations. The tool
measures the effects these changes have on the system. Input to the tool is guided by the results of an extensive online
survey with residential electricity customers, conducted in 2018 (Korsten, Kritzinger and Scholtz, 2018b) and
workshops with distribution utilities held in 2019.
The paper is structured as follows; Section 2 provides the business case for rooftop PV from the household
perspective; Section 3 continues with the business case for from the utility perspective; electricity tariffs are discussed
in Section 4; Section 5 provides a general background on modeling techniques; Section 6 introduces the decision
support tool and provides an analysis of the inputs needed; Section 7 provides preliminary results and concludes the
work.

2. Rooftop PV: electricity customer perspective
Literature shows that internationally household decision to install rooftop PV is mostly influenced by financial,
social, and environmental factors (Korsten, Kritzinger and Scholtz, 2018a). An electronic survey conducted in 2018
(Korsten, Kritzinger and Scholtz, 2018b), identified that currently South African households are mostly influenced
by their ability to pay the capital cost as well as whether someone in their social group have already invested or
whether they have been exposed to the technology in some other way. The survey also showed that the perception
of high electricity tariffs and a low trust in the utility’s ability to provide uninterrupted power supply influenced the
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investment decision. The business case for rooftop PV in combination with the findings of this survey is used to
model future rooftop PV investment decisions for residential customers.
Although there are technical issues that the owners of rooftop PV have to manage, financial viability is a critical
consideration for a new installation. There are three main factors that determine the financial viability for rooftop PV
from the investor’s perspective; the solar resource; the cost of the system and; the active energy charge part of the
electricity tariff. Other less important factors include the expected lifespan of the installation, expected maintenance
costs, replacement of parts and the degradation of the panels.
A simplified formula to calculate the viability of rooftop PV, is; P = C / (EC x SR), where P is the payback period in
years, C is the capital cost per kWp, EC is the active energy charge per kWh and SR is the amount of electricity that
the installation will generate per year per kWp installed. As an example, if SR = 1 500, EC = 0.08 USD per kWh and
C = 1 400 USD / kWp, then the simple payback period is; 1 400 / (0.08 x 1 500) = 12 years.
While the solar resource and capital cost falls outside the ambit of control of the electricity utility, the tariff is
determined by the utility, offering an opportunity for the utility to manipulate the rooftop PV installation market by
either stimulating installations or by discouraging same. However, while an electricity tariff with high active energy
charges might encourage the installation of rooftop PV, and might lead to a loss of income for the electricity utility,
high fixed electricity charges might encourage customers to also disconnect from the utility and become selfsufficient, impacting even more severely on revenue flow. This is the dilemma that utilities face.

3. Rooftop PV: utility perspective
While rooftop PV installations on private buildings might impact on municipalities’ finances, it will also impact on
the technical operations of the electricity utility.
While the immediacy of electricity is not always evident for electricity consumers, it is the responsibility of the
electricity transmission and distribution utilities to balance the generation and consumption of electricity in real time.
The fluctuating electricity demand of individual consumers becomes reasonably predictable with aggregation, as
consumers switch loads on and off independent of each other. Electricity utilities traditionally use this aggregated
demand of customers in their network design, which means that the substation capacity is often much lower than the
sum of the individual customer capacities feeding from that substation. This is especially true in residential areas.
However, the integration of rooftop PV increases the complexity of the system by adding distributed and variable
generation profiles to the pre-existing distributed and variable demand profiles. In addition, variable renewable
energy generation only smooths out with aggregation over a large geographic area. It follows that if PV is installed
on the roofs of all individual electricity customers up to their individual capacities, there will be a system overload
when the sun is shining equally on these systems and the individual loads are not collectively high enough to absorb
this generation. This can cause power quality problems and equipment damage (Mararakanye and Bekker, 2019). In
addition, this could also pose a safety risk to utility employees working on these lines if the utility is not aware of the
rooftop PV installations, and if it is configured to feed back into the grid during a power outage (Reinecke et al.,
2013).
When an electricity customer installs a rooftop PV system, this customer uses less electricity and consequently pay
less to the utility. However, depending on the financial and technical structure of the utility, the cost to supply this
customer might be independent of the amount of electricity used.
The immediacy of electricity generation and consumption also affects the cost. Electricity generated when there is a
high demand is more useful and thus more valuable than electricity generated in a low demand period. If electricity
generated by the PV is not used on site when generated, it will feed into the grid. Depending on the physical structure
of the grid, and the load profiles of other loads in the vicinity, this electricity might be evacuated to other loads further
away. The cost of these systems to the utility is thus also influenced by where the electricity is used and the resultant
electricity losses as well as whether this electricity needs to be curtailed.
The tariff structure of these purchases will also influence the financial implication of these rooftop PV installations
where utilities (i.e. distribution utilities), purchase electricity from other utilities (i.e. generation or transmission
utilities). It goes without saying that the same financial implication as stated above for electricity customers
purchasing less from the utility will be true for utilities purchasing from other utilities.
Interviews conducted by the researchers with key personnel from South African utilities indicate that they are well
aware of both the financial and technical challenges that will flow from an increase in rooftop PV penetration. At the
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same time they are in support of, the need to move the power system away from fossil fuel generation and agree that
rooftop PV has the ability to assist in this. They are all aware of the falling price of PV technologies and the increase
in installations as well as how this would most probably only accelerate in the near future.
In order to address existing and future impacts on revenue, utilities are looking for ways to combat the anticipated
problems. All utilities are investigating new tariff regimes that are fair and equitable and do not disproportionally
benefit certain sectors. Some utilities are incorporating rooftop PV targets into their roadmaps towards sustainability
and resilience whilst others are also investigating the ability of rooftop PV to solve capacity constraint problems for
new developments.
All are concerned about the high number of unregistered rooftop PV systems in their jurisdiction. Respondents to
the electronic survey who already have rooftop PV installed mostly (75%) indicated that they did not inform their
utility of this installation. The utilities are mostly uncertain about how to address this as they are acutely aware of
the likely repercussions from both a hard line approach and by overlooking this. In addition, most utilities are
investigating own generation and the possibility of becoming more independent of the national grid, both for financial
reasons and because they are of the view that Eskom will not be able to provide them with an uninterrupted power
supply in the future, the exact same argument that the end-consumers make with regards to them. It is in this context
that correct tariff setting becomes critical to avoid alienating prosumers and to ensure that they not only stay
connected, but also that they register their systems with their respective utilities.

4. Electricity Tariffs
Globally, electricity is mostly sold at a predetermined rate, an “electricity tariff”. These tariffs generally include;
fees per time unit; capacity fees and active energy charges.
Fees per time unit are set fees charged per day, per week or per month and does not depend on the amount of
electricity consumed.
Capacity fees are charged for both the maximum electrical capacity required by the customer, irrespective of whether
this capacity is ever utilized and for the maximum capacity utilized. The first fee is usually charged as a “notified
maximum demand” and penalties imposed should this be exceeded in a specific time period. Capacity fees are
charged for the actual peak demand in specific time periods when the grid is under strain.
The active energy charge or “per kWh” charge, is the fee that people are most familiar with and can be charged at;
•
•
•
•
•

a set rate per time period
an inclining block tariff, where the price per unit goes up the more is used in a time period
a declining block tariff, where the price per unit goes down the more is used in a time period
a time-of-use (TOU) tariff, where units used in specific high demand time periods (either daily or seasonally
or a combination of these) are charged differently
a dynamic TOU tariff, where the cost per unit dynamically changes according to the demand for electricity
at any specific time

Internationally, electricity tariffs differ according to the cost of electricity generation, transmission and distribution
as well as the level of subsidization. The individual tariffs that electricity customers pay can also differ according to
their customer class and / or usage patterns. It is quite common that high-income high-earning electricity customers
cross-subsidize other low income / low earning electricity customers. In some countries, as is the case in South Arica,
the income from electricity is also used to cross subsidize other municipal services.
Most utilities in developed countries bill electricity customers in an appropriate cost-reflective manner. An example
of this is the declining block tariff structure, where the monthly kWh amount of active energy used is charged at a
lower rate for high use customers, in line with their cost to the utility. However, in developing countries, income
from electricity sales from high income customers are often used to cross subsidize electricity sales to low income
customers. This is done using an inclining block tariff structure, where the active energy charge is increased for
higher amounts of kWh used per month and is particularly popular with utilities for residential customers in South
Africa. It is often justified as a tool to incentivize energy saving, energy efficient appliances and self-generation of
electricity. This tariff structure also makes it more financially viable for the high electricity users (who usually costs
the least per unit to supply with electricity) to install rooftop PV than for electricity customers who use less electricity.
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Metering: Simple mechanical electricity meters, that are manually read (usually on a monthly basis) or simple
electronic prepaid electricity meters (kWh “units” of electricity is paid for and loaded and the meter counts down the
units as these are consumed), usually only measure the active energy used by the customer and do not capture the
time of day that this energy is used nor the electrical capacity utilized. Most residential electricity customers
worldwide have these simple meters installed and are only charged for a combination of fees per time unit, capacity
fees and an active energy charge per kWh.
Larger electricity consumers, such as commercial and industrial (C&I) customers, usually have more sophisticated
electricity meters installed and the utilities are able to charge these customers with more sophisticated tariffs. This
tariff will more often include all three charges as described above.
Electricity tariffs in South Africa: In South Africa Eskom is the primary generator and seller of electricity. While
some municipalities purchase electricity from Eskom and resell to their customers, in other areas customers are
serviced directly by the distribution arm of Eskom. Accordingly, electricity customers either pay their electricity bill
to Eskom or to their local municipality.
The residential electricity tariffs in South Africa are typically based on the ability to pay as well as on usage. Indigent
electricity customers are on average provided with 40 to 100 free units of electricity per month and the units
exceeding this is typically charged at an inclining block tariff. Higher income customers are often charged at an
inclining block tariff. This results in low income electricity customers and customers who use a low amount of energy
per month typically paying less per kWh than higher electricity users. To date the active energy charge part of the
electricity charge makes up the largest part of the electricity bill for residential customers. However, this is starting
to change, in part due to the uptake of rooftop PV, with some distributors introducing set charges to their residential
customers. C&I electricity customers in South Africa are charged with a mix of capacity, time-based and active
energy charges. Active energy charges makes up about 50% of the electricity bill for C&I customers. The aggregate
electricity tariff from (Bradshaw and Martino, 2019) for a few key countries, including South Africa, can be seen in
Figure 5.

Figure 5: Aggregated electricity tariffs in USD per kWh (Y-axis) for selected countries (Bradshaw and Martino, 2019)

Figure 6 provides a visualization of residential electricity tariffs in South Africa, showing the average monthly
electricity consumption on the X-axis. The average of these electricity tariffs is shown with a bolder line and the
aggregate electricity tariff according to (GlobalPetrolPrices.com, 2019) with a dark brown line. The data for the
individual distributors was collected from the websites of the distributors (City of Cape Town, 2019; City of
Ekurhuleni, 2019; City of Tshwane, 2019; Eskom, 2019; eThekwini Municipality, 2019; Gildenhuys, 2019; NMBM,
2019; Stellenbosch Municipality, 2019).
The contrast between the declining block tariff for residential customers in South Africa, as is evident in Figure 6,
and the inclining block tariff (typically including set charges) that German households are charged with, is illustrated
in Figure 7.
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Figure 6: Residential electricity tariffs in South Africa, for representative municipalities (thin brown lines), the average of these individual
residential electricity tariffs (bold, light brown) and the aggregate for all electricity tariffs for South Africa from (GlobalPetrolPrices.com,
2019) (dark brown). The X-axis shows the kWh used per month. The Y-axis is the cost per kWh converted to USD (0.0715 ZAR : 1 USD)

.

Figure 7: Average of individual residential electricity tariffs for South Africa (brown, from Figure 6) compared to average of individual
residential electricity tariffs for Germany (blue)

SSEG tariffs: When rooftop PV is installed on an electricity customer’s property, and depending on the specific
regulation and the electricity utility involved, the electricity customer either stays on the same tariff structure as
before the installation, or the electricity tariff is changed to a new tariff structure. New electricity tariffs that allow
for the rooftop PV installation are referred to as small-scale-embedded-generation (SSEG) tariffs, which can be
based on net-metering, where the electricity consumed and the electricity fed back into the grid are charged at the
same rate. This could mean that a rooftop PV installation can generate electricity all day and feed this into the grid
whilst allowing the prosumer to use grid electricity at the same cost in the evening. Net metering tariffs can also be
more sophisticated and charge at a TOU rate, which could mean that the electricity fed back into the grid is paid for
at a different rate than the electricity used, depending on the time of the day (or the time of year).
In areas where the installations of rooftop PV is actively encouraged and financially incentivized, the tariff paid to
the prosumer for electricity fed back into the grid could be the same rate (net metering) or at a higher rate (when the
installations are actively encouraged) than the electricity bought by the prosumer from the utility. More often though,
the excess electricity fed into the grid is paid for at a lower rate than what customers typically pays for electricity
consumed from the grid. This differentiation in the tariff is to compensate the utility for the costs it still incurs to
supply the customer with electricity.
Electricity has the unique characteristic that it needs to be consumed at the moment it is generated. It is for this reason
that, electricity generated at different times of the day, week or year, and for different applications, is generated at
different costs and is bought at different rates. As illustration, one might be perfectly willing to switch off your lights
at night, or do washing at a different time of the day, but less willing to switch of an air conditioner at midday or the
stove while preparing an evening meal. Research has in fact shown that residential electricity consumption behavior
does not shift easily. This might be due to the historically low cost of electricity, the inelasticity of electricity pricing,
a delayed effect not yet measured or as yet unknown factors (EU-INOGATE Programme, no date; de Lange, 2008;
Salvoldi, 2008, no date; Mendonca, Jacobs and Sovacool, 2010; Sorasalmi, 2012; Kelly, 2015; Hobman et al., 2016;
Presutti, Bruce and Macgill, 2017)
The immediacy of electricity means that electricity customer classes that use electricity in the day time when the sun
is shining and do not close on weekend or public holidays are best suited for rooftop PV installation, as all of the
electricity generated could be self-consumed. Businesses or households that do not have continuous day time
electricity use will need to ensure that electricity can be fed into the grid and would probably want to be compensated
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for this. Residential electricity customers typically do not self-consume a high percentage of rooftop PV electricity
generated due to their dis-aggregated electricity usage patterns. Note that electricity generated during a power cut is
curtailed if not used on site and the income forgone.
Furthermore, if the tariff regime for residential customers (with or without rooftop PV) is changed from a simple
energy-based tariff (that might also include set charges) to a more complex tariff (TOU, peak demand charges etc.),
the cost of the new, more sophisticated, meters as well as the cost of the new, more sophisticated, billing regime
should be weighed up against the implications of the desired outcome.
Although the installation of rooftop PV is generally not actively encouraged in South Africa, installation guidelines
and SSEG tariffs are available in most major cities as well in some smaller towns. While C&I electricity customers
can benefit from an accelerated depreciation for tax purposes (100% deducted as an expense in year 1), residential
electricity customers do not qualify for this incentive. Electricity customers with rooftop PV are typically expected
to apply at their distribution company, to install bi-directional meters (unless no electricity will be fed back into the
grid) and to pay for these meters. These SSEG tariffs usually consist of a time-based component and active energy
charges. The electricity fed back into the grid is normally refunded at the same level as what the distributer purchases
electricity from in that time slot, which is typically a lower charge than the electricity consumed. In some cases, the
SSEG tariff is a TOU tariff (Janisch, Euston-Brown and Borchers, 2012; Korsten et al., 2017; Scholtz et al., 2017;
City of Cape Town, 2019; City of Ekurhuleni, 2019; City of Tshwane, 2019; Eskom, 2019; eThekwini Municipality,
2019; NMBM, 2019; Stellenbosch Municipality, 2019).

5. Modeling methodology
There are multiple methods with which to model the electricity system to assist policymakers with decision making,
including those traditionally used in electrical engineering. However, it is becoming necessary to amplify these with
new design tools, such as the proposed agent based software and system dynamics modeling techniques that are able
to capture the complex system behavior and observe the emergent behavior of the system (Kremers et al., 2010).
Most of the existing models only include the influence that electricity tariffs and connection costs might have on
rooftop PV adoption and do not model the impact that this same rooftop PV adoption has on electricity tariffs or on
interconnection costs (Coley et al., 2018b).
This decision-making tool uses a combination of system dynamic-, agent-based- and discreet event modeling. These
three modeling techniques are described below;
System dynamic modeling has been in use for about seventy years. It is “the study of information-feedback
characteristics of industrial activity to show how organizational structure, amplification (in policies), and time delays
(in decisions and actions) interact to influence the success of the enterprise” (Forrester, 1961). Processes are
represented as stocks, flows between stocks and information determining the values of these flows (Borshchev and
Filippov, 2004).
With agent based modeling, the “selfish” behavior of “agents” are defined by the modeler at an individual level,
with the overall system behavior emerging as a result of the decisions made by these individual agents, based on the
environment they find themselves in (Borshchev and Filippov, 2004).
Discrete event modeling was developed in 1961as a discrete time simulation general-purpose programming
language for IBM (Gordon, 1961). With this type of modeling, entities are passive objects that travel through blocks
in a flowchart in a typical algorithmic way (Borshchev and Filippov, 2004).

6. The model
The tool does not aim to arrive at a definitive answer, but rather to investigate and build a better understanding of
the complex interactive nature of “agent” actions over time to investigate whether it is possible for a stable and more
prosperous system to emerge from these independent or “selfish” decisions. “Prosperity” in this sense refers to the
financial viability on all the levels individually and together, but also includes a healthier and more robust
environment as well as fair and equitable in social terms. The tool also allows decision makers to rank their goals
according to their own priorities in order to observe how the scenarios are influenced by this. The input of predetermined cut-off points (greenhouse gas (GHG) emissions, cost, stability etc.) is also possible.
The measurement criteria with which to evaluate the outputs of modeling runs using the tool include; the impact that
the policy environment has on the rate of PV installations over time and; how the electricity tariffs evolve or; how a
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pre-determined tariff trajectory will influence the system in other ways. In addition, measurement criteria also
include;
•
•
•

Financial implications, including the business case for each entity;
System stability, including the likelihood of excessive ramp rates at system level and the likelihood of
system overload at local level;
Environmental impact, focusing on the level of GHG emissions

The entities or “agents” in the tool are; the electricity end consumers; clusters of electricity end consumers located
in close proximity to each other; distribution utilities; transmission utilities; generators and; policy agents. Some of
these agents are embedded within each other. All of these agents make their own decisions independently from each
other, but are influenced by the decisions of other agents that they observe. Agents do not have perfect knowledge
of the entire system, but are only affected by the part of the system that they are able to observe. However, even in
the case where agents have perfect knowledge, it does not necessarily follow that their actions and decisions are
rational.
The agents are described below. For more information on these agents, see Table 1.
Level 1 agents, electricity end-consumers: These entities include; households, businesses, factories, warehouses,
farms, schools, government buildings. These agents purchase electricity from Level 2, Level 3 or Level 6 agents. In
addition to its type, each agent is also assigned certain attributes including; location; property size; building size and;
property value. According to their geographic location, these agents either purchase electricity directly from a utility
(Eskom or the metro/municipality) or via their clustered neighborhood or estate, who in return purchase electricity
directly from a utility. The starting state of these entities is either “with a rooftop PV system installed” or without.
The decisions of these agents as to whether to install a rooftop PV or not are based on their own attributes (available
space, solar resource, financial attributes, electricity use) as well as on the attributes of their geographic location
(who they purchase electricity from, at what tariff, how many rooftop PV installers operate in their area and what the
installation price is, who they are in contact with). These agents make decisions at two-month intervals and their
decisions are implemented within one month of a decision.
Level 2 agents, “neighborhoods” or “estates”: These entities are made up of clusters of Level 1 Agents (residential,
commercial, industrial or mixed-use) and purchase electricity either from Level 3 agents or directly from Level 5
agents, which is then sold on to the Level 1 agents in their cluster. They can make decision on the regulation or
promotion of installations of rooftop PV by their residents and their decisions are influenced by the actions of their
residents (while the residents’ decisions in turn are affected by these rules). These entities can also decide to install
rooftop PV on communal buildings or on open ground and have the ability to change the structure of the tariff that
they charge their residents. They will make decisions every six months and their decisions will take three months to
implementation.
Level 3 agents, distribution utilities: These include municipal electricity distributors and the distribution arm of
Eskom. These entities have independent decision making capabilities, however, their decisions are based on the
decisions of the entities within their distribution area. Distributors purchase electricity from Level 4 and Level 5
agents, and sell to Level 1 and Level 2 agents. Level 3 agents have the ability to influence or promote the installation
of rooftop PV to their customers and also have the ability to install rooftop PV on their own buildings or on open
land. They will make decisions once a year and their decisions will take six months to be implemented.
Level 4 agents: Transmission utility: This entity sells electricity to Level 3 agents and can influence their decisionmaking. This entity has the ability to change the structure of the tariff that it charges its customers based on approval
from the regulator. They will make decisions once a year and their decisions will take six months to be implemented.
Level 5 agents: Generation utility: This entity is a standalone generator with no significant own electricity use and
no mandate for transmission and distribution. Generation units that are owned by level 1 – 4 agents where the
electricity generated is used on site, are integrated into the attributes of that agent. Level 5 agents are able to sell
electricity to Level 1, Level 2, Level 3 and Level 4 agents.
Level 6 agents: Policymakers: These are regional and national government departments and agencies as well as
regulators, such as the National Energy Regulator of South Africa (NERSA). These agents make policy decisions
that affect the behavior of all the other agents. However, the decisions that these policy agents make are also based
on the decisions of the other agents at that time. Policy decisions that are made on level 1-5 agent level are integrated
in the attributes of the agent.
Additional information on the agents, their attributes and determinants are provided in Table 1.
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Table 1: Model for the policy tool illustrating the different agents, interactions and attributes

Embedded in

Attributes

Embeds Type

Commercial
Government

Industrial

n/a

Level 2 / Level 3 / Level 6

Level 1 agents: Electricity end-consumers

Households

Geographic location

n/a
Level 1, Level 2,
Level 3, Level 4,
Level 5

n/a

National Utility / Metro / small
municipality

From Level 1
attributes

Eskom

National: (DoE, DST,
dti, NERSA), regional Wind, PV, CSP, Coal, Nuclear, Wind, Hydro,
(provincial) and local
Pumped hydro, Energy storage
(municipal)

Level 1, Level 2

Level 4

Level 1

Level 3

n/a

Level 5 agents: Generation utility

Level 4 agents:
n/a
Transmission utility

Level 6 agents:
Policy environment

Property size
Property type
Owner occupied / rental
Trust in utility
Has PV / No PV
Geographic location
Property size
Property type / occupancy
Trust in utility
Has PV / No PV
Connction type (LV/MV)

Geographic location
Property size
Property type / occupancy
Trust in utility
Has PV / No PV
Connction type (own line, shared
connection)
Likelihood to install PV
Distributor (and tariff) / Neigborhood effect / Solar
Geographic location
resource / cost of PV / PV installers in area
Property size
Suitabilty for PV
Property type / occupancy
Suitabilty for PV
Has PV / No PV
Starting attribute, re-evaluated every 2 months.
Connction type (own line, shared
connection)
Likelihood to install PV
From of Level 1 determinants

Level 3, Level 5,
Level 6

Level 3 agents: Distribution
utilities

Level 2 agents:
Clusters of
Electricity endconsumers

Property value

Determinant of attribute
Distributor (and tariff) / Neigborhood effect / Solar
resource / cost of PV / PV installers in area
Property value / property size determinant of likelihood
to install PV
Property value / property size determinant of likelihood
to install PV
Space availability
Suitabilty for PV
Likelihood to install PV
Likelihood to install PV
Starting attribute, re-evaluated every 2 months.
Distributor (and tariff) / Neigborhood effect / Solar
resource / cost of PV / PV installers in area
Suitabilty for PV
Suitabilty for PV
Likelihood to install PV
Starting attribute, re-evaluated every 2 months.
Likelihood to install PV
Distributor (and tariff) / Neigborhood effect / Solar
resource / cost of PV / PV installers in area
Suitabilty for PV
Suitabilty for PV
Likelihood to install PV
Starting attribute, re-evaluated every 2 months.

From Level 1 attributes

From Level 1 and 2 attributes
Financial position
Own policies
Tariff regime
System strenght
Own generation
From level 1, 2, 3 attributes
System strenght
Policy implementation

Distributor
Generator
Policy
From Level 1 and Level 2 determinants
Distributor
Generator
Policy
Starting attribute, re-evaluated every 1 year
Starting attribute, re-evaluated every 1 year, new
regime in effect after 6 months
Likelihood of power failures
Starting attribute, re-evaluated every 1 year
Likelihood of power failures
Policy

Location

Resource, generation forecast

Technology

Generation forecast

Age

Generation forecast / retirement / new generation

Financial position

Retirement / new generation

Historical performance

Generation forecast

Targets, programmes,
commitments, resource plans,
rules and regulations, incentive
structures, tariff policies, tax
benefits, rebates, subsidies

Likelihood to install PV
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7. Preliminary results and conclusions
Utilities find themselves in an unenviable position. While they are aware of, and in support of, the need to move the
power system away from fossil fuel generation and although they recognize the role of rooftop PV to drive this
transition, increased penetration will impact on their revenue. The increase of electricity prosumers, acting as
disruptors to a previously linear electricity system, is making it increasingly difficult for utilities to respond optimally.
In this context, “optimally” means ensuring a stable overall electricity system (from the local to the national) that is
operationally and financially viable, while responsive to the need to reduce the dependence on fossil fuel generated
electricity. In a South African context, the challenge is compounded by low levels of reporting of rooftop PV
installations.
The tool described in this paper is under development. Preliminary results using a representative dataset are
promising. The tool is able to illustrate the impact that agent decisions have, both individually as well as collectively,
and also how agent decisions change over time in accordance with a changing system. In addition it is also to illustrate
how individual choices of different agents are both influenced by the state of the system and influence the state of
the system in turn.
Essentially, the tool is a first stab at surfacing the complexity of the electricity system to decision makers,
demonstrating the qualities of the system and making explicit the foundational change from a system controlled by
a single agent to numerous agents. The development follows an iterative process a key next step is to demonstrate
the tool to selected utilities with the purpose of refining it further as well as to provide an opportunity for policy
makers to develop an understanding of the properties of the tool and how it can add value.
Given the interactions between the different variables and emergent properties of the system, the aim of the tool is
not to deliver definitive answers to decision makers, but rather to enable them to develop a better understanding of
the dynamics of a system that consists of many independent decision makers, including the policymakers themselves.
It is posited here that making the complexity of the system evident enables decision makers to act in a way that will
be to the benefit of the whole system, especially with regards to the observation of the emergent properties and the
interaction between events that are within the utilities’ control and the ever changing decisions of their customers.
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Abstract
Large-scale Solar Power projects are highly capital intensive, however, a great many of them are being commissioned
all over the world, in addition to already existing ones. Such renewable energy projects involve a large number of
sustainability factors from diverse areas covering technical, environmental, economic and social criteria. MultiCriteria Decision Methods (MCDM) provide a framework for sustainability evaluation of projects with a range of
sustainability factors. To understand these various criteria, existing solar projects in India and China are evaluated
based on selected factors using MCDM. Four different methods are adopted, with three different weighing methods,
to rank these projects in order of their sustainability and the results analyzed and discussed.
Keywords: Sustainability, Solar Power Projects, Multi-Criteria Decision Methods

1. Introduction
The consequences of climate change, which include disastrous cyclones, floods and droughts to name a few, are being
adversely felt across the globe and a trend of increasing frequency of such events has been observed. Conventional
coal fired power plants, which have been releasing large amounts of carbon dioxide into the air from the past few
decades have majorly contributed to the impact of climate change that we are facing today. The realization and
acceptance of climate change by different countries led to the establishment of Kyoto Protocol [6] with the intention
of reducing global emission levels through collective efforts of the member countries.
In this era of ushering towards a reality wherein the countries are increasingly trying to become carbon neutral,
increasing our reliance on renewable energy and avoiding polluting sources of energy shall come to our rescue. One
major form of harnessing renewable energy is developing large scale photovoltaic solar power plants. Two Asian
countries - China and India, are the leaders in terms of highest solar photovoltaic capacity added. China and India are
aggressively expanding the contribution of solar energy in their energy mix portfolio with year over year growth rates
of 33.9% [18] and 34% [19] respectively. Substantial rates of growth can also be observed in Europe and the United
States with annual growth rates of 36% [20] and 50% [21] respectively. Around the world, an overall increased
emphasis on tapping solar energy can be observed.
However, these solar power plants are difficult to set up owing to the issues arising out of high cost of photovoltaic
modules, geographical intricacies, technical complexities among several other factors and hence the development of
solar power plants has become capital intensive in nature. A sustainability analysis of the solar project can prove
helpful in justifying the proper utilization of this capital since it considers crucial factors of emission reduction and
sustainability and ultimately help debt lenders realize the value of their investments in such projects.
This work elaborates the fundamentals of sustainable development and presents multi criteria decision analysis carried
out on selected photovoltaic solar energy projects based in India and China. The objective is to bring out a system of
ranking for solar projects, never attempted before to the authors’ knowledge, that can evaluate the complex solar
projects of the world in terms of their sustainability, through multiple approaches. The paper is organized as follows:
Sustainable Development is described in the next section, detailing the different types of Indicators used to assess
sustainability. Section 3 briefly overviews Multi Criteria Decision Methodology (MCDM) and mentions the different
techniques used. These techniques are described in detail next, in Section 4 that also presents project data and the
weighing methods used. Results are discussed and analyzed in Section 5 and conclusions are presented in Section 6
while also mentioning possible extensions to this work.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.28.02 Available at http://proceedings.ises.org
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2. Sustainable Development
Sustainable development is defined, following Brundtland Commission’s definition [8], as the satisfaction of present
needs without compromising the ability of future generations to meet their own needs. Sustainability can be seen as
the final goal: which in this case is to optimize land usage, minimize emissions, maximize output for a reasonable
amount of investment, resulting in a balance of social and economic activities and the environment. Sustainability
assessment is crucial to understand a project’s contribution towards sustainable development. The intricacies of
sustainable development can be better understood by the indicators which have been laid down below.

2.1 Indicators of Sustainable Development (Wang et al, 2009):
Economic: In terms of economy, costs generally mean the investment, operation and maintenance, or other
unavoidable costs of projects. Operational life shows the lifetime of technology or project. The cost effectiveness
of a project is always required for sustainability analysis in all energy studies and contributes as a major factor in
determining its sustainability.
Social: In order to measure sustainable development contribution of a particular project, social pillar of
sustainability must also be considered. Examples of social sub-criteria are job creation and employment which
states the impact on the local economy, impact on human health, impact on life quality and society, and public
support etc... Depending on project's purposes, more criteria can be chosen to assess social impact of project.
Environmental: The main goal of solar power projects is contributing to emission reductions. Thus, in order to
assess the sustainability of any given project, the determination of environmental criteria is an essential step.
Emissions/pollutants mainly constitutes CO2 and other potential pollutants depending on type of the solar power
plant. Here, we have considered the CO2 emissions saved in tons as a criterion. Land use is also major criterion
with respect to life in the region and natural reserves
Technical: The main objective of these indicators is to compare operating performances of the solar power
projects. Here, we have considered operating capacity in MW, electricity generated per year in MWh, period of
construction in years, capacity factor and levelized cost of electricity.
Risk: it is defined as the intentional interaction with uncertainty, which might probably tend to lose something of
value. Due to the high uncertainty and being a probabilistic factor, risk has been omitted from the sustainability
evaluation in this particular case.

3. Multi Criteria Decision Methodology (MCDM)
MCDM is a decision support tool (Simsek et al, 2018) that is helpful in choosing the best alternative by combining
alternatives’ performance across various contradicting, qualitative & quantitative criteria, which address complex
problems featuring high uncertainty along with conflicting objectives. The objective of MCDM is not to suggest the
best decision, but to aid in decision making to select the best among the shortlisted alternative that fulfils the
requirements and is in line with the required preferences. Some of the most prominent and widely used MCDM
techniques include Analytical Hierarchy Process (AHP) (Dos Santos et al, 2019), Preference Ranking Organization
Method for Enrichment Evaluation (PROMETHEE) and Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) among several others.
MCDM has a wide spectrum of applications in fields such as Operation Research, Sustainable Energy and
Environment, Manufacturing systems, Supply Chain Management, Construction and Project Management and several
other fields. It is majorly used in decision-making in many diverse fields like choosing the best airplane for a
commercial airline network to selecting suppliers in a broad spectrum of suppliers in a supply chain.
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In solar energy projects, application of MCDM can help reduce the complexity in decision-making process which
involves dealing with multiple criterion, each having their own unique weightage. MCDM techniques have been used
earlier to rank concentrated solar projects [5] and evaluate their sustainability.

4. Analysis
4.1 Selection of Criteria:
From the indicators of sustainable development, the following criteria have been considered in this project:
operating capacity(MW), Electricity(MWh/Yr), Construction Period(Yr), Capacity Factor(%), LCOE,
Investment(Crores), O & M (Crores/Yr), Emission Saved (tCO2e), Land (ha), Jobs (No of people).

4.2 Data collection:
Once the criteria were selected, the values of these criteria for the selected projects, as in Table 1, have been
gathered from various reliable internet sources [9 – 17] which include the respective state government power
generation websites, Mercom among a few others. The operation and maintenance costs has been estimated to
be ₹ 6.5 lakhs annually for servicing a 1MW plant, from actual project database. [22]
Table 1: Data Matrix

Project Name

Technical
Indicators

Economic
Indicators

Environmental
Indicators
Social
Indicators

Operating Capacity
(MW) (B)
Electricity (MWh/Yr)
(B)
Construction Period
(Yr) (NB)
Capacity Factor (%)
(B)
LCOE (NB) (Crores)
Investments (Crores)
(NB)
O & M (Crores/Yr)
(NB)
Emission (tCO2e)
(B)
Land (ha) (NB)
Jobs (Personnel)
(NB)

Kamuthi
Solar Park

Pavagada
Solar Park

Kurnool
Solar Park

Longyangxia
Dam Solar
Park

648

1400

1000

850

Huanghe
Hydropower
Golmud
Solar Park
200

1350000

1600000

1400000

220000

317000

0.67

2

2

4

2

23.8

13

16.147

8.8

18

0.00016
4550

0.00045
14800

0.00024
7000

0.00144
6545

0.00053
3779

42

130

65

55.25

20

1038351

1190747

1041904

1637277

235917

1011
800

5000
8000

2400
2500

2700
2000

564
400

Note: 1 lakh = 0.1 million, 1 crore = 10 million, 1Rupee (₹) = 0.014 US Dollar (As on 26th July, 2019

4.3 Scaling to 1000 MW:
For the above collected data, the values of the respective criterion are interpolated considering the operating
capacity of all the power plants as 1000 MW to conduct the analysis on a uniform basis. In this way the best
among the criteria for 1000 MW can be obtained of which all may not be from the same project in the given
subset. The best requirements of the criteria among the subset maybe termed as the ideal condition.
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Table 2: Modified Data Matrix

Project Name

Technical
Indicators

Economic
Indicators
Environmental
Indicators
Social
Indicators

Kamuthi
Solar Park

Operating Capacity
(MW)
Electricity (MWh/Yr)
Construction Period
(Yr)
Capacity Factor (%)
LCOE
Investments (Crores)
O & M (Crores)
Emission (tCO2e)
Land (ha)
Jobs (Personnel)

Pavagada
Solar Park

Kurnool
Solar Park

Longyangxia
Dam Solar
Park

1000

1000

1000

1000

Huanghe
Hydropower
Golmud
Solar Park
1000

2083333
1

1142857
1.4

1400000
2

258823
4.7

1585000
10

23.8
0.00016
7021
65
1602393
1560
1234

13
0.00045
10571
93
850533
3571
5714

16.147
0.00024
7000
65
1041904
2400
2500

8.8
0.00144
7700
65
1926208
3176
2352

18
0.00053
18895
100
1179585
2820
2000

4.4 Normalization:
Since all the criteria are measured in different units, the need for normalization arises so that the evaluation of
sustainability index can be calculated. The normalized value will be a non-dimensional quantity. The criteria are
further classified as beneficial and non-beneficial.
4.4.1 Beneficial(B): A quantity for which a higher value has positive impact on the project’s sustainability
Normalizing formula: Yij = Xij/Max (Xij)
4.4.2Non-Beneficial (NB): A quantity for which a lower value positive impact on the project sustainability
Normalizing formula: Yij = Min (Xij)/Xij
Refer Table1 for the classification of Beneficial(B) and Non-Beneficial (NB) criteria

4.5 Weighting Factors:
The normalized value of each criterion is multiplied by a certain weight according to the order of importance
and the sum of all the weights is equivalent to 1. The weights have been assigned for four different scenarios.
4.5.1 Equal Weights: All the 10 different criterion have a weight of 0.1 each.
4.5.2 Entropy: [1] This is an objective weighting method which is used when the numerical values of criteria are
known. It makes it possible to value criteria objectively and to see the relation between criteria evidently. The
entropy indicates the extent up to which criteria demonstrate the information of system and reflects the
magnitude of uncertainty of the criteria. It is calculated as follows:
)

𝑋" = $ 𝑥&" ; 𝑗 = 1,2, … , 𝑛
&*+

where 𝑥&" = evolution matrix element value at position (i,j)
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Then the entropy measure of jth criteria constant intensity is calculated as
)

𝑥&" 𝑥&"
1
𝑒" = −
$ 𝑙𝑛
𝑙𝑛𝑚
𝑋"
𝑋"
&*+

where m = number of alternatives/projects considered

Table 3: Entropy weights

Capacity
Electricity
Construction Period
Capacity Factor
LCOE
Investment
O&M
Emission
Land
Jobs

0.0644
0.1033
0.0666
0.1039
0.1440
0.0612
0.0800
0.0574
0.1085
0.2104

4.5.3 Analytical Hierarchy Process (AHP) (Majumder and Saha, 2016): The application of AHP begins
with a problem being decomposed into a hierarchy of criteria so as to be more easily analysed and
compared in an independent manner. After this logical hierarchy is constructed, the decision makers can
systematically assess the alternatives by making pair-wise comparisons for each of the chosen criteria. This
comparison may use concrete data from the alternatives or human judgments as a way to input subjacent
information. AHP transforms the comparisons, which are most often empirical, into numerical values that
are further processed and compared. The weight of each factor allows the assessment of each one of the
elements inside the defined hierarchy. This capability of converting empirical data into mathematical
models is the main distinctive contribution of the AHP technique when contrasted with other comparing
techniques.
Table 4: AHP Weights

Capacity
Electricity
Construction Period
Capacity Factor
LCOE
Investment
O&M
Emission
Land
Jobs

0.15
0.27
0.01
0.04
0.09
0.18
0.14
0.04
0.06
0.02
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4.6 Analysis:
The analysis is done using four different MCDM techniques by applying the weights obtained through AHP,
Entropy and Equal Weights cases.
4.6.1 Weighted Sum Model (WSM):
In this method the criteria values are normalized and then the normalized value of each criteria is multiplied by
the weights to obtain the criteria score. The maximum of the criteria score can only be as high as the weight of
the criteria. The sum of all criteria scores for a single power plant will be the sustainability score of the power
plant. The higher the sustainability score the power plant is determined as more sustainable.
4.6.2 Weighted Product Model (WPM):
This method is similar to WSM. In WPM, the step that involves multiplying the weights to the normalized values
is replaced with raising the normalized values to the power of the weights.
4.6.3 Weighted Aggregated Sum Product Assessment (WASPAS):
WASPAS is a multi-criteria decision analysis method that is a combination of Weighted Sum Model (WSM) also
known as the normalized MCDM in this paper and Weighted Product Model (WPM) in order to rank a set of
alternatives. The obtained scores by both the methods are added to give us the score for each project.
4.6.4 Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS):
TOPSIS is a multi-criteria decision making tool that evaluates a parameter using the shortest geometric distance
between the said parameter and an evaluated positive ideal solution and the longest geometric distance from the
negative ideal solution. The normalization follows the formulae of

𝑋&" =

𝑥&"
6Σ𝑥&" 8

The weighted normalised matrix is then calculated by multiplying the weights of each criteria to the normalised
values. Then the worst alternative and the best alternative is determined for each criteria based on which criteria
is beneficial or non-beneficial. For example, the least value for in a non-beneficial criteria is the best alternative
and vice-versa. The square of the distance between the given alternative and the worst or best alternative based
on whether it is beneficial or non-beneficial is calculated for every parameter and all of that is added up for a
given alternative (In our case, it is the solar projects). We then obtain a column of best alternatives and worst
alternatives each. The alternatives are organised by calculating their similarity to the worst condition and ranked
according to the obtained similarity.
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5. Results
The sustainability scores for the five projects have been calculated by using the weights from the three weighting
methods in each of the four MCDM techniques as shown in Tab. 5 along with a column having the ideal score for
each project. This ideal version of a solar project reflects perfect balance of the criteria with the highest level of
sustainability.
Table 5: Sustainability Score Matrix

Kamuthi

Pavagada

Kurnool

Longyanxia

Huanghe

Ideal

WSM (AHP)

0.992

0.625

0.814

0.594

0.642

1

WPM(AHP)

0.992

0.596

0.794

0.412

0.595

1

WASPAS(AHP)

0.992

0.61

0.804

0.503

0.618

1

TOPSIS(AHP)

0.979

0.557

0.728

0.359

0.524

1

WSM (Eq. WT)

0.983

0.563

0.721

0.575

0.573

1

WPM (Eq. WT)

0.981

0.523

0.696

0.439

0.495

1

WASPAS (Eq. WT)

0.982

0.543

0.708

0.507

0.534

1

TOPSIS (Eq. WT)

0.945

0.543

0.746

0.446

0.459

1

WSM (Entropy)

0.99

0.493

0.681

0.503

0.572

1

WPM (Entropy)

0.991

0.45

0.663

0.386

0.514

1

WASPAS (Entropy)

0.99

0.472

0.672

0.445

0.543

1

TOPSIS (Entropy)

0.975

0.417

0.742

0.44

0.63

1

These five projects are further ranked as shown in Figures 1, 2, 3, & 4 on the basis of the MCDM technique followed
and the category of weighting factors considered. In these figures Ideal project is considered to have zero ranking and
hence not shown.
WSM
AHP

Eq. WT

WASPAS
Entropy

Kamu thi

AHP

5
4
Huanghe

Lo ngyanxia

3
2
1
0

Eq. WT

Entropy

Kamu thi

Pavagada

Kurno ol

Fig. 1: Weighted Sum Method Ranking

Huanghe

Lo ngyanxia

5
4
3
2
1
0

Pavagada

Kurno ol

Fig.2 : Weighted Aggregated Sum Product Assessment Ranking
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WPM
AHP

TOPSIS

Eq. WT

Entropy

AHP

Kamu thi

Huanghe

Lo ngyanxia

Eq. WT

Entropy

Kamuthi

5
4
3
2
1
0

Pavagada

Huanghe

5
4
3
2
1
0

Pavagada

Longyanxia

Kurno ol

Kurnool

Note:WPM(AHP) and WPM (Eq. WT) are overlapping
Fig. 3: Weighted Product Method Ranking

Fig. 4: Technique for Order of Preference by Similarity
to Ideal Solution Ranking

As no multi criteria method is perfectly fit for calculating the score, this paper considers a total of 12 rankings coming
from four MCDM methodologies and three weighting method and the mode of these set of 12 rankings of a particular
projects helps assign the final ranking to the individual project. Table 6 below shows the set of rankings along with
the mode and Fig. 6 shows the final ranking obtained through mode.
Table 6: Final Ranking Matrix
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Kamuthi

Pavagada

Kurnool

Longyanxia

Huanghe

WSM (AHP)

1

4

2

5

3

WPM(AHP)

1

3

2

5

4

WASPAS(AHP)

1

4

2

5

3

TOPSIS(AHP)

1

3

2

3

4

WSM (Eq. WT)

1

5

2

3

4

WPM (Eq. WT)

1

3

2

5

4

WASPAS (Eq. WT)

1

3

2

5

4

TOPSIS (Eq. WT)

1

3

2

5

4

WSM (Entropy)

1

5

2

4

3

WPM (Entropy)

1

4

2

5

3

WASPAS (Entropy)

1

3

2

4

3

TOPSIS (Entropy)

1

5

2

4

3

Mode

1

3

2

5

3
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Fig. 5: Final Ranking

Mode
Kamuthi
5
4
3
2
1
0

Huanghe

Longyanxia

Pavagada

Kurnool

6. Conclusion
Five different solar power projects – three in India, two in China – are compared for their sustainability. A total of ten
criteria – spanning across technical, economic, environmental, and social indicators – are used to obtain sustainability
scores. Firstly these criteria are weighted, using Equal Weights, Entropy, and AHP methods. Using these three
different sets of weights, the projects are then scored for their sustainability using WSM, WPM, WASPAS, and
TOPSIS methods, which apply the principles of MCDM in their unique ways. Each scoring is compared to a
hypothetical “Ideal Project” which combines best values of all ten criteria to obtain a sustainability score of 1. The
rankings so obtained among the five projects are fairly consistent across each of the twelve scorings. The final ranking
is taken as the mode of individual ranks obtained using the twelve scorings. The slight variation in ranks among the
different scorings occurs only for the middle- and lower-ranked projects. The top two ranks are consistent across all
the twelve scores. This can be attributed to the differences in the individual methods used, and also to the way project
criteria are normalized before ranking.
Further, the criteria used do not constitute an exhaustive set. Also, MCDM methods do not consider overlap and
conflicting aspects of the objectives implied by the criteria. For this purpose a detailed trade-offs analysis, as described
by de Magalhães et al (2019) is necessary, this represents scope for future work. It is expected that using a larger
number of criteria will reduce the variability in rankings, but could also exacerbate trade-off conditions, if not chosen
properly.
An exhaustive ranking study is suggested, incorporating multiple projects, using more criteria, and also a wider variety
of weighing and scoring methods, before a standardized Sustainability Score can be adopted for use by government
agencies, banking and financial institutions, see for example Cubas-Diaz et al (2018).
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Abstract

Inertia issues due to the increased use of inertia-less renewable generation technologies (RGTs), such as
photovoltaic and wind generation have gained increased attention during the last years. Their negative effects on
frequency stability have already been experienced in some countries. To prevent these situations and ensure a
secure integration of RGTs, apart from the natural inertial response of synchronous generators, there are basically
two ways to improve the inertial response of a power system: by means of energy storage systems and by
implementing virtual inertial response in RGTs through de-loaded operation. In this work, a modified swing
equation is implemented in a 100% renewable generation expansion planning tool to demonstrate the importance
of considering inertial constraints in the planning of future power systems. Our findings underline the necessity
of taking into account the lack of inertia due to the increment of RGT’s in the system and the necessity of storage
investment due the lack of primary resource in some operating points to fulfill the demand requirement.
Keywords: optimization, BESS, frequency stability, inertial response, stability assessment.

1. Introduction
In order to reduce greenhouse gas emissions and stop global warming, many countries have committed to a
transformation of their electricity systems into ones based on renewable energies. The large-scale incorporation
of renewables generation technologies (RGTs) in power systems can not only help mitigating climate change,
but can also provide wider benefits such as reducing overall power system operating costs and achieving
independence of volatile fuel prices. This global drive towards renewable energies has already brought some
concrete results. For example, 7% of China’s total electricity demand in 2015 was supplied by renewable
energies. According to IRENA (2018) this share could increase to 67% by 2050. In India, 36% of the total final
energy use was also covered by renewable energies in 2015. This country has also the capability of increasing
this share to 73% by 2050 (IRENA, 2018). The European Union has also achieved important results: together,
their countries nearly doubled the share of renewable energies in the gross final energy consumption from 9% in
2005 to 17% in 2015 (IRENA, 2018). However, to meet long-term decarbonisation commitments the region
would need to increase this share to 70% by 2050 (IRENA, 2018).
The transition of power systems from conventional ones dominated by synchronous generators (SGs) to future
systems based on RGTs has still ongoing challenges in power system operation and control, especially from a
frequency stability viewpoint (Tielens and Van Hertem, 2016). Frequency stability refers to the ability of a power
system to maintain steady frequency following a severe disturbance between generation and load (IEEE/CIGRE
Joint Task Force, 2004). Historically, frequency stability has been successfully sustained during major power
imbalances through the inertial response of synchronous generators (SGs) and the control actions performed by
their prime movers. In power systems dominated by SGs, the natural inertia of the rotating masses determines the
immediate system frequency response during major power imbalances: the higher the system inertia, the slower
the system frequency will vary (Rahmann and Castillo, 2014). This initial system response defines the rate of
change of frequency (RoCoF) of the system, thus directly affecting the frequency performance. The system inertia
has been therefore one of the key system parameters upon which the synchronized operation of power systems is
based. However, this paradigm may no longer be sustained in modern power systems with high shares of RGTs
connected through power converters due to their lack of inertial response (Rahmann and Castillo, 2014), (Tielens
and Van Hertem, 2016). While photovoltaic (PV) power plants have no rotating parts to contribute with inertial
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response, variable speed wind generators are connected to the grid through power converters which decouple
their mechanical response from the grid. Consequently, higher levels of inertia-less RGTs lead to a reduction of
the overall inertia of the system, thereby affecting the frequency stability of the system.
In order to counteract the negative effects of low system inertia and thus improve power system frequency
stability in modern power systems, a sound strategy is to allow RGTs and energy storage to provide virtual inertial
response during the occurrence of a contingency (Tielens and Van Hertem, 2016). The concept of virtual inertia
is to use the system frequency as input to the controllers and mimic the power response of the SGs. Allowing
RGTs and energy storages to contribute with virtual inertial response during contingencies may be a key factor
for ensuring frequency stability in 100% renewable power systems.
Based on the aforementioned context, in this work we investigate the optimal design of the Chilean power system
in 2050 based on 100% renewable energies considering frequency stability constraints. To this end, we developed
a generation expansion planning (GEP) tool that estimates the RoCoF of the system following a contingency and
limits its value for ensuring frequency stability. While the natural system inertia is provided by existing
hydropower plants, we allow RGTs and energy storages to contribute with virtual inertial response thus
counteracting the effects of low natural system inertia. The remainder of this article is organized as follow. Section
2 presents the GEP model and Section 3 the study case. The results are presented in Section 4. Finally, section 5
concludes and lines out the future work.

2. Optimization model
2.1. Introduction to the GEP model
The GEP model presented in this work is based on the model of Haas et al. (2018). The objective of the model is
to minimize the investment and operational costs of the system for a specific year in the future (static generation
planning). The model finds the optimal mix (size and location) of storage and generation technologies, taking
into account the existing hydropower plants (including flow routing). The transmission system is modeled with
linear losses and it is assumed that all lines have enough capacity to prevent congestions. More details on the
model can be found in Haas et al. (2018).
Our approach considers a one-year modeling horizon with hourly resolution (i.e. 8760 sequential time steps). We
focus on 100% renewable systems, e.g. there are no fossil generators in our model, and neglect the unit
commitment constraints. The model is able to consider different energy storage technologies, but in this case, we
only consider Li-ion battery system as storage device due their excellent projection in the electrical market.

2.2. Frequency stability constraints
In the context of an electrical power system dominated by RGTs, we assume that these technologies have the
capacity to deliver virtual inertial response by operating below their maximum capacity (e.g. in de-loaded mode)
to keep a certain level of reserve in case of contingencies. This implies spilling (curtailing) power, and prescribes
the maximum to-be-offered frequency stability constraints, as follows:
𝑠𝑝𝑖𝑙𝑙𝑒𝑑

𝑝𝑟,𝑧,𝑡 + 𝑝𝑟,𝑧,𝑡

𝑖𝑛𝑠
= 𝑃𝑟,𝑧
∙ 𝑃𝑟𝑜𝑓𝑖𝑙𝑒𝑟,𝑧,𝑡

𝑠𝑝𝑖𝑙𝑙𝑒𝑑

𝑅
𝑓𝑅𝑒𝑠𝑟,𝑧,𝑡
≤ 𝑝𝑟,𝑧,𝑡

𝑠𝑝𝑖𝑙𝑙𝑒𝑑

𝑖𝑛𝑠
where 𝑝𝑟,𝑧,𝑡 , 𝑃𝑟,𝑧
and 𝑝𝑟,𝑧,𝑡

∀𝑟, 𝑧, 𝑡

∀𝑟, 𝑧, 𝑡

(eq. 1)
(eq. 2)

represent the power output, the capacity installed and the power spilled for every

𝑅
renewable 𝑟 in zone 𝑧 in every time step 𝑡. 𝑓𝑅𝑒𝑠𝑟,𝑧,𝑡
and 𝑃𝑟𝑜𝑓𝑖𝑙𝑒𝑟,𝑧,𝑡 represent the reserve for inertial response
and the renewable profile for every renewable 𝑟 in zone 𝑧 in every time step 𝑡.

In the case of BESS technology, its charge and discharge power together with the virtual inertial response reserves
are limited by the installed power as well as the energy capacity. These variables must fulfill:
𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑝𝑠,𝑧,𝑡

𝑐ℎ𝑎𝑟𝑔𝑒

𝑝𝑠,𝑧,𝑡

𝑆
𝑖𝑛𝑠
+ 𝑓𝑅𝑒𝑠𝑠,𝑧,𝑡
≤ 𝑃𝑠,𝑧

𝑖𝑛𝑠
≤ 𝑃𝑠,𝑧

𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

(𝑝𝑠,𝑧,𝑡
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∀𝑠, 𝑧, 𝑡

(eq. 3)

∀𝑠, 𝑧, 𝑡

𝑆
+ 𝑓𝑅𝑒𝑠𝑠,𝑧,𝑡
) ∙ ∆𝑡 ≤ 𝑠𝑡𝑜𝑟𝑒𝑑𝑡,𝑠

(eq. 4)
∀𝑠, 𝑧, 𝑡

(eq. 5)
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𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

𝑐ℎ𝑎𝑟𝑔𝑒

𝑆
𝑖𝑛𝑠
where 𝑝𝑠,𝑧,𝑡
, 𝑝𝑠,𝑧,𝑡 , 𝑃𝑠,𝑧
and 𝑓𝑅𝑒𝑠𝑠,𝑧,𝑡
represent the power discharge and charge, the capacity installed
and the reserve for inertial response for every storage 𝑠 in zone 𝑧 in every time step 𝑡.

2.3. Inertial response constraint
Considering a scenario with high levels of RGTs, it can be assumed that virtual inertial response will be required
by different grid codes in order to ensure system frequency stability. In this context, several countries have already
introduced different RoCoF requirements. For example, United Kingdom have imposed a limit of 0,125 [Hz/seg]
(Hung et al. 2010). The Nordic System and Ireland have imposed a limit of 0,5 [Hz/seg] (Díaz-González et al.
2014 and Bomer et al. 2010). Thus, in order to propose a frequency constraint that considers the contribution of
BESS and RGTs, we start with the swing equation as a base:
𝑑𝑓
𝑑𝑡

=

𝑓0
2𝐻𝑠𝑦𝑠

(∆𝑃𝑚 − ∆𝑃𝑒 )

(eq. 6)

Variables ∆𝑃𝑚 and ∆𝑃𝑒 represent the deviation in the total mechanical and electrical power, respectively. In this
case, since we are not considering the primary frequency control, ∆𝑃𝑚 is 0. 𝐻𝑠𝑦𝑠 represents the total system inertia
given by the synchronous machines and can be calculated as:
𝐻𝑠𝑦𝑠 =

∑𝑁
𝑖=1 𝐻𝑖 ∙𝑆𝑖

(eq. 7)

𝑆𝑏

where 𝐻𝑖 and 𝑆𝑖 represent the inertia constant and the nominal power of every synchronous machine. 𝑆𝑏 is the
chosen common base of the system.
Given that RGTs and BESS cannot contribute to physical inertia, their virtual inertial support is used to counteract
the electrical unbalance ∆𝑃𝑒 . In this sense, equation 6 can be expanded by incorporating the contribution of BESS
and RGTs as follows:
𝑑𝑓
𝑑𝑡

=

𝑓0
2𝐻𝑠𝑦𝑠

(−∆𝑃𝑒 + ∑𝑧𝑖 ,𝑠 𝑓𝑅𝑒𝑠𝑆𝑡,𝑧𝑖 ,𝑠 + ∑𝑧𝑖 ,𝑟 𝑓𝑅𝑒𝑠𝑅𝑡,𝑧𝑖 ,𝑟 ) ≥ −0.125 [Hz/seg]

(eq. 8)

where ∆𝑃𝑒 is the power imbalance following an outage in the largest generator of the system (hydropower in our
case, equal to 689 MW) and 𝑓0 represents the nominal frequency of the system. Eq. 8 restricts the maximum
permitted RoCoF value to 0.125 [Hz/seg].

3. Case study
We design Chile’s power system for the year 2050, where the model uses four representative zones to characterize
Chile (Fig. 1): south, center, northern center and north. Each zone includes three profiles for both wind and solar
technologies which are extracted from wind power explorer (2012) and solar energy explorer (2012). Only zones
1 and 2 have installed hydro technology. From figure 1 it can be seen that zones 3 and 4 have an outstanding solar
profile, and zones 1 and 3 an outstanding wind profile. The yearly load profiles (with hourly resolution) of each
zone are based on data of the National electrical coordinator of Chile and Alvarez et al. (2017). These are then
projected to 2050 using the growth rates given by Chile’s National Energy Commission. This results in a total
average demand of 23 GW and a total peak load of 29 GW. Table 1 summarizes the costs and lifetime used for
BESS and RGTs.
Tab. 1: Costs and lifetime used for ESS and RGTs

Technology

Investment costs
[k€/MW]/[k€/MWh]

Lifetime
[Years]

Wind

900

25

PV

330

40

BESS

25/71

10
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Fig. 1: Division of the Chilean electrical power system and their corresponding levels of renewable source.

To evaluate the influence of including inertial response constraints in the GEP problem for different cases of
natural system inertia, we considered 4 scenarios of hydropower capacity in Chile for the year 2050. The base
case assumes 6 GW of hydropower, which corresponds to the current hydropower capacity. The other scenarios
consider 12 GW, 18 GW, and 24 GW of hydropower, respectively. These scenarios represent different levels of
synchronous generation and are used to evaluate how the change in the system natural inertia can affect the
stability of the system due the massive integration of RGTs. For each of these scenarios, we solved the GEP
optimization problem for 5 different cases regarding the implementation of the swing equation in the GEP: i)
without the swing equation (NS) –which serves as base case-, ii) with swing equation but without inertia
contribution from BESS or renewables (WS) –as a way for evaluating a worst-case regarding the system
frequency response-, iii) with swing equation considering only the inertia contribution of BESS (WS-B) –to assess
an upper bound of the role of storage technologies-, iv) with swing equation considering only the inertia
contribution from renewables (WS-R) –similar to iii–, and v) with swing equation considering both inertia
contribution from renewable and BESS (WS-A) –which we think is going to be the most likely case in the future.
Additionally, all those cases are analyzed when the projected costs of the PV and wind technologies changes.
Figure 2 resume all the scenarios under study.
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Dominant wind costs
Dominant PV costs
Scenarios

6 GW
Hydro

12 GW
Hydro

18 GW
Hydro

24 GW
Hydro

NS

NS

NS

NS

WS

WS

WS

WS

WS-B

WS-B

WS-B

WS-B

WS-R

WS-R

WS-R

WS-R

WS-A

WS-A

WS-A

WS-A

Fig. 2: Resume of all scenarios under study.

4. Results
4.1. PV as a dominant technology: Storage requirement
The total installed capacity of the projected system at the year 2050 for each hydropower scenario and each case
of implementation of the swing equation (cases i to v), where the projected costs of the PV technology are lower
than wind technology are shown in Figure 3. From the results it can be seen that if the total hydropower installed
capacity of the system is less than 18 GW, the projected system is unable to comply with the inertia constraint if
only synchronous machines contribute with inertial response during contingencies (case WS for 6 GW and 12
GW hydropower installed capacity). This implies that, in case of power systems with low inertia-levels (low level
of synchronous generation and high RGTs penetration), the inertia contribution of BESS and/or renewables is
mandatory to keep the RoCoF within acceptable limits. Otherwise, contingencies involving major power
imbalances may lead to the activation of under-frequency load shedding schemes with inherent cost
consequences. In these cases of low natural system inertia, allowing BESS to contribute with inertial response
(cases WS-B and WS-A) results in a reduction of the total system generation capacity, compared to the case
where only RGTs can contribute to the inertial response (case WS-R). The reason for this is that, in scenarios of
high levels of RGTs, a significant amount of BESS is needed to fulfill the energy demand, especially in hours
with a low solar generation profile. Thus, in the case where only RGTs are allowed to contribute with virtual
inertial response (case WS-R), a significant amount of RGTs generating capacity is needed to cover the inertial
constraint.
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Fig. 3: Installed capacity of technology for all submodels and hydro scenarios.

Fig. 4: Investment per technology for all submodels and hydro scenarios.

For scenarios with high levels of inertia (18 GW and 24 GW hydropower installed capacity), including the inertia
constraint has a marginal effect on the optimal generation expansion planning solution. The reason for this is that
the system inertia in these cases is enough to keep the RoCoF within acceptable limits.
Finally, when BESS are allowed to provide virtual inertial response, the difference in BESS technology
investments among different sub-scenarios is only marginal. The reason is that the BESS capacity needed for
balancing the net energy is also sufficient to provide the required inertial response. This allows BESS devices to
maintain enough reserves to provide inertial responses if is needed. Consequently, no additional BESS and RGTs
investments are needed to fulfill the frequency stability constraints.

4.2. Wind as a dominant technology: Less total investment
Figure 5 shows the total installed capacity of the projected system at the year 2050 for each hydropower scenario
and each case of implementation of the swing equation (cases i to v), where the projected costs of the wind
technology are lower than the PV technology. From this figure and Fig. 3 it can be seen that both study cases
have the same behavior in terms of capacity, where a higher investment is required when only RGTs provide
virtual inertial response. In scenarios with high natural system inertia (16 GW and 24 GW hydropower installed
capacity), the frequency constraints do not change the optimal installed capacity. However, in scenarios with low
systemic inertia level (6 GW and 12 GW hydropower installed capacity), the solution envisages lower
investments in BESS technology (5 GW and 3 GW respectively) compared with the previous study case (Fig. 3
vs Fig. 5).
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Fig. 5: Installed capacity of technology for all submodels and hydro scenarios.

The reason why a future scenario with lower wind costs than solar requires less investment of RGTs and BESS
is due to the requirement to supply the electrical demand of the system, especially during night hours. In previous
study case (PV as dominant technology) large amounts of energy storage are required to supply the electrical
demand due to the lack of solar energy during the night (no sun). This results in higher investment costs, compared
to the case where Wind is a dominant technology (see figures 4 and 6).

Fig. 6: Investment per technology for all submodels and hydro scenarios.

4.3. Discussion
The results obtained show the importance of both: considering frequency stability constraints in the design of
future power systems based on 100% renewable energies, and to find proper strategies to counteract the negative
effects of low system inertia and thus improve power system frequency stability. Indeed, in all scenarios of low
natural system inertia that were analyzed, the resulting system was unable to comply with the inertia constraint
if only synchronous machines contribute with inertial response during contingencies. This situation can be
avoided with little additional costs by allowing RGTs and/or energy storages to contribute with virtual inertial
response. Moreover, the results indicate that the most cost-efficient strategy is to allow energy storages to
contribute with virtual inertial response, since the BESS capacity needed for balancing the net energy is also
sufficient to provide the required inertial response. However, for RGTs and energy storages to contribute with
virtual inertial response in future power systems, a proper regulatory framework and market design are needed.
For this purpose, our proposed model can be used by energy regulators to analyze the impact of low system inertia
and quantify its requirements, thus contributing to the cost-efficient and secure integration of renewable energies.
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5. Conclusions
This work presents the optimal design of the Chilean power system in 2050 based on 100% renewable energies
considering frequency stability constraints. We show that in power systems with low inertia levels, allowing
BESS and/or RGTs to contribute with inertial response after the occurrence of a contingency it is mandatory to
keep the RoCoF within acceptable limits and thus ensure system frequency stability. We also show that allowing
BESS to contribute with virtual inertial response may lead to more economic system designs, compared to the
cases where only renewables deliver inertial response. The reason is that the optimal BESS capacity needed to
fulfill the energy balance throughout the year is enough to keep the RoCoF within the acceptable limits.
The results obtained for two different cost projections regarding wind and solar technologies show that, if PV
becomes the dominant technology in terms of investment costs, more capacity of BESS and RGTs is required,
which leads to higher overall system costs. The main reason is the fact that the primary resource of PV technology
is distributed over certain periods of time (day hours). Consequently, more amounts of BESS investment is
required to supply the electricity demand during night hours. Although in this case allowing BESS to provide
virtual inertial response is enough to fulfill inertia requirements, it is necessary to look for other alternatives to
diversify the energy matrix and not be so dependent on a single energy source. This is proposed as future work
to look new alternatives for a 100% renewable system.
The successful deployment of inertial response from storage devices and renewables in future power systems
requires the corresponding definition of market rules related to ancillary services, in order to provide the
necessary incentives to undergo this path. Understanding these market-related issues is proposed as future work.
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Abstract
Among the numerous effort to widespread renewable energy deployment in South Korea, an eco-friendly energy
town integrated with a hybrid renewable energy system (HRES) has been constructed in Jincheon city. This realscale experimental testbed has been operated for supplying a thermal energy as well as electric load to buildings
over the course of a year. The town contains six public buildings, and the facilities incorporated with HRES. To
configure the net plus energy town, an 850 kWp grid-connected photovoltaic (PV) system produced the electricity
and the HRES managed the thermal energy for heating, cooling, and domestic hot water for buildings. This paper
mainly describes the field tests and measurement results of annual and monthly source and site energy
consumption and generation of the buildings and town. It was mainly found that the proposed town achieved
134.5% net plus energy town in South Korea.
Keywords: PV systems, solar thermal systems, seasonal thermal energy storage, experimental results, zero energy
rate

1. Introduction
For boosting the energy transformation to the renewable energy supplement, the government of South Korea have
been many effort to widespread of renewable energy system. Until now, policies of South Korea have been
focused on the significant increase of the photovoltaic (PV) system and wind generation system. On the other
hands, recently the interest in terms of hybrid renewable energy system (HRES) for considering the energy
conservation, efficiency, well utilization has been raised. The key of the proposed HRES is covering the electric
load by PV system and reducing the load of electricity as well as thermal energy (i.e., cooling, heating and
domestic hot water). This research proposed the HRES for serving the electricity and thermal energy to ecofriendly energy town. The town contains the six public buildings, which are a high school, library, youth center,
childcare center, public health center, and management center. The major component for generating the electricity
is PV system, and that for delivering the thermal energy are solar thermal system, seasonal thermal energy storage
(STES), heat pumps, and district thermal network. This paper demonstrates the experimental results of annual and
monthly electric and thermal energy performance for net plus energy community via operation of HRES of the
Jincheon eco-friendly energy town. Then, the energy balance of the current town are compared with that of the
town without solar thermal system and STES.

2. Hybrid renewable energy system overview
In this town, 850 kWp of PV systems were installed in the building, parking lots, and sidewalk. The PV system is
on-grid system, the entire generated electricity is delivered to the grid and then the electricity demand of the town
is served by the grid. The solar thermal systems in the proposed system consisted of 800 m2 of flat-plate type
solar collectors, 800 m2 of evacuated type solar collectors, and 4000 m3 of a STES. Fig. 1 shows the overview of
hybrid renewable energy system. The flat-plate type solar collectors and evacuated type solar collectors are
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connected in series. The collected thermal energy is stored into the STES. The STES is a rectangular-shaped tank
type thermal energy storage. The stored heat is delivered to the buildings using district thermal network for space
heating and domestic hot water (DHW) during the heating season. During the cooling season, the chilled water is
served to the building and the chilled water is produced by heat pump with ground source heat exchanger and
sewage water plant.

(1.a) Overview of buildings

(1.b) Overview of hybrid renewable energy systems
Fig. 1: Overview of Jincheon Eco-friendly Energy Town
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3. Overview of monitoring systems
The network pipeline is composed of two lines, the domestic hot water line and the space heating and cooling line.
The town’s total domestic hot water energy consumption and the total energy for space cooling and heating were
measured with the monitoring system. To measure the horizontal and tilted surface solar irradiations, two
pyranometers are installed on the top side of the solar thermal collectors. The pyranometer model is ISO
9060:2018 spectrally flat class A. The building electric energy monitoring system comprises electric power
monitoring units (PMUs). The measured data for each building are sent through an internet router inside each
building and passed through the wireless access point located on the outside of each building. All data are gathered
in the management center and collected in a web server computer. The monitoring system logs all real-time
electricity generation data for the inverters every 1 min.

(2.a) Configuration of monitoring system

(2.b) View of monitoring system
Fig. 2: Overview of monitoring systems
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4. Results
4.1. Ambient conditions during the test periods
The ambient air and indoor air conditions of the monitoring periods are presented. During the measurement period,
the monthly average ambient air dry-bulb temperature (DBT), relative humidity (RH), and horizontal surface solar
irradiation ranged from –1.8 to 31.5 °C, 54.6 to 70.7%, and 83.3 to 189.1 kWh/m2, respectively. The highest value
of tilted surface solar irradiation occurred in July 2018 (180.2 kWh/m2) and the lowest value in October 2017
(108.6 kWh/m2). Fig. 3 shows the comparison of measured weather data and TMY2 weather data that is used to
estimate the building thermal load and to size the HRES. The measured ambient air DBT is approximately 13%
higher than the design data, and the RH of ambient air showed an approximately 7% difference between measured
and design data.

Fig. 3: Test results of the ambient conditions

4.2. Monthly energy balance of the town
The PVs installed in the town generated 1060.3 MWh over the course of a year. As shown in Fig. 4(a), the monthly
electricity generation ranged from 58.5 MWh (October 2017) to 115.0 MWh (June 2018). Fig. 4(b) shows the
monthly PR of the PV system installed in the town. The annual average daily final yield in the town was 3.5
kWh/kWp/d, which is high compared to those reported in other countries in previous research: Germany, 1.8
kWh/kWp/d; the Netherlands, 1.8 kWh/kWp/d; Italy, 2.0 kWh/kWp/d; Japan, 2.7 kWh/kWp/d; and Israel, 3.5
kWh/kWp/d. Even though the installed PV system in the town was not optimally oriented on the south side, a
sufficient PV generation rate was still acquired. Consequently, the monthly PR value was 65% to 79% during the
measured period. Fig. 4(c) shows the variation of daily PV generation rate vs. solar irradiation. The PV generation
rate had a linear relationship with solar irradiation with a correlation coefficient R2 of 0.952.

(4.a) PV generation rates.
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(4.b) Overall efficiency based on tilted surface solar radiation.

(4.c) Daily PV generation versus solar irradiation.
Fig. 4. Performance of PV generation rate.

4.3. Monthly energy balance of the town
Fig. 5 shows the monthly net source energy generation and consumption balance for the town. This energy balance
includes the appliance energy consumption of the buildings. Except for two months during the test period that had
the least solar irradiance (Dec. 2017 and Jan. 2018), the energy generation of the PV system was much higher
than the source energy consumption of the buildings in the town. It mainly caused a sufficient amount of PV
systems installed on the roof, parking lots, and empty places in the town. The annual town source energy
generation and consumption were 2915.8 MWh and 1926.8 MWh, respectively. Consequently, it is clear that a
134.5% plus-energy town can be achieved using an HRES with a solar thermal system, STES, and PV systems
integrated with low energy buildings.
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Fig. 5: Monthly source energy balance of the town

5. Conclusion
This research investigated the source energy balance of the Jincheon eco-friendly energy town. From the
monitoring data measured during a year operation, it was found that the annual town source energy generation
showed 34.5 % much larger than that energy consumption. It mainly caused that the proposed HRES can serve
the thermal and electricity with significant low operating energy consumption compared with the conventional
system. Through the community scale experimental results indicated that the net plus energy community beyond
net zero energy can be realized by HRES integrated with PV systems. However, this high penetration renewable
energy system can cause unstable of the national or local grid, the way to improve self-consumption of the PV
generation should be considered to widespread of the HRES.
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Abstract
The cost of wind and solar renewable energy technologies is dropping significantly and as deployment increases,
access to grid permits are likely to become scarcer and grid costs make up for a proportionally larger share of total
project costs. Contextually, with a higher penetration of Variable Renewable Energy Sources (VRES) there is an
increased need for dispatchable and flexible generating technologies. A logical response to this trend is the
deployment of hybrid power plant, of which Gridsol and Smart Renewable Hubs (SRHs) are an example. These
couple renewable technologies with back-up and storage units in loco. Gridsol integrates synchronous generators
besides VRES: Concentrated Solar Power (CSP) equipped with thermal storage and a gas turbine with heat recovery.
SRHs are a broader term to define all the hybrid power plants possibly including electric storage and both
synchronous generators and VRES, such as wind and solar PV. This paper identifies the optimal composition in
Gridsol and SRHs until 2050. The latest European long-term deep decarbonization pathways serve as a framework
for the analysis and the simulations are carried out with Balmorel, a fundamental market model able to perform
hourly power dispatch and optimal capacity expansion. Results show that flexibility in the generation becomes
increasingly important starting from 2030 in order to capture higher market prices. The optimal hybrid power plant
composition in South European countries is dominated by the combination PV+BESS. PV is overplanted in the hubs
and excess energy is either stored or curtailed, with curtailment levels of up to 19% in 2050. Gridsol appears only in
selected instances and with a small capacity. On the other hand, it is demonstrated that the Levelized Cost of
Electricity (LCoE) of CSP, as low as 42 EUR/MWh in 2050 under the hypothesis of large cost reductions, is lower
than that of PV+BESS for application beyond the daily cycle and when a great amount of energy has to be shifted in
time.
Keywords: smart renewable hubs, hybrid power plants, CSP, storage, energy systems modelling, scenario analysis

1. Introduction
With the undersigning of the Paris Agreement, the 28 EU Member States agreed to put into practice policies and
measures to keep global warming in this century well-below 2 degrees compared to pre-industrial levels; a further
effort is made to contain the global temperature increase to 1.5 degrees (UNFCCC. Conference of the Parties (COP),
2015). The power sector is still responsible for a large part of GHG production in the EU: in 2018, the CO2 emissions
settled at 985 million tonnes, marking a 5% reduction with respect to the previous year but still accounting for 58%
of all EU Emission Trading System (EU ETS) sectors (Agora Energiewende and Sandbag, 2019). The spread of
renewable energy technologies is a key factor to achieve long-term decarbonization goals, but the fluctuating and
variable nature of wind and solar resources requires the installation of back-up units that ensure security of supply.
The combination of dispatchable and non-dispatchable technologies in hybrid power plants can be attractive not only
from a private perspective (more stable and predictable generation, higher capacity factors), but also from a socioeconomic point of view. Sharing the grid connection equipment potentially leads to significant total system savings
and constitutes a key strength of hybrid installations as compared to single-source units. The synergy among
components and the presence of electric or thermal storage increases the plant capacity factor (CF) and reduces
periods of downtime, potentially leading to lower cost for balancing and back-up.
This paper investigates the potential and functioning of SRHs including CSP in five Southern European countries
until 2050: France, Greece, Italy, Portugal and Spain. The research envisions four different scenarios that ground on
the 2018 EU Climate Strategy (European Commission, 2018a). By using the fundamental market model Balmorel,
this study analyses optimal configurations of Smart Renewable Hubs in the future European power system, under
different assumptions regarding decarbonization efforts and the demand of electricity for production of hydrogen.
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2. Method
The study makes use of Balmorel1, a bottom-up, fundamental market model particularly suited for the representation
of the power and heat sectors. The model is able to calculate the optimal dispatch of generation, transmission, and
consumption of power and heat on an hourly basis, as well as optimize the development of electricity, heat, and
transmission capacity in the system to supply the future demand. Its geographical and temporal layers allow for a
customized and flexible implementation of the physical, economic and policy constraints at different levels (Wiese
et al., 2018).
The entire EU28 plus Switzerland, Norway, Albania, Kosovo, Serbia, Bosnia, Montenegro and Macedonia are
simulated to account for cross-national flows between countries; the model scope and interconnection lines are visible
in Figure 1. The option to invest in SRHs integrating CSP is assigned only to five Southern European countries:
France, Greece, Italy, Portugal and Spain. The resource profiles are taken from selected areas: Extremadura (Spain),
Faro (Portugal), Marseille (France), Puglia (Italy) and the Peloponnese (Greece).

Figure 1. Simulated geography; countries in which reference Smart Renewable Hubs
including Concentrated Solar Powerare highlighted in orange.

SRHs are hybrid power plants whose units are coordinated by an intelligent Dynamic Output Manager of Energy
(DOME); the controls minimize the revenue loss associated to balancing penalties and ensure a stable and predictable
power output.
SRHs are modelled as specific regions in the model from which power can flow out to meet the national electricity
demand; the model can freely choose to install a CSP block considering a tower configuration with thermal energy
storage (TES), possibly integrating a gas turbine (GT) with heat recovery, solar PV, wind turbines and BESS. The
capacity of each element in the hub is unconstrained, but the grid connection capacity is fixed at 200 MW (Figure
2). The size of the hub components depends on the specific location, i.e. on the quality of the natural resource
available therein, on the demand profile and on the interaction with other existing generators. For each of the
countries indicated in orange in Figure 1, a reference SRH is optimized to find the optimal capacity composition of
the hub.
The discount rate is set to 5% for all technologies and countries in the analysis, while the economic lifetime is
uniformly set to 20 years. As for specific cost assumptions, the study relies on data from technology catalogues
regularly updated by the Danish Energy Agency, representing cost and performance of generation technologies in
the European context (Danish Energy Agency and Energinet.dk, 2019).

1
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DOME

200 MW
Figure 2. Smart Renewable Hub potential components including Gridsol concept (on the
left), connected to the grid through a 200 MW connection.

Since only a limited number of projects based on tower configuration have been developed to date, the evolution of
the cost of CSP is based on component-based learning curves approach. The resulting cost assumptions for towerbased solar field, thermal storage gas turbine and steam turbine are shown in Table 1, together with the basic cost
parameters for PV, wind and BESS.
Table 1. Cost assumptions for main components of the SRH. Costs for CSP are derived from consortium partners, while PV, wind and
BESS costs are from the Technology Catalogue from Danish Energy Agency. All figures are in 2018 EUR.

Component

Year

Investment cost
[MEUR/MW] 1,2
2020

2030

2050

0.38

0.31

0.27

Thermal storage 1,2

0.020

0.015

0.012

Steam turbine

1.45

1.22

1.09

Gas turbine
(incl. heat recovery)

0.63

0.54

0.49

PV

0.64

0.53

0.43

Wind

1.48

1.46

1.31

BESS 2

0.44

0.20

0.14

Solar field/receiver
1

Gridsol CSP

1

Investment cost for receiver and thermal storage is expressed per thermal unit (MW or MWh).
2 Investment cost for storage, both thermal and electrical is expressed per MWh rather than per MW.

One of the potential benefits of combining different generators in a hybrid plant is the opportunity to share part of
the grid connection costs for the SRHs; this leads to cost savings with respect to conventional single-source
installations. The synergies relate mostly to the step-up transformer, connection, switchboard and potentially other
grid related expenditures, such as grid reinforcement of the adjacent grid. No synergy in terms of sharing the power
conversion equipment is considered in this study. In Europe, the legislation on grid connection costs is not uniform
(Agora Energiewende, 2016): some countries adopt a shallow cost allocation principle, i.e. new installations need
only to bear the expenditures for being connected to the system; others require to contribute also to the reinforcement
of the grid (deep cost allocation). On the whole, these costs can range between 2 and 8% of the capital expenditures
(Stennett, 2010). In this study, a connection cost of 40,000 EUR/MW is considered and the SRH components
connected to the bus thus benefit from a specific investment cost discount compared to similar technologies installed
outside a hybrid configuration. These include the CSP steam turbine, the gas turbine, solar PV, wind turbines and
the BESS. This assumption implies that the cost savings for solar projects are in the range of 3-9%, in line with
figures found in a study about co-location of solar and wind farms in Australia (AECOM Australia, 2016).
Four scenarios are considered for the simulations: two main scenarios and two sensitivities. The three main scenarios
are named ‘Baseline’ ‘2.0 degrees’ and ‘1.5 degrees’. The former represents the evolution of the power sector in
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case of a weak development of alternative fuels and relatively low carbon prices, with assumptions aligned to the
Reference scenario from the European Commission (European Commission, 2016); the latter follow the assumptions
of the latest “Deep decarbonization” study from the European Commission (European Commission, 2018a) and aims
at limiting the greenhouse gas emissions of Europe in order to be in line with a global temperature rise of no more
than 2.0 and 1.5 degrees respectively.
The two sensitivities, performed using the ‘1.5 degrees’ scenario as a starting point, are ‘Biogas+’, in which biogas
prices are capped and decoupled from the price of natural gas at very high carbon prices, and ‘CSP+’ which includes
a further 40% cost reduction with respect to the reference projections, representing a breakthrough in the cost
development of concentrated solar power.
The characteristics of each scenario are summarized in Table 2.
Table 2. Scenario characteristics.

Scenario
Baseline

CO2 price
Low

Hydrogen demand
Low

CSP costs

(92 EUR/t in 2050)

(126 PJ in 2050)

Reference
(Gridsol
consortium)

High

Moderate

(250 EUR/t in 2050)

(837 PJ in 2050)

1.5 degrees

Very high

High

CSP+

(366 EUR/t in 2050)

(3,349 PJ in 2050)

- 40% with respect
to the Reference

Source:

(European Commission, 2018b),
(European Commission, 2016)

(European Commission,
2018b), (European
Commission, 2016)

Gridsol project

2.0 degrees

The simulations are carried out for the years 2020, 2030, 2040 and 2050; for each year both the overall development
of the system in terms of generation fleet and the optimal composition of the SRHs is computed using the Balmorel
model. This means that CSP is given as an option for investment, together with the rest of generation technologies
and no fixed development or installation pathway is assumed.
The composition of SRHs is therefore assessed in all of the aforementioned scenarios, which are affected by different
values of the exogenous parameters: the CO2 quota price in the European Emission Trading System (EU ETS); the
natural gas/biogas price trajectories; the CSP investment cost projections; the hydrogen demand level. The CO2
quota price is supposed to provide the appropriate price signals to invest in renewable energy: the higher the CO2
price, the larger the share of clean technologies in the generation mix, due to the fact that conventional alternatives
becomes more expensive. The Baseline scenario reaches a quota price of 92 EUR/t in 2050, whereas in the 2.0 and
1.5 degrees (including CPS+) pathways, the 2050 price is 250 EUR/t and 366 EUR/t respectively. These high prices
reflect the scarcity of allowances in the long term due to the ambitious decarbonization goals of the European Union
outlined in the EU Climate Strategy (European Commission, 2016, 2018b).
The biogas price impacts the attractiveness of the gas turbine with heat recovery, coupled with the CSP block.
Together they form a hybrid group that constitutes the synchronous component in Gridsol. Its competitiveness is
heavily influenced by the fuel costs. In the analysis, the price of biogas is assumed to be equal to that of natural gas
plus carbon (i.e. perfect substitutes) until methanation and thermal gasification become a cheaper option, at a level
of around 17 EUR/GJ in 2050 (Ea Energianalyse, 2017). The long-term natural gas price trajectories follow the
assumptions from the Sustainable Development scenario contained in the latest World Energy Outlook (International
Energy Agency, 2018).
In a system characterized by high penetration of VRES, whose short term marginal cost of production is very low,
hydrogen is projected to play a role in substituting conventional fuels, especially in case of high carbon prices; in
2050, the European Commission projects a modest 3 Mtoe (126 PJ) demand level for the Baseline and a consistently
higher need with soaring carbon prices: levels of 20 Mtoe (837 PJ) and 80 Mtoe (3,349 PJ) are chosen for the 2.0
and 1.5 degrees pathways (including CSP+) in this analysis, in line with assumptions from the Commission
(European Commission, 2018b).
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3. Results
3.1. Power system overview
Before looking at the specific composition of the SRHs, it is worth giving an overview of the system evolution until
2050 in Europe in the simulated scenarios (Figure 3). All scenarios indicate a large penetration of wind and solar PV
in the European power system in the medium and long term, reaching between 70% and 75% of the total generation
in 2050, of which around 2/3 are covered by wind and 1/3 by solar PV. In the 1.5 degrees scenario coal is completely
phased out already by 2030 and the system is carbon neutral by 2050. On the other hand, in the Baseline scenario a
small portion of coal remains in 2030 (~10%) and gas in 2050 (~5%).
CSP plays a relatively small role and only in the long term (after 2040, 2030 in the CSP+ scenario). In the 1.5 degrees
scenario, the installed CSP capacity in 2050 is 22 GW. However, the largest impact is achieved with a marked drop
in the CSP costs: in the CSP+ scenario, the installed CSP capacity tops 80 GW, enabling the technology to cover 9%
of the EU generation (23% of the countries under focus).
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Figure 3. Development of the European power system in the scenarios analysed: CSP has a role in the long-term for the 2.0 and 1.5
degrees scenarios and most notably in the CSP+ scenario.

It should be noted that in a system with this large penetration of variable renewable energy sources (VRES), in
particular PV, the price profile in the day-ahead market is largely influenced, with price valley appearing around
midday and a general increase in the price volatility: increased hours with very low prices when PV (and wind)
generation is abundant and higher prices when wind and PV are not operating. In the latter case, electricity prices are
also driven up by a high CO2 price and the bidding behavior of energy storage and reservoirs. In such a situation, the
flexibility in the entire system becomes very important and this is reflected more broadly in the generation fleet, and
more specifically in the composition of the hybrid plants.
Figure 4 shows the average daily power price in Spain and France between 2020 and 2050. The price valley in the
hours of high irradiation is evident and more pronounced in Spain, due to the higher solar penetration and the reduced
chance to export the excess energy to neighboring countries. From 2030, the power price in the period 13-16 drops
below 20 EUR/MWh making it hard for a solar plant to be competitive without storage.
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Figure 4. Average daily power prices in Spain (left) and France (right). A clear valley around midday appears from 2030.

3.2. SRH composition
Figure 5 displays the resulting composition of the SRHs for the four scenarios and the four milestone years under
consideration; each box is subdivided into five slots that represent one of the SRH locations.

Figure 5. Overview of Smart Renewable Hubs composition for the four scenarios and the five milestone years in the five Gridsol
locations. Each slot in the boxes represents one of the five Gridsol locations.

The figure shows that solar PV is the only hub component in 2020, regardless of the scenario. As the European
system approaches 2050, across the different locations SRHs are primarily composed of the semi-dispatchable group
PV + batteries (BESS), with selected instances in which other components are added. In France, SRHs integrate also
wind turbines, which increase the hybrid power plant yield during wintertime. Only in the CSP+ scenario, CSP and
GT appear already from 2025. It is worth noting that hybridization with CSP is present in 3 out of 5 locations in
2025, but in the very long term the further reduction of PV, wind and BESS costs favors these compared to CSP.
Solar PV is present in all configurations across years and scenarios, while in few configurations after 2030 the hub
lacks electric storage. Even when CSP is chosen, PV is still dominating the total output of the hybrid plant. When
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thermal storage is installed along with CSP (Italy), less battery storage is present.
Besides the already low investment cost, PV further benefits from deployment in hybrid configurations. Indeed,
being a capital-intensive technology, the reduction of the cost of connection to the grid has a higher impact on the
cost of PV generation compared to other technological options in the SRH. For example, the steam turbine which is
part of the CSP block, has relatively high O&M costs and a higher specific investment cost per MW, therefore the
cost reduction when placing it in a hybrid plant is less impacting on the overall generation cost.
To further understand the dominance of PV in the configurations, Figure 6 depicts the composition of hubs in the
CSP+ scenario for various locations.
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Figure 6. Composition of hubs overtime in the different locations for the CSP+ scenario.
Battery storage capacity is indicated in MWh for each MW of solar on the right axis.

It is interesting to evaluate the amount of BESS (lithium-ion batteries) installed with respect to the PV capacity in
the hub. In the hybrid plants, energy storage is providing energy shifting service, allowing to charge during hours of
high irradiation and discharge later in the day when power prices are higher. On average, across locations, the amount
of MWh of storage needed for every MW of PV, which we refer to as Storage Ratio (SR), increases over time due
to the aforementioned growing need for flexibility. Where batteries are installed, the SRs are around 1.5 in 2030,
growing to over 2.5 in 2050. This means, for example, that on the Iberian Peninsula, it would be optimal to combine
a 100 MW solar plant with 140 MWh of lithium-ion batteries in 2030 and 270 MWh in 2050.
It is also worth noting that in more outlying regions of the European power system, such as the Iberian Peninsula and
Greece, the amount of storage capacity needed for each MW of PV installed is larger than that found in more
interconnected countries such as France and Italy. Contextually, the higher solar penetration reached in the Iberian
Peninsula and Greece, due to the abundant solar resource, contributes to a higher need for flexibility.
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3.3. Hub functioning
Figure 7 shows the functioning of a five-piece hub including electric storage (Scenario CSP+, Italy, 2050). The total
hub output, as well as the output of each component, is displayed as a duration curve, i.e., showing for how many
hours during the year (x-axis) the power output was above a certain value (y-axis). As a consequence, the maximum
power output (installed capacity) of a technology can be read at the intercept to the y-axis. The coordination among
units within a SRH leads to very limited periods of inactivity with technologies at a standstill for less than 700 hours
a year. This behavior boosts the capacity factor at the point of connection, which for the configuration presented
reaches 68%. This is a relevant boost if compared to the CF of stand-alone PV (20-25%) and wind (40%).
For nearly 2,000 hours per year the PV production exceeds the capacity of the grid connection (200 MW); the largest
part of this energy is curtailed and only a small quota is stored in batteries (dashed area). The power plant flexibility
is rather provided by the thermal energy storage. The CSP block (Gridsol ST) runs at nominal power for more than
4,500 hours: the coupling with thermal energy storage and the design of field capacity with respect to turbine capacity
(high solar multiples) makes it an intermediate load-supplying technology even in a country where the direct normal
irradiation is lower than 2,000 kWh/m2. The gas turbine (Gridsol GT) supplies power in hours of high demand,
limitedly to 1,800 hours a year. The relative advantage with respect to a conventional gas turbine peaker is that heat
is recovered and contributes to the output of the steam turbine. Both synchronous technologies tend to run at nominal
power, minimizing the partial-load functioning. The overall hub output is constant and maximum for more than 2,500
hours per year; the production is variable for the remaining hours and follows the behavior of the other components.
The shape is smooth, and the supply is dynamic, as the hybrid power plant reacts to the zonal market prices to
maximize revenues.
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Figure 7. Generation duration curve for the Smart Renewable Hub and its components.

As can be noted in the graph, capacity of solar PV installed in the hub largely exceeds the capacity at the point of
grid connection (200 MW), meaning that at no point in time the full rated PV capacity is dispatched to the grid, but
a large part of it is curtailed (or stored).
When looking at CFs for all SRHs configurations (Figure 8), it can be noted that it is increasing overtime going from
an average of 22% in 2020 to an average of 70% in 2050 across scenarios and locations. The level reached between
2040 and 2050 is comparable to those achieved by dispatchable conventional power plants in today’s power system.
The main driver for increased CF is the access to progressively cheaper energy storage capacity in the form of
batteries or thermal storage. Indeed, countries like Spain, Portugal and Greece have consistently higher CF, that
proportionally increase more through the years and can be motivated with the higher amount of MWh of storage per
MW of PV, as shown above.
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Figure 8. Evolution of capacity factor of Smart Renewable Hubs in different locations across scenarios (CSP+ scenario).

3.4. Storage flexibility
Under the cost and performance assumptions considered in this paper, the semi-dispatchable group PV+BESS
demonstrated to be overall more competitive compared to the CSP block constituted by solar field, thermal storage
and steam turbine, due to the very low projected price for PV and lithium-ion battery storage. However, when looking
at the cost composition of such plants, it is clear that thermal energy storage has the potential to be a cheaper form
of storage when shifting large share of the production for longer period of time.

Levelized cost of electricity [€/MWh]

As seen above, the model finds that it is optimal to install around 1 MWh of storage every MW of solar in the medium
term and 2 MWh in the longer term. To assess the cost of providing more flexibility to the SRH, the Levelized Cost
of Electricity (LCoE)2 of the two groups PV+BESS and CSP is evaluated under different values of the storage ratio,
using cost data for the year 2050 (Figure 9). The increased storage ratio indicates the capability for the system to
store more energy during hours of high irradiation (supposedly lower price) and shift it to evening/night-hours (higher
price). As a reference, a high value of the SR (e.g., above 6) allows to store the entire solar daily solar production
and shift it to night-hours (full daily cycle) for most of the days in the year.
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Figure 9. Levelized Cost of Electricity for different values of Storage Ratio. Comparison between CSP and PV+BESS.

2

LCoE expresses the cost of the MWh generated over the lifetime of the plant and represents the life cycle cost. The assumed
discount rate is 5% and the economic lifetime 20 years. For solar PV, FLH considered are 1,400, while for CSP 4,500, in line
with values from the model.
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The LCoE of CSP is not increasing significantly compared to that of PV+BESS when adding more flexibility in the
form of additional MWh of storage, due to the lower cost of thermal storage compared to batteries. With reference
assumption on the cost of CSP, the LCoE of PV+BESS is lower in every situation up to approximately a storage
ratio of 7. This means that for daily cycles, using BESS in combination with PV is the cheapest solution. With the
cost assumptions in the CSP+ scenario (cost reduction of 40%), CSP becomes the best solution for storage ratios
above 1.6. This testifies the potentially diverse role of CSP compared to PV+BESS, i.e., providing a good alternative
for storage cycles longer than one day and applications in which large amount of energy has to be shifted and stored
for longer time horizons.

4. Conclusion
Following the pledge of decarbonization made by the European Union and the dramatic cost decline of renewable
energy, the power sector in Europe is transitioning towards a future in which VRES will be dominant, covering above
70% of the total power demand. For CSP to play a sizable role in this transformation, strong cost reductions are
needed to make it competitive with more mature technologies such as wind and PV, which still hold a potential for
further cost decline. In this analysis it is anticipated that given a further cost reduction of 40% compared to the
reference projection, CSP can meet 9% of the European demand and 23% in the five Southern European countries
under focus. In a system in which the majority of power plants are non-dispatchable and have variable production
patterns, flexibility will be the key to access higher market prices and make additional renewable projects profitable.
SRHs provide more stable generation due to the combination of various forms of generation and storage technologies,
and thus are a potential solution to the need for flexibility at the generation side. In this study SRHs are characterized
by a reduction in the installation cost due to synergies in the cost of connection to the grid.
The optimization of the composition of SRH in France, Italy, Spain, Portugal and Greece – countries for which CSP
is a viable alternative – shows that the semi-dispatchable hybrid PV+BESS dominates the configurations between
2030 and 2050. Other technologies are added with limited capacity and only under specific resource and market
conditions.
One of the main reasons is that organizing technologies in a hub reduces capital cost (lower cost of connection) and
this favors capital-intensive technologies with relatively low investment cost per MW, such as PV and BESS. For
these technologies, connection to the grid represents a higher share of total cost. Moreover, with availability of large
storage capacity, PV is “overplanted” in the hubs: more capacity is installed compared to the rated capacity at the
point of connection. This, in combination with smart management of storage and the diverse profiles of generating
technologies can boost the CF of the SRH, which can reach values comparable to today’s conventional power plants.
The average CF of the SRH simulated increases from 22% in 2020 to 70% in 2050.
The need for flexibility increases the storage capacity of the SRH, that tops 2.5 MWh for every MW of PV installed
in countries with high solar irradiation in 2050. Moreover, this need for flexibility is influenced by the general solar
penetration level in the country and the level of interconnection. The study also demonstrates that while PV+BESS
is the best choice for daily cycles and to shift low amount of energy for short terms, CSP has a niche in situations in
which all solar generation has to be shifted and stored for longer timeframes. This is due to the fact that thermal
storage has a lower cost per MWh of stored energy.
To conclude, when looking at a pure cost perspective and focusing on the day-ahead market, the potential of CSP
inside hybrid plants appears limited due to the very competitive nature of the alternatives such as PV+BESS and the
reduced system need for energy shift beyond the daily cycles. A more aggressive CSP cost decline coupled with a
lower decline in lithium-ion batteries cost could change the picture and favor CSP deployment. Moreover, other
potential benefits not analyzed here could make CSP more attractive, for example the provision of ancillary services
or the reduction of balancing cost due to the higher CF and more stable output of the CSP compared to PV.
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Abstract

The results obtained for the modeling and optimization of photovoltaic self-consumption facilities are presented.
The study has been carried out for three Spanish cities with different climatic conditions. The self-consumption
and self-sufficiency curves for different hourly consumption profiles have been obtained based on the installed
peak power and the size of the battery. Different models of machine learning are proposed to predict these
parameters. The input variables of these models are related to the configuration of the installation, its location
and the type of consumption profile. The model with best predictions of self-sufficiency is Random Forest,
which in cross-validation has a relative error of 5%. For the prediction of self-consumption, the model that
performs best is the multilayer perceptron, with an absolute relative error of 3% and a mean absolute error of
0.55 (%, as the self-consumption is a percentage), that is, the mean difference between the estimated and actual
self-consumption values is 0.55.
Keywords: photovoltaic self-consumption, photovoltaic self-sufficiency, evaluation, modelling

1. Introduction
Photovoltaic energy is called to play an increasingly important role within the current energy mix. Within
photovoltaic systems, self-consumption facilities allow empowering citizens and hold them responsible for the
production and use of energy. In recent years, and thanks to the growth that is taking place in this type of
facilities, the concept of self-sufficient housing and zero energy housing has emerged. A house or a building of
zero energy (known as ZEB, Zero Energy Building) is a concept that is used in buildings with an energy balance
between generation and consumption of energy close to zero or even positive in a year typical (NREL, 2006),
(NREL, 2010). The massive development of this type of housing could mitigate economic and environmental
problems, such as CO2 emissions and dependence on fossil energy sources.
The analysis and modeling of self-consumption photovoltaic systems allows us to determine the different
scenarios that define the conditions of optimal design and operation of this type of systems, the energy that can
be used directly and the energy that is going to be exchanged with the electrical power grid.
In this paper, we present the results obtained for the optimization of self-consumption facilities. The study has
been carried out for different Spanish cities with different climatic conditions. The self-consumption and selfsufficiency curves have been obtained based on the installed peak power and the size of the battery, for different
hourly consumption profiles. Different models of machine learning are proposed to predict these parameters.

2. Materials and methods
2.1 Parameters for evaluating a self-consumption facility
The energy generated by a photovoltaic system depends, on the one hand, on climatological parameters, such as
the solar radiation it receives and the ambient temperature and, on the other, on the technology of the modules,
such as type of modules, performance, etc. In addition, the different losses that occur in the system must be

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
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taken into account.
The method proposed in (Osterwald, 1986) is used to estimate the power generated by the photovoltaic
generator (Pm). It uses the incident irradiance and the working temperature of the modules as inputs; the
following expression:

!! (W) = !!,#$% ∙ &

&
!"#

∙ [1 + * ∙ (+! − +!,#$% )

(eq. 1)

were: Pm,ref is the peak power of the PV generator in standard conditions (STC), G is the global irradiance
incident on the modules (W/m2), Gref is the global irradiance in STC (1000 W/m2), Tm is the module
temperature, Tm,ref is the module temperature in STC (25º) and g is the power losses temperature coefficient
(%/ºC).
The King model has been used to calculate the operating temperature, Tm, of the different modules in outdoor
condition. This model is widely used in the literature (Mora-Segado, 2015). The model proposes a relationship
between module temperature, ambient temperature (Tamb , ºC), incident irradiance (G, W/m2) and wind speed
(W, m/s) according to the expression:

+! = +'!( + - ∙ . (!*+∙-)

(eq. 2)

where m is an empirical dimensionless coefficient that describes the impact of the irradiance in module
temperature and n is an empirical coefficient that describes the effect of the wind in the module temperature. For
the most common technologies, these empirical coefficients of this model are described in (Mora-Segado,
2014).
The losses produced in a photovoltaic system in direct current are due to the following factors:
• Losses due to angular reflectance and variation of the incident radiation spectrum. In this work, they will
be assumed to be 3%.
•

Ohmic losses due to wiring (Lo). In this study, they will be assumed to be 2%, that mean Lo=0.98

• Losses due to the dispersion of parameters in the generator (Lp). In this study, they will be assumed to be
2%. Lp=0.98
• Losses due to errors in the tracking of the maximum power point of the inverter (Lt). In this study, they
will be assumed to be 1%. Lt=0.99
The power at the input of the inverter is estimated using the expression:

!/+ = /0 /1 /2 !!

(eq. 3)

Finally, to determine the power generated in alternating current at the output of the inverter (Pout), the
performance of the inverter must be taken into account. This yield will be calculated according to the equation
proposed by Jantsch (M. Jantsch el., 1992) from the input power to the inverter normalized to its nominal power
(hin):

0/+3 =
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(eq. 4)
(eq. 5)

where bi are the fitting coefficients empirically estimated (b0=0.04, b1=0.002, b2=0.03).
The parameters to be estimated and analyzed to evaluate the operation of a self-consumption photovoltaic
installation are similar to those proposed in (Sartori et al., 2012):
•

Energy generated by the photovoltaic installation

•

Energy injected into the power grid

•

Energy imported from the power grid

•

Energy consumed

In addition, in the evaluation of photovoltaic self-consumption facilities, two parameters are particularly useful
according to (Luthander et al., 2015):
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• Percentage of self-consumption (SCt): defined as the part of energy produced by the photovoltaic system
that is directly consumed in the home where the installation is, with respect to the total production of the
photovoltaic system.

122 (%) =

∑ 8),+,,-".#
∑ 8),+,

× 100

(eq. 6)

• Percentage of self-sufficiency (SSt): defined as the part of energy produced by the photovoltaic system
that is directly consumed in the home where the installation is, with respect to the total consumption of the
home.

112 (%) =

∑ 8),+,,-/
∑ 9)

× 100 (%)

(eq. 7)

2.2 Data mining models
Data mining has been previously used for the prediction of the production of photovoltaic systems; for example,
in (Alfadda et al., 2017) and (Sharma et al., 2011) the use of vector support models is proposed and in (Nageem
and Jayabarathi, 2017) correction factors that are included in this type of models are included. They take into
account different weather conditions. Hybrid models have also been proposed that include electrical and
statistical models (Filipe et al., 2015) and models based on neural networks and fuzzy logic (Sivaneasan et al.,
2017). In all of them what is done is the prediction of the production of a system, but the values of selfconsumption and self-sufficiency are not modeled in any case.
We propose the use of the following models:
• Linear regression: it is used with numerical variables. In the event that there are independent variables of
nominal type, these must be previously transformed into dummy variables. Linear regression is a model that
attempts to adjust independent variables using a linear equation.
• Multilayer perceptron: it is a useful mathematical model for modeling nonlinear relationships between
input and output data. It is a type of neural network, which implies a generalization of the simple perceptron
in which several simple perceptrons are combined and allows treating some nonlinear problems (Minsky and
Papert, 1969). From this proposal, (Rumelhart et al., 1986) presented a modification that allowed the backpropagation of the errors measured at the network exit to the hidden neurons. From the point of view of its
architecture it is characterized because it has its neurons grouped in layers of different levels: an input layer,
an output layer and hidden layers; each layer has a group of neurons.
• Decision trees: a decision tree is a logical structure constructed from a set of rules. The first proposals to
use decision trees from data sets were proposed in (Hunt et al., 1966), (Quinlan, 1979), (Quinlan, 1983) and
(Quinlan, 1986).
• M5’: it is an algorithm derived from the M5 method defined by Quinlan (Quinlan, 1992). It was
proposed by Wang and Witten (Wang and Witten, 1997). It was defined to predict numerical values.
• REPTree: it is a fast learning model of decision trees. For the classification of numerical variables, the
algorithm first orders the values of those variables and starts the execution. Then, use the ordered lists to
calculate the best way to divide into each node of the tree. This way of dividing minimizes the variance. The
measure that is used is entropy.
• Random Forest: it is part of what is known as multiclassifier systems. These methods are usually very
accurate (Sardá-Espinosa, 2017) and robust in the event that there is noise in the data, they also do not
produce overfitting. However, they are more difficult to interpret when compared to models based on simple
regression trees. It is an algorithm that induces a series of individual trees (Breiman, 2001). To do this, the
number of variables that are used to generate each of those trees that will be created from each node is
limited. This number is usually less than the number of variables available.
For the linear regression model, the independent variable is the self-sufficiency (or the self-consumption) and
the dependent variables are the those enumerated in Data section. The estimation is done by using ordinary least
square method. For the rest of the models, these independent variables are used as input data and the output selfsufficiency (or self-consumption) is obtained by the classification model that can be a decision tree or a forest or
trees.

3. Data
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The study has been carried out for three different Spanish cities with different climatic conditions (Table 1).
Using the meteorological parameters of hourly global incident radiation and hourly temperature, the energy
balances of a self-consumption facility has been obtained using different configurations for peak power
photovoltaic modules and battery capacities.
The hourly consumption profiles used are based on the profiles proposed by the UKERK center (UKERK).
From these profiles, the percentage of consumption produced every hour with respect to total daily consumption
(in annual average values) has been considered. To build the hourly profiles for the 365 days of the year, the
periods proposed by this center have been considered, except for the period they call "high summer". The
profiles corresponding to this period have been generated for those days when the average daily temperature is
over 25 degrees.

Figure 1. Load profiles analyzed

The peak powers of the installation considered are related to the peak power that causes the installation to
generate the same energy as that consumed throughout the year; this is known as the peak power that makes a
zero energy building (or house), ZEB. From this value to which the value of one is assigned, the other sizes
relative to it are estimated from a size of 0.25 to a size 2 times. The estimated consumption, the photovoltaic
energy produced by 1 kWp photovoltaic system and the peak power ZEB values are shown in the table Table 1.
For the battery capacity the sizes considered vary from 0 to 25 kWh, with an increase of 2.5 kWh.

Table 1. Meteorological and photovoltaic facility parameters for each location

Location

Gdm
(kWh/m2)

Málaga

5.98

STD
Gdm
(kWh/m2)
2.04

Temp
(°C)

STD T
(°C)

Load
(kWh)

Wp
(ZEB)

11

FV
1kWp
(kWh)
4.81

18.1

0.8

Madrid

5.09

2.46

14.2

1.6

14.3

4.07

3.5

Santander

4.61

2.39

14.9

0.9

11.8

3.71

3.2

2.3

The self-consumption and self-sufficiency coefficients have been obtained based on the installed peak power
and the size of the battery using the described hourly consumption profiles.
So, the input variables of the models are related to the configuration of the installation, its location and the type
of consumption profile. Specifically, the independent proposed variables are:
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•

Type of consumption profile

•

Average annual value of daily global radiation

•

Standard deviation of the daily average values of global radiation

•

Average annual value of daily temperature

•

Standard deviation of daily global temperature values

•

Peak power of the installation

•

Battery capacity

Using all these independent variables, the values of self-sufficiency and self-consumption have been calculated
for each of the possible combinations. In total, 1056 different values were obtained for each of these two
parameters.

4. Results
In order to estimate the self-consumption and self-sufficiency, different models of machine learning have been
checked to predict these parameters. The models that have been used are the following:
•

Linear Regression

•

Multilayer Perceptron

•

M5’

•

RepTree

•

Random Forest

The estimation of the parameters of each of them, as well as of the different error metrics has been done using
the Weka tool (Hall et al., 2009). The errors obtained have been evaluated both when using cross correlation and
when using test set. The results obtained for estimating the self-sufficiency and self-consumption using crossvalidation are shown in Table 2 and Table 3, respectively, and the results obtained when using test set are shown
in Table 4 and Table 5 respectively.
Table 2. Metrics obtained for each of the analyzed models when estimating self-sufficiency using cross-validation

Metrics

RL

MP

RF

M5P

REPTree

0.798

0.9835

0.9986

0.9927

0.9925

MAE

11.1385

3.2984

0.9364

1.8181

1.6386

RMSE

14.0129

4.2624

1.5568

2.8995

2.8507

RAE

60.03%

17.78%

5.05%

9.80%

8.83%

rRSE

60.23%

18.32%

6.69%

12.46%

12.25%

1056

1056

1056

1056

1056

R

N

Table 3. Metrics obtained for each of the analyzed models when estimating self-sufficiency for test set

Metrics

RL

MP

RF

M5P

REPTree

R

0.8291

0.9889

0.9983

0.9933

0.9914

MAE

10.4183

2.6083

0.985

1.7628

1.6595

RMSE

12.9941

3.4691

1.6182

2.8199

3.0409

RAE

55.50%

13.90%

5.25%

9.39%

8.84%

rRSE

56.13%

14.99%

6.99%

12.18%

13.14%

211

211

211

211

211

N
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Table 4. Metrics obtained for each of the analyzed models when estimating self-consumption using cross-validation

Metrics

RL

MP

RF

M5P

REPTree

R

0.8599

0.9992

0.9963

0.9963

0.9912

MAE

10.2565

0.8015

1.1807

1.4163

1.7489

RMSE

12.9934

1.0402

2.2602

2.2642

3.3616

RAE

51.73%

4.04%

5.95%

7.14%

8.82%

rRSE

50.94%

4.08%

8.86%

8.88%

13.18%

1056

1056

1056

1056

1056

N

Table 5. Metrics obtained for each of the analyzed models when estimating self-consumptio for test set

Metrics

RL

MP

RF

M5P

REPTree

R

0.8472

0.9993

0.9966

0.9947

0.9879

MAE

9.2919

0.5511

1.0817

1.2948

1.9273

RMSE

11.578

0.7945

1.8556

2.1982

3.3243

RAE

51.37%

3.05%

5.98%

7.16%

10.66%

rRSE

53.06%

3.64%

8.50%

10.07%

15.23%

211

21

211

211

211

N

As can be seen, all the proposed models, except linear regression, have correlation coefficients greater than 0.98.
Among them, the model with which better predictions of self-sufficiency are obtained is Random Forest, which
in cross-validation has an average absolute error of less than 1 and a relative error of 5%. Very good results are
also obtained for the M5’ and REPTree models. In all cases the relative absolute error is less than 10%, which
means for a wide range of self-sufficiency values errors in percentage points of the order of 1%. Figure 2 shows
the self-sufficiency values obtained by simulating the behavior of the installation against the values obtained by
the Random Forest and REPTree models.

Figure 2. Self-sufficiency values versus the predictions of these values for the Random Forest and REPTree models.
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For the estimation of self-consumption, the model that works best is the multilayer perceptron, with an mean
absolute error of 0.55 and an relative absolute error of 3% for test set. The decision tree models also have small
errors, especially Random Forest and M5P. In Figure 3 self-consumption values versus the predictions of these
values for the multilayer perceptron models and Random Forest are shown.

Figure 3. Self-consumption values versus the predictions of these values for the Multilayer Perceptron and Random Forest models.

5. Conclusions
Different data mining models have been evaluated for the modeling of the parameters of self-consumption and
self-sufficiency. Specifically, a linear regression, a multilayer perceptron and several types of decision trees
have been used. In all cases except linear regression, the results obtained allow us to affirm the validity of the
different models. For self-consumption, the model with the best results is the multilayer perceptron, while for
self-sufficiency the one that obtains the most accurate results is Random Forest. The correlation coefficient is
higher in both cases than 0.99, while the average absolute error is less than 1 and the relative average error is 3%
for self-consumption and 7% for self-sufficiency. The best results obtained in the estimation of selfconsumption with respect to self-sufficiency are explained because in the first case the self-sufficiency values
have been used as an independent variable; this is possible in real situations since the estimation of these
parameters can be done in two phases, since for each one of them a different model has been estimated.

6. Acknowledgments
This work has been supported by the project RTI2018-095097-B-I00 at the 2018 call for I+D+i Project of the
Ministerio de Ciencia, Innovación y Universidades, Spain.

7. References
Alfadda, R. Adhikari, M. Kuzlu and S. Rahman, Hour-ahead solar PV power forecasting using SVR based
approach. IEEE Power & Energy Society Innovative Smart Grid Technologies Conference (ISGT), Washington,
DC, pp. 1-5, 2017.
Breiman, L. Random forests. Machine Learning, 45 (1), pp. 5–32, 2001.
Filipe, J.M. Bessa, R.J. Sumaili, J. Tomé, R. and Sousa, J.N. A hybrid short-term solar power forecasting tool.
18th International Conference on Intelligent System Application to Power Systems (ISAP), Porto, pp. 1-6, 2015.
Hall, M. Frank, E. Holmes, G. Pfahringer, B. Reutemann, P. I. H. Wit- ten, The weka data mining software: an

1497

L. Mora-López et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

update, SIGKDD Explorations Newsletter 11, 10–18, 2009.
Hunt, E.B. Marin, J. Stone, P.J. Experiments in Induction, Academic Press, New York, 1966.
Jantsch, M. Schmidt, H. Schmid, J. Results on the concerted action on power conditioning and control. 11th
European Photovoltaic Solar Energy Conference. Montreux, pp. 1589-1592, 1992.
Luthander, R. Widén, J. Nilsson, D. Palm, J. Photovoltaic self- consumption in buildings: A review. Applied
Energy, 142, pp. 80-94. 2015.
Minsky, M. Papert, S. Perceptrons. An Introduction to Computational Geometry. M. Minsky and S. Papert.
M.I.T. Press, Cambridge, Mass., 1969.
Mora Segado, P. Carretero, J. Sidrach-de-Cardona, M. Models to predict the operating temperature of different
photovoltaic modules in outdoor conditions. Progress in Photovoltaics: Research and Applications, 23 (10), pp.
1267-1282, 2014.
Mora Segado, P. Contribución al estudio de la temperatura de módulos FV de diferentes tecnologías en
condiciones de sol real. Tesis Doctoral. Universidad de Málaga, 2015.
Nageem, R. Jayabarathi, R. "Predicting the Power Output of a Grid- Connected Solar Panel Using Multi-Input
Support Vector Regression," Procedia Comput. Sci., vol. 115, pp. 723–730, January 2017.
NREL. National Renewable Energy Laboratory. Zero energy buildings: a critical look at the definition.
Colorado. 2006.
NREL. National Renewable Energy Laboratory. Net-Zero Energy Buildings: a classification system based on
renewable energy supply options. Colorado. 2010.
Osterwald, C. R. Translation of Device Performance Measurements to Reference Conditions. Solar Cells, 18 (34), pp. 269-279, 1986.
Quinlan, J. Discovering rules by induction from large collections of examples, in: D. Michie (Ed.), Expert
Systems in the Micro Electronic Age, 1979.
Quinlan, J. Learning efficient classification procedures, in: R.S. Michlaski, J.G. Carbonell, T.M. Mitchell (Eds.),
Machine Learning: An Artificial Intelligence Approach, Tioga Press, Palo Alto, CA, 1983.
Quinlan, J. Induction of decision trees, Mach. Learn. 1, 81–106, 1986.
Quinlan, J. Learning with continuous classes. In: 5th Australian Joint Conference on Artificial Intelligence.
World Scientific, Singapore, pp. 343–348, 1992.
Rumelhart, D.E. Hinton, G.E. Williams, R.J. Learning representations by back-propagating errors. Nature, 323,
533-536, 1986.
Sardá-Espinosa, A. Subbiah, S. Bartz-Beielstein, T. Conditional inference trees for knowledge extraction from
motor health condition data. Engineering Applications of Artificial Intelligence, 62 (Supplement C), pp.26-37,
2017.
Sartori, I. Naplitano, A. and Voss, K. Net zero energy buildings: A consistent definition framework. Energy and
Buildings, 48, pp.220–232. 2012.
Sharma, N. Sharma, P. Irwin, D. and Shenoy, P. "Predicting solar generation from weather forecasts using
machine learning," 2011 IEEE International Conference on Smart Grid Communications, Brussels, 2011, pp.
528-533.
Sivaneasan, B. Yu, C.Y. Goh, K.P. Solar Forecasting using ANN with Fuzzy Logic Pre-processing, Energy
Procedia, vol. 143, pp. 727– 732, Dec. 2017.
Wang, Y. Witten, I.H. Induction of model trees for predicting con- tinuous classes. In: 9th European Conference
on Machine Learning (poster papers). Springer, pp. 128 – 137, 1997.

1498

F3. Others in Energy Systems and Sector
Coupling

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

A Study on New and Renewable Energy Policy Changes and Market Analysis in
Korea
1

1

1

Sang Min An , Joo Han Kim , Myung Kyu Park , Kyung Hoi Lee
1

1

Korea Research Institute of Eco-Environmental Architecture (KRIEA), Seoul (South Korea)

Abstract
The importance and necessity of renewable energy applications have become a major issue around the world in the
viewpoint of energy consumption reduction. One of the effective ways to reduce greenhouse gases is for the
government to enact mandatary policies for renewable energy systems, like renewable portfolio standards and a
renewable feed-in tariff, to encourage the people and organizations of public and private sectors. There are three
success factors (policy, technology, and market) in the renewable energy field. This study has been conducted to
analyze changes in the policy and market trends of new and renewable energy in South Korea. Based on the results
of changes in policy and market status, there are specific institutional improvements in South Korea compared to
the overseas renewable energy policies. It can be concluded that the efficiency of government policy is closely
related to the new and renewable energy market in South Korea.
Keywords: Mandatory new and renewable energy supply system (RPS: Renewable Portfolio Standards), Reference
price purchase system (FIT: Feed-in Tariff), Generation difference system, Green building rating system (G-SEED)

1. Introduction
Buildings consume a lot of energy to facilitate the comfort and activities of occupants. The increase in energy
consumption leads to an increase in the use of fossil fuels, resulting in greenhouse gas emissions, which cause
global warming. Therefore, it is necessary to continuously search for ways to replace existing fossil fuels. Besides,
rising energy prices and high dependence on energy imports increase the need to develop alternative energy
sources. Considering these points, this study reconsiders the policies for new and renewable energy and seeks an
institutional improvement plan. In the related fields, improvement of the plan through the policies by comparing
them with the policies of foreign countries that are ahead of the establishment of the active system and the market
was to analyze. In the case of this paper, improvement plans for new and renewable energy systems in South Korea,
focusing on comparative laws and legislative policy research methodology and drawing on existing literature and
public data, are analyzed.

2. Current Status of and Policies for Domestic New and Renewable Energy
2.1. Current Status and Prospect of Domestic Energy
South Korea's energy consumption in 2015 was 273 million toe, the eighth in the world. Considering that the gross
domestic product index is ranked 14th in the world, South Korea seems to use more energy than the scale of the
economy as shown in the table 1[1, 2]. South Korea's total energy imports in 2017 amounted to USD 109,466
million, and dependency on imports was 94.2%, making it very vulnerable to energy security [3].
Table 1: List of Countries by Energy Usage (2015)

Classification
Energy
Consumption
(million toe)
GDP Ranking
(PPP Value)

China
st

US
nd

India
rd

Russia
th

Japan
th

Germany
th

Brazil
th

Korea
th

Canada
th

France

(1 )

(2 )

(3 )

(4 )

(5 )

(6 )

(7 )

(8 )

(9 )

(10th)

2,987

2,188

851

710

430

308

298

273

270

247

1

2

3

6

4

5

8

14

17

10

Domestic energy production, including nuclear power generation, was 49 million toe in 2017, of which nuclear
power generation accounted for 64.4% of total production. Coal power generation is on a declining trend, while
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new and renewable energy is steadily increasing. In response to the rapidly growing domestic demand for
electricity, power generation is continuously increasing at an average annual rate of 4.4%, and the proportion of
new and renewable energy generation in total power generation is steadily increasing. Table 3 shows the domestic
energy production status through time [4].
Table 2: List of Countries by Energy Usage (2015)

Year

Dependence
on Energy
Imports (%)

Coal imports

2000
2010
2013
2014
2015
2016
2017

97.2
96.5
95.7
95.2
94.8
94.7
94.2

2,186
13,131
13,074
12,114
9,961
9,310
15,179

Total Energy Imports (Unit: Million USD)
Natural gas
Uranium
Oil imports
imports
imports
31,594
3,882
225
90,903
17,006
225
133,961
30,645
1,018
129,890
31,403
731
73,106
18,779
869
58,873
12,170
589
77,680
15,616
991

Total
37,888
121,654
178,698
174,137
102,715
80,942
109,466

Table 3: Domestic Energy Generation Status

Year
1990
2000
2005
2013
(%)
2014
(%)
2015
(%)
2016
(%)
2017p
(%)
Increase &
decrease rate

Coal
7,748
1,868
1,274
817
-2.00%
787
-1.70%
794
-1.60%
777
-1.60%
703
-1.40%

LNG
518
463
-1.10%
322
-0.70%
188
-0.40%
154
-0.30%
341
-0.70%

Water Power
1,590
1,402
1,297
1,771
-4.30%
1,650
-3.50%
1,223
-2.50%
1,400
-2.80%
1,487
-3.00%

Nuclear Power
13,222
27,241
36,695
29,283
-70.90%
33,002
-70.60%
34,765
-69.80%
34,181
-68.20%
31,615
-64.40%

New & Renewable
797
2,130
3,961
8,987
-21.70%
10,956
-23.50%
12,839
-25.80%
13,575
-27.10%
14,964
-30.50%

Total
23,356
32,641
43,745
41,321
-100%
46,716
-100%
49,809
-100%
50,087
-100%
49,109
-100%

△5.6%

△3.4%

0.30%

0.90%

12.20%

2.40%

2.1. Changes and Major Contents of New and Renewable Energy Related Laws
The government started commercialization and supply of photovoltaic power and waste power with the enactment
of the Alternative Energy Development Promotion Act in 1987 and promoted the development of new and
renewable energy technologies. Subsequently, in 1997, starting with the First Basic Plan for the Development,
Usage, and Dissemination of Alternative Energy Technologies, basic plans for new and renewable energy were
established in 2003, 2008, and 2014 as sub-implementation plans of the National Energy Basic Plan, and these are
underway. In the Second Basic Plan, a target of 5% of primary energy supplied by new and renewable energy by
2011 was set. In the Third Basic Plan, 11% of primary energy will be supplied by new and renewable energy until
2030, and the 11% supply target of new and renewable energy was revised until 2035. The government's new and
renewable energy policies are divided into technology development, dissemination, and industrial cultivation.
Among them, South Korea is implementing various new and renewable energy support policies such as regulatory
policies and targets, financial incentives, and public financing. Domestic dissemination programs include subsidies
for new and renewable energy facilities, support for loans for new and renewable energy facilities investment,
mandatory renewable energy facilities for public buildings, the Difference Compensation Act, and a mandatory
new and renewable energy supply system. Since 2012, the Difference Compensation Act, enforced from 2002, has
been replaced by Renewable Portfolio Standards (RPS). The Difference Compensation Act enforced in South
Korea is a kind of feed-in tariff (FIT) in which the government supports the difference between the base price and
the market price of each of the new and renewable energies. The RPS is a system that requires electricity suppliers
to fill a certain amount of production with new and renewable energy [5]. The government has supported the
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renewable energy generation difference from the electric power industry-based fund, but when the financial burden
increased and the problems of the system, such as the lack of the technology development promotion function,
were exposed, the FIT was abolished from 2012, and the RPS has been enforced since [6]. At present, 13 power
generation companies with more than 500 MW of power generation facilities have been obliged to supply
electricity, and RPS targets include photovoltaic, wind, hydro, tidal, biogas, landfill gas, biomass, fuel cell, coal
gasification power generation (IGCC), refuse-derived fuel (RDF), and by-product gas. According to the RPS,
compulsory operators must supply 10% of the electricity generation with new and renewable energy by 2022.
2.2. Current Status of New and Renewable Energy
New and renewable energy accounted for 7.0% of power generation and 13% of facility capacity in 2016 [7].
When comparing the ratio of renewable energy generation of South Korea to major countries, it is low. Looking at
the composition by renewable energy sources, it is waste and bio-oriented, but recently photovoltaic power and
wind power are on the rise. Table 4 shows the ratio of new and renewable energy supply, and Table 5 shows the
production by new and renewable energy types [8].

Table 4: Proportion of New and Renewable Energy Supply

Year

Total Power
Generation
(MWh)

Total New and Renewable
Energy Generation
(MWh)

2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017

364,639,331
381,180,709
426,647,338
422,355,126
433,603,745
474,660,205
501,527,009
532,190,711
543,098,496
546,248,948
560,973,575
561,825,749
577,331,030

3,950,000
3,899,368
4,394,830
4,227,477
4,617,886
5,889,553
17,345,647
19,498,064
21,437,822
26,882,190
37,078,863
40,655,802
46,623,321

The Proportion of New and Renewable Energy
Supply (%)
Renewable Energy
New Energy
Sum
1.08
0.00
1.08
1.02
0.00
1.02
1.03
0.00
1.03
1.00
0.00
1.00
1.07
0.02
1.04
1.24
0.04
1.20
3.46
0.06
3.40
3.66
0.07
3.59
3.95
0.11
3.84
4.92
0.17
4.75
6.61
0.20
6.41
7.24
0.27
6.97
8.08
0.48
7.60

Table 5: New and Renewable Energy Production by Type

Year
New and Renewable Energy
Production
Solarthermal
Photovoltaic
Wind power
Water power
Renewabl
Ocean
e Energy
Geothermal

New
Energy

1502

2005

2010

2012

2014

2015

2016

2017

4,879,211

6,856,284

8,850,739

11,537,366

13,292,990

14,178,408

16,448,386

34,729
3,600
32,472
918,504
2,558

29,257
166,152
175,644
792,294
223
33,449

26,259
237,543
192,674
814,933
98,310
65,277

28,485
547,430
241,847
581,186
103,848
108,472

28,469
849,379
283,455
453,787
104,731
135,046

28,495
1,092,832
355,340
603,244
104,562
162,047

28,121
1,516,349
462,162
600,690
104,256
183,922

Hydrotherma
l

-

-

-

-

4,791

5,989

7,941

Bio
Wate
Total

181,275
3,705,547
4,878,685

754,623
4,862,296
6,813,938

1,334,724
5,998,509
8,768,229

2,821,996
6,904,733
11,337,997

2,765,657
8,436,217
13,061,532

2,765,453
8,742,727
13,860,688

3,598,782
9,358,998
15,861,222

Fuel cell
IGCC
Total

526
526

42,347
42,347

82,510
82,510

199,369
199,369

230,173
1,285
231,458

241,616
76,104
317,720

313,303
273,861
587,164
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Table 6: General Table of New and Renewable Energy Industry

Number of
Companies

Employm
ent

(ea)

(people)

Items

Sales
Total

Domestic

100
million
won
64,358
67.4
167
0.2
10,957
11.5
3,262
3.4
1,006
1.1

100
million
won
19,331
47.6
164
0.4
2,485
6.1
2,238
5.5
1,002
2.5

Export
100
million
won
36,740
85.1
3
0.0
5,064
11.7
1,024
2.4
4
0.0

100
million
won
3,249
85.1
448
11.7
91
2.4
-

Overseas
Factory
100
million
won
8,287
70.9
3,408
29.1
-

Investment
Scale
100
Million
won
7,731
95.5
0
0.0
120
1.5
49
0.6
18
0.2

118
7,522
Photovoltaics
(%)
26.0
54.0
17
195
Solarthermal
(%)
3.7
1.4
27
1,853
Wind Power
(%)
5.9
13.3
15
588
Fuel Cell
(%)
3.3
4.2
24
335
Geothermal
(%)
5.3
2.4
Hydrotherma
3
25
47
47
l
(%)
0.7
0.2
0.0
0.1
5
100
107
92
15
1
Hydraulic
(%)
1.1
0.7
0.1
0.2
0.0
0.0
121
1,647
12,597
12,286
311
28
155
Bio Energy
(%)
26.7
11.8
13.2
30.3
0.7
0.7
1.9
Waste
124
1,662
2,964
2,964
25
Energy
(%)
27.3
11.9
3.1
7.3
0.3
438i
13,927
95,463
40,608
43,161
3,817
11,694
8,097
Total
(%)
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
i
The number does not coincide with the sum of the number of companies by energy source (454), as it excludes the duplication
of companies operating two or more industries of new and renewable energy sources and two or more items operating on the
same energy source.

Regarding the current status of the new and renewable energy industry, the total number of companies is 438, and
waste, bio, and photovoltaic power account for 80% of the total. In the case of the number of employees, the
proportion of photovoltaic power workers was the highest, at 54%, followed by the proportion of wind power
workers, at 13%. Total sales of new and renewable energy amounted to 9,546.3 billion won, and the photovoltaic
power and wind power industry accounted for 79% of total sales. Total exports of new and renewable energy
amounted to 4,316.1 billion won (45% of total sales). In particular, the photovoltaic power and wind power
industry accounted for 97% (4,180.4 billion won) of new and renewable energy exports, leading the exports. Total
sales of new and renewable energy of overseas plants is 1,169.4 billion won, which includes only photovoltaic
power (828.7 billion won, 71%) and wind power (340.8 billion won, 29%) exist, and total investment for new and
renewable energy is 809.7 billion won, with photovoltaic power accounting for the highest proportion, at 95% [9].
Table 6 shows the current status of the new and renewable energy industry [10].
2.2. The 4th Basic Plan for New and Renewable Energy
The plan period of the 4th Renewable Energy Basic Plan is from 2014 to 2035, and it was established by the
Minister of Industry, Trade, and Energy with a period of five years. The main objective is to supply 11% of
primary energy using new and renewable energy by 2035, and it sets the annual average growth rate of 6.2% for
new and renewable energy from 2014 to 2035. The plan aims to decrease the ratio of waste energy and foster
photovoltaic power and wind power as core energy sources. From 2012 to 2025, the proportion of waste energy in
new and renewable energy sources will be reduced from 68.4% to 29.2%, that of wind power will be increased
from 2.2% to 18.2%, and that of photovoltaic power will be increased from 2.2% to 14.1%. is the plan aims to
supply13.4% of the total electricity with new and renewable energy in 2035. Table 7 shows the ratio targets of
primary energy sources [11]. Through this plan, the RPS obligatory supply was re-adjusted by considering the
obligatory performance conditions, and the means to fulfill the obligations are diversified to improve the
implementation conditions so that the effectiveness of new and renewable energy supply and financing projects can
be improved in line with the changes in the market and technological developments. In order to increase
investments for new and renewable energy, in the plan, the division based on the land category will be abolished to
promote the supply based on the market principle of photovoltaic power by giving different weights in accordance
with installation type and scale as a way of enhancing the rationality of REC weights. For the small scale,
preferential treatment is given by considering the relatively high cost and environment preservation possibility. For
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the large scale, the weight was set in consideration of the environmental problems such as deforestation and the
convenience of the scale economy. The weight was increased according to the size of the site more than installing
on general sites in consideration of the increase in the investment cost when installing on buildings or on the water
surface. In order to prevent the exploitation of weights by scale such as power plant splitting, a combined
weighting system that applies the sum of stepwise weightings to the total installation capacity was introduced. A
variable weighting option was introduced for energy sources that require high initial investment costs such as
offshore wind power, tidal power, and geothermal power as a non-photovoltaic system. The RPS supply certificate
(REC) transaction market was revitalized by creating a fair transaction environment between sellers and suppliers.
The cycle of establishing the REC spot market was increased from one to two times per month by new and
renewable energy source, and the transaction system was improved from one-way to two-way to ensure equal
participation in the market. The supply project plan was reorganized into centering on the convergence type and the
investment economy to change into a convergence type-supply project led by local communities, bailing out the
individual house and building unit support. For the loan business plan, flexible financing support targets
considering the market conditions were selected, and lending businesses for technology commercialization were
established in addition to the existing production, facilities, and working capital financing, to support smooth
market penetration of superior technologies. Funding for photovoltaic facilities will be resumed to support the
national power infrastructure, such as large power transmission lines, and local-residents- participating projects
such as eco-friendly energy towns. For public institutions, the obligatory installation ratio of new and renewable
energy facilities was increased. The obligatory supply ratio targets of new and renewable energy supply to public
buildings will be increased from 20% to 30% by 2020, and the ratio by year will be gradually increased through
stages.
Table 7: Ratio of New Renewable Energy Supply to Primary Energy Supply

Year
The ratio of new and renewable energy
supply

2012

2014

2020

2025

2030

2035

3.2

3.6

5.0

7.7

9.7

11

Table 8: Targets of Proportion by Primary Energy Standard Source

Classification
Solarthermal
Photovoltaic
Wind power
Bioenergy
Hydrothermal
Geothermal
Ocean energy
Waste energy

Year
2012
0.3
2.7
2.2
15.2
9.3
0.7
1.1
68.4

2014
0.5
4.9
2.6
13.3
9.7
0.9
1.1
67.0

2025
3.7
12.9
15.6
19.0
4.1
4.4
1.6
38.8

Annual average increase rate (%)

2035
7.9
14.1
18.2
18.0
2.9
8.5
1.3
29.2

21.2
11.7
16.5
7.7
0.3
18.0
6.7
2.0

Table 9: Adjustment of Private Obligatory Supply Ratio (Plan)

Category
Current
Change

2015
3.5
3.0

2016
4.0
3.5

2017
5.0
4.0

2018
6.0
4.5

2019
7.0
5.0

2020
8.0
6.0

2021
9.0
7.0

2022
10.0
8.0

2023
9.0

2024
10.0

Table 10: Adjustment of the Obligatory Ratio of New and Renewable Energy Supply to Public Institutions by Year (Plan)

Category
Current
Change

2014
12
12

2015
13
15

2016
14
18

2017
15
21

2018
16
24

2019
18
27

2020–
20
30

2.3. Renewable Energy 3020 Implementation Plan
The concrete implementation plan of Renewable Energy 3020, which will increase the proportion of renewable
energy generation to 20% by 2030, is based on the opinions of all walks of life collected by the TF, which is
composed of experts from industry, government, academia, and research institutes, over a period of six months. It
was established by the Minister of Trade, Industry, and Energy. It aims to supply more than 95% of new facilities
with clean energy, such as photovoltaic power and wind power, through public-participation projects and large-
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scale projects [7]. The vision of the implementation plan is to change into a participatory energy system that
enhances quality of life so that energy conversion in which all subjects participate and enjoy can be accomplished.
The main driving strategy is to shift from waste and bio-centering to the supply of clean energy such as
photovoltaic power and wind power and to encourage the participation of local residents and the general public,
rather than focusing on foreigners and business operators. In terms of implementation method, it changes from an
unplanned development of individual sites to planned development of large-scale projects. Figure 1 shows the
proportions of participation type of renewable energy generation up to 2030.
Renewable energy
The proportion of power
generation
National
power plant

Urban area
Rural area



2017

2022

7.6%

10.5%

290,000
houses



760,000
houses

0.1GW

2030
20%


3.3GW

1.56
houses
10GW

Figure 1: Renewable energy supply target

3. Current Status and Policy of Oversea New and Renewable Energy
3.1. Expansion of New and Renewable Energy Sources in the US (State of California)
The Trump Administration in the United States claims to support the creation of wealth and jobs through the
development of its wealth of shale resources as the key to energy policy. At the national policy level, it has not
presented notable policy objectives for expanding the supply of new and renewable energy. Nevertheless, the
supply and expansion of new and renewable energy is being deployed at the state government level, and in the
State of California, legislation (SB10) requiring that 10 percent of the electricity in the state be covered by
renewable energy (including carbon-zero energy sources) was passed in the Parliamentary Public Utilities and
Energy Committee (July 3, 2018). SB10 revised the Renewable Portfolio Standard (RPS) target under SB350,
which came into effect in 2015, and is now in force and aims at using 10% of the electricity in the State of
California with renewable energy and zero-carbon energy sources such as nuclear power by 2045. In SB10, RPS
targets are not limited to new and renewable energy sources but also include zero-carbon energy sources such as
nuclear power. Meanwhile, the California Energy Commission unanimously adopted the 2019 Building Energy
Efficiency Standards, which mandates the installation of solar panels in new housings and low-rise apartments, on
May 9, 2018 [13].
3.2. EU (Strengthening the European Union's New and Renewable Energy Supply Targets)
On June 14, 2018, the EU Executive Council, the European Parliament, and the Council of the European Union
agreed to increase the ratio of renewable energy in final energy consumption to 32% by 2030 [11]. The European
Executive Council, the European Parliament, and the Council of the European Union agreed to increase the target
of renewable energy in final energy consumption to 32% from the current 27% by 2030 in triangular negotiations
for the revised Renewable Energy Directive (RED II). The agreement also includes a clause in which the new and
renewable energy target can be raised and the means by which at least 14 percent of transportation energy
consumption will be filled by renewable energy by 2030 changed, through an interim review in 2023.
3.3. The Goal of Germany's New and Renewable Energy Policy
In Germany, the Energy Initiative 2010 provides a step-by-step energy and climate change targets until 2050. It
aims to cut energy demand and expand new and renewable energies with the goal of reducing greenhouse gas
emissions by up to 80% to 95% by 2050. The final energy share ratio of renewable energy is planned to increase
from 14.9% in 2015 to 60% in 2050. Germany has set a policy goal of reducing primary energy demand by up to
50% by 2050 compared to 2008 by promoting energy efficiency.
3.4. The Goal of France's New and Renewable Energy Policy
France applies the energy and climate change policy directions and policy goals proposed by the European Union's
2020 Climate and Energy Package and the 2030 Climate and Energy Policy Framework. France's energy
conversion policy aims to reduce greenhouse gas emissions and energy demand through increased energy
efficiency, to increase the role of renewable energy, and to reduce nuclear power. France aims to expand the share
of final energy consumption to 23% in 2020 and 32% in 2030 by promoting the supply and expansion of new and
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renewable energy through energy conversion and to increase the proportion of power generation by new and
renewable energy to 40% by 2030. Looking at the specific method, it presents the new and renewable energy
development target to increase the entire new and renewable energy generation capacity from 52 GW in 2018 to
71–78 GW in 2030, compared to 41 GW in 2014. The Energy Conversion Act set a goal of reducing the primary
energy consumption of fossil fuels to 30% by 2030 compared with 2012. The goals of primary energy fossil energy
consumption reduction are set at oil (23.4%), coal (37%), and natural gas (15.8%) by 2023.
3.5. The Goal of the UK's New and Renewable Energy Policy
The UK has implemented a plan to increase the proportion of new and renewable energy in the country's final
energy consumption to 15% by 2020 through the National Renewable Energy Action Plan (2009). The UK
government aims to increase the proportion of new and renewable energy in electricity generation by up to 30% by
2020 and to supply the proportion of low-carbon energy sources at 40%. It also plans to cover 10% of
transportation fuel with biofuels. The UK government is making efforts to increase the proportion of clean fuel to
80% by 2032 and to convert the power generation sector into a clean power system by applying the Contract for
Difference (CfD). It plans to establish a 10% clean power system by 2050.
3.6. The Goal of Japan's New and Renewable Energy Policy
The Japanese government has set a goal of expanding the proportion of new and renewable energy up to 13–14
fold compared to primary energy by 2030 through the Long-term Energy Supply Prospect announced in 2015 in
accordance with the Fourth Energy Basic Plan. The Japanese government set the electricity production target at
1060 billion kWh by 2030 and has proposed 12,989 ~ 13,214 kW targets for the expansion of new and renewable
energy generation facilities. In 2030, the Japanese government plans to have renewable energy electricity sources
of 2–24% (1.0 to 1.1% from geothermal energy, 3.7 to 4.6% from biomass, 1.7% from wind power, 7.0% from
photovoltaic power and 8.8 to 9.2% from hydropower), 27% from oil, 27% from natural gas, 26% from coal, and
2–20% from nuclear power.
3.7. The Goal of China's New and Renewable Energy Policy
China set a goal of increasing the proportion of non-fossil energy among primary energy consumption to 15% by
2020 to reduce its heavy dependence on coal. China also set the goal of 680 GW of new and renewable energy
generation capacity and 190 TWh of generation capacity [13]. The National Energy Agency (NEA) of China
proposed the goal of expanding the capacity of non-fossil energy generation facilities to 740 GW and power
generation capacity to 200 TWh by 2018 through the 2018 Energy Business Guidance Opinion. China selected
wind power as the main energy source for expanding the proportion of non-fossil energies and planned to build a
new construction size of 25 GW and a new expanded facility capacity of 20 GW.

4. New and Renewable Energy Vitalization Plan through Improvement of Domestic
Systems
It will be necessary to have a plan to support small-scale projects with a capacity of 100 kW or less for new and
renewable energy facilities and to vitalize participation through cooperatives. The introduction of the Korean-type
feed-in tariff should be introduced for a limited time, ensuring profitability and streamlining the procedure for
small-scale projects. In order to stabilize profits and simplify procedures for passive small business operators due
to unstable profits and complicated procedures, it is necessary to improve the system so that they can generate
stable profits for 20 years by making six major domestic power generation companies make mandatory purchases.
A plan to omit the REC issuance and bidding procedure can also be considered. As targets of the Korean-type FIT,
it is desirable to examine the application for the time being of 5 years for cooperatives and farmers of less than 100
kW and individual business operators of less than 30 kW.
In a way that provides incentives for social economy companies (cooperatives) and civil-funded projects, the
government must develop a plan in which any cooperative consisting of local residents can form a regional
renewable energy cooperative through investment in photovoltaic power generation projects and sharing dividend
income. For example, through the establishment of a special purpose company (SPC) for photovoltaic power
generation projects among new and renewable energies, it is necessary to conduct lending and repayment for
photovoltaic power funds invested by local residents and to share dividend income.
Regarding ways to revitalize new and renewable energy through the implementation of large-scale projects, a plan
for intensive promotion of projects falling under 5 GW among the projects proposed by private and public
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organizations needs to be established. It is necessary to support this by reviewing pre-approval and preemptive
grid-connected photovoltaic power generation and to seek ways to utilize the idle sites of nuclear plants or coalfired power plants. The next step is to increase the ratio of Renewable Energy Portfolio Standard (RPS)
requirements for large power generation companies to promote investment. This is expected to actively encourage
the implementation of large-scale projects.
Regarding city-type private photovoltaic power, it is necessary to improve the offset transaction system for
expanding the supply business and expansion of the rate reduction benefit in photovoltaic power generation
installations. It is necessary to prepare for the case where the power generated from the private photovoltaic power
generation cannot be used up. Regarding the improvement of the setoff transaction system, which is used to deduct
the electricity bill, in the case of the private residential photovoltaic power system, it is necessary to seek ways to
utilize the surplus power after the offset processing.
It is necessary to actively utilize the zero-energy building certification system as a means to implement national
greenhouse gas reduction goals and promote the use of new and renewable energy. Zero-energy buildings refer to
buildings minimizing energies lost to the outside through the outer covering of buildings by applying external
insulation and double windows and minimizing the energy consumption by devoting energies for air conditioning
and heating by utilizing new and renewable energy such as fuel cells, photovoltaic power generation, and
geothermal systems. If the ratio of the primary energy production to the primary energy consumption is more than
20%, it is possible to obtain the zero-energy building certification. If a zero-energy building certification is
obtained, new and renewable energy installation subsidies will be given priority and the acquisition tax will be
reduced by up to 20%. In addition, it is possible to deduct up to 6% of the income tax or corporation tax on a part
of the investment cost of energy-saving facilities, such as new and renewable energy facilities and BEMS.
The instability of the tax support system for new and renewable energy will deter investments in new and
renewable energy. In South Korea, the Tax Exemption Restriction Act and the Restriction of the Local Tax Act
specify the closing period of tax support for new and renewable energy, thus giving some predictability [16].
However, there is instability due to the extension of the closing period because the closing period is short. Until
now, most of the closing period of tax support for new and renewable energy has been extended, and the instability
has not been realized [17]. On the other hand, investors incur the risk that the support measures can be stopped
when the closing period ends. In order to raise the proportion of renewable energy generation to 20% by 2030
under the situation where the proportion of new and renewable energy power generation is low compared to major
countries’, sustainable and stable taxation support is needed. In order to reduce the instability of the tax support
system and increase the consistency of the policy, it is desirable to set the closing period to five years or more that
is longer than the current three years.
Table11. Analysis of G-SEED certified projects for preliminary certification from September 2016 to April 2018 (Residential: 211
projects, Non-residential: 85 projects) [19]

Credit Category
Land Use and Transport
Energy and Pollution
Material and Resources
Water Management
Maintenance
Ecological Environment
Indoor Environment
Total

Residential
Weight
Average score
10
3.93
25
14.09
18
9.55
10
3.86
7
6.32
10
2.58
20
13.45
100
53.78

Non-residential
Weight
Average score
10
5.85
30
19.96
15
10.22
10
6.28
7
6.54
10
3.34
18
10.21
100
62.4

The contents of the evaluation item: the use of new and renewable energy of G-SEED (Green Standard for Energy
& Environmental Design), which is being implemented by the Ministry of Land, Transport, and Maritime Affairs
and the Ministry of Environment under the government's management, should be improved. Buildings over
3,000 ㎡ in total area run by public institutions are required to obtain the G-SEED, and local governments have
established standards of mandatory acquisition for buildings over a certain size. Looking at the current situation,
since 2008, the installation rate of new and renewable energy facilities has not been significantly increased. In
order to meet the government's goal of supplying 11% of primary energy with new and renewable energy by 2035,
it will be necessary to increase the installation rate of new and renewable energy by 2.5–5%. It is necessary to find
a way to make the ratio of new and renewable energy facilities different between private and public sectors.
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Grade 1

Grade 2

Grade 3

Grade 4

Grade 5

Not Achieved

2.1 Energy Performance

2.2 Energy Monitoring and Management support device

2.3 NewžžRenewable Energy

2.4 Application of Low-Carbon Energy Source Technicques

2.5 Prohibition of Use of Certain Substances for Ozone Layer
0%

10%

20%

30%

40%

50%

60%

70%

80%

90% 100%

Figure 2: Analysis of achieved credit points for Energy and Pollution in G-SEED 2016 v1.2 (September 2016~April 2018; 211
residential projects)

Table 11 shows the number of projects that achieved preliminary certification of G-SEED from September 2016 to
April 2018. It can be seen that the weighting and average acquisition scores of the energy sector, which includes
renewable energy items, are higher than other credit categories’. Figure 2 indicates the weight ratio of each credit
category in energy and pollution of G-SEED for residential projects from September 2016 to April 2018. The
number of residential buildings that did not achieve a score of 2.3 New and renewable energy credit is the highest
compared to other credit categories. It seems that the residential projects need support systems such as tax
concessions, installation cost grant, and interest discount by government in order to promote the installation of new
and renewable energy facilities.

5. Conclusion
It is necessary to focus on the creation of the ecosystem of the new and renewable energy market for the transition
from government-led models to private partnerships. It is necessary to raise voluntary private investment through
market-friendly system design, proposing a profitable business model, deregulation, and finding suitable models
for new and renewable energy supply. It is also necessary to secure a self-sustaining capacity for sustainable
growth through entry into overseas markets and to have a green building certification system and a zero energy
building certification improvement plan.
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Abstract
This paper aims to analyze the electricity consumption of an electric bus (eBus) and a passenger electrical
vehicle (EV) in order to investigate the viability of powering such vehicles with grid-connected solar
photovoltaic (PV) systems. The integration of a battery to the system is also explored, with the analysis of two
different energy management strategies. The analysis is based on energy production data of building-integrated
PV systems in the Fotovoltaica/UFSC laboratory (www.fotovoltaica.ufsc.br), and consumption measurements
of the laboratory’s eBus, which makes 5-daily-round trips of 52 km each, and a Renault Twizy electric vehicle.
The results showed that the PV systems can play an important role in reducing the high-load demand generated
by electromobility. However, the addition of a battery for storing the surplus of PV energy would be
advantageous to decrease the grid consumption and reduce the dependence of the public grid, demonstrating
both technical and economic benefits.
Keywords: Electromobility, PV systems, Storage Systems.

1. Introduction
Concerns regarding the emission of greenhouse gases, such as CO 2, and the diversification of the world’s
energy mix have made public and industrial sectors view electric vehicles (EVs) as an attractive solution. EVs
can reduce the total CO2 emissions even in electricity systems supplied mainly by fossil fuels, due to the high
efficiency of electric motors (Richardson, 2013). In 2018, the Brazilian Federal Government proposed an
initiative for the automotive industry: Rota 2030 (Ministério da Economia, Indústria, Comércio Exterior e
Serviços, 2018), that will provide some favorable conditions to the growth of this market. The IPI (Tax on
Industrialized Products) of EVs will be reduced, there will be a quality labeling system and EVs will have
standard security items (Machado et al., 2018). With the worldwide incentive, by 2040 at least 57% of all new
vehicles sales and 30% of the global fleet of passenger vehicles are expected to be electric (McKerracher,
2019).
However, the most positive impact of EVs is the potential to assist in the expansion of renewable energy
sources (Richardson, 2013). Since 2015, decentralized power generation installations have been expanding in
Brazil, mainly with photovoltaic (PV) systems, recently surpassing 1 GWp of installed power capacity
(ANEEL, 2019). This growth derives from the increase in energy tariffs, cost reduction of PV systems, the
low-environmental impact of PV and the increase of efficiency that PV systems provide to the grid. Distributed
PV generation emerge as a more efficient and more reliable alternative to the traditional energy electrical
systems (Mitscher and Rüther, 2012). Thus, PV systems can be installed anywhere, and because both the solar
energy resource and the energy demand in urban buildings have a distributed character, their integration to
urban buildings and interconnection to the public electricity grid are the latest trend in this area. They are even
more advantageous when combined with EVs, due to the possibility of using building roofs as a source of
energy for local charging, besides being easily implemented and interconnected to the distribution network
(Rüther, 2004).
As a barrier regarding renewable energy is its unpredictability, the integration of Energy Storage Systems
(ESS) and PV systems is seen as a solution, besides the electromobility, to provide the level of power quality
and reliability that the grid demands (Zahedi, 2011). The batteries are, therefore, essential for the penetration
of both electromobility and renewable energies. For this reason, the aim of this study is to analyze the electricity
consumption of an electric bus (eBus) and a passenger EV in order to investigate the viability of powering
such vehicles exclusively with grid-connected PV systems and also analyzes the addition of an ESS into the
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system and the effects of its integration.

2. Methods
This study was based on the Fotovoltaica/UFSC solar energy laboratory at Universidade Federal de Santa
Catarina in Florianópolis-Brazil (www.fotovoltaica.ufsc.br), which integrate 110 kWp of PV on buildings and
ground, as shown in Fig. 1. The image also shows the eBus and the EV used for the analysis, that is also
presented in Fig. 2.

Fig. 1: The Fotovoltaica/UFSC solar lab, and the 110 kWp PV systems.

Fig. 2: The eBus and the EV used in this analysis.

2.1. Electric Bus (eBus)
The use of electric buses is a worldwide trend and the automotive industry has been investing in the
development of battery and powertrain technology. The UFSC eBus started the regular transportation service
between the university’s main campus and the Fotovoltaica/UFSC Laboratory in March 2017, and, since then,
the 26-km route has been monitored under real traffic conditions. The eBus performs five 52-km trips (2 x 26
km each trip) per day and ran over 100,000 km throughout the first two years of regular service. It is totally
powered by the PV systems installed in the Lab. Fotovoltaica/UFSC, at Sapiens Parque, Florianópolis-SC, as
shown in Mattes et al. (2018).
The eBus has 38 passenger seats and two meeting tables, wireless network, outlet plugs (220V and USB) and
air conditioning, in order to provide a working environment during the journeys. After each round trip, the e-
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Bus is recharged at Sapiens Parque in a 75 kW charger. The transportation service is free of charge for the
UFSC community and the project was funded by the Ministry of Science, Technology and Innovation (MCTI,
currently MCTIC) together with the partnership of the companies WEG, Eletra, Marcopolo and MercedesBenz.

2.2. Electric Vehicle (EV)
The EV applied in this analysis is a Twizy, shown in Fig. 2. It is an electric car for use in urban perimeters
developed by Renault, with space for two people, maximum speed of 80 km/h and autonomy of approximately
100km. In December 2016, it arrived in Brazil in a joint project between Renault and the binational hydropower
plant Itaipu, which was used in the context of the Mobi-I project. As part of this project, several Twizys were
assembled in the Itaipu plant, and they are used to assist in the logistics of mobility within the complex, such
as internal transportation of people, etc.
As UFSC, Itaipu and PTI (Itaipu Technological Park) maintain a partnership agreement for the research of
innovative technologies in favor of the environment focused on the area of electromobility and solar energy,
Itaipu made a Twizy available to Fotovoltaica/UFSC, with the purpose of research development and even
transportation within the Sapiens Park, bringing this technology closer to the Brazilian academic community.

2.3. Energy Consumption Analysis
The evaluation of the eBus consumption of the eBus was based on measurements carried out at the 75 kW
charger, on the monitoring worksheet completed by the drivers in their daily routine, and on the data provided
by the vehicle’s Battery Management System (BMS). For EV consumption analysis, measurements of the grid
consumption during the charging in a typical electrical outlet socket have been performed. For the two vehicles
evaluation, their normal daily routine was assumed, that consists of five trips of the eBus to the main campus
of the university and one trip per day of the Twizy, with charging after each trip. For PV production evaluation,
real data of the laboratory grid-connected systems were used. In the months that the information about PV
energy production was not available, some filling data techniques were applied. The study analyzed the system
since the beginning of the eBus regular operation.

2.4. Energy storage
To analyze the technical viability of the addition of a storage system to the laboratory building, several
simulations were performed, in order to test different storage capacities and two different dispatch approaches
to achieve an optimum alternative:



Case 1: The battery is used to store excess PV energy, in order to use it at any time when PV
production is not enough to supply energy to all the loads;
Case 2: The battery stores the excess PV energy during the day (low-rate energy tariff) and is used to
supply loads during peak hours (high-rate energy tariff).

The simulation was performed using real data of PV energy production and EVs consumption of 2017 and
2018.

3. Results
3.1. Energy Impact of Electric Bus (eBus) Charging
The impact of the eBus on the grid is quite substantial. It surpasses 70 kW of power during the five times it is
charged daily. For this reason, the PV systems installed have an important role in the reduction of the power
demand from the grid during the day. Fig. 3(a) shows an example of data obtained on a clear-sky day in
December 2017, while Fig. 3(b) is an example of a rainy day in the same month. It is visible that, for the first
case, a large part of the eBus instantaneous consumption is covered by the PV generation. It is interesting to
notice, that in the second charging period of the day, the charger needs are fully fulfilled by PV energy. This
is an important result because in the last years, in Brazil, the midday hours are intensive in energy consumption
in the summer, because of air conditioning loads (Empresa de Pesquisa Energética, 2015). It thus shows that
the eBus is not adding to the problem, due to the PV generation. In the second case (Fig. 3(b)), the PV
generation is not as significant as before but still reduces the power load generated by the eBus.
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(a)

(b)

Fig. 3: Examples of PV production compared to the eBus Consumption and the EV Consumption on different meteorological
conditions days: (a) clear-sky (b) rainy day.

Tab. 1 presents the PV energy production and consumption values of the eBus monthly, since the beginning
of its operation. In most part of the year, the PV energy production will cover a large part of the eBus
consumption. When comparing the whole energy production and consumption of an entire year, in 2018, the
total annual PV production on the laboratory was more than the double of the total eBus consumption. Some
months analyzed, as of September 2018 for example, presented a low energy consumption of the eBus, caused
by reduced journeys due to periodical maintenance. For better visualization of the monthly variation of
consumption, Fig. 4 presents the annual variation of eBus consumption versus PV energy production in the
Fotovoltaica/UFSC lab, using the mean month values of 2017 and 2018.
Tab. 1: Comparison between photovoltaic generation and consumption of eBus, EV, and buildings

Month

PV energy production
[kWh/month]

eBus energy consumption
[kWh/month]

Percentage of the PV production
used for charging the eBus

Mar/17

7,577.8

2,514.6

34%

Apr/17
May/17
Jun/17

7,972.5
4,858.6
5,448.8

4,930.9
5,990.6
5,517.2

63%
125%
103%

Jul/17
Aug/17

8,196.1
7,943.3

5,247.7
5,310.9

65%
68%

Sep/17
Oct/17

8,476.5
10,055.9

5,690.3
5,690.3

68%
57%

Nov/17
Dec/17
Jan/18

10,542.4
12,212.5
10,751.1

6,069.6
3,477.4
2,676.2

58%
29%
26%

Feb/18
Mar/18

9,707.3
10,855.5

2,224.7
6,472.1

24%
60%

Apr/18
May/18
Jun/18

9,498.6
9,185.4
8,350.4

6,242.1
5,420.3
3,461.5

67%
60%
43%

Jul/18
Aug/18

8,246
8,141.6

5,959.0
6,112.2

73%
76%

Sep/18
Oct/18

10,438.0
7,306.6

1,596.0
5,316.2

16%
74%

Nov/18
Dec/18
Total

10,542.4
12,212.5
218,111.2

4,236.4
2,034.8
10,2190.8

41%
17%
58%

Monthly Average

9,088.0

4,645.0

52%
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During the summer (December to February in Brazil), the eBus consumes less than 30% of the PV generation
of the laboratory. The remaining energy is used for the building consumption and the surplus is compensated
in the subsequent months, as established in the net-metering system. The mean ratio between the eBus
consumption and PV production is 50%, meaning that only half of the laboratory energy generation is used for
charging the EV. Therefore, it can be said that the eBus is fully powered by photovoltaic solar energy.

Fig. 4: Anual eBus energy consumption and PV energy production in the Fotovoltaica/UFSC laboratory.

Another energy impact of the eBus is its effect on the grid quality. The start-up of the fast-charger and its
operation can interfere on the voltage level grid and inject harmonics and reactive energy to the grid.
Therefore, continuous monitoring of the grid quality and correction techniques have to be implemented.

3.2. Energy Impact of Electric Vehicle (EV) Charging
The measurements showed that the impact of the charging of the EV is not significant compared to eBus
consumption. The EV only consumes circa 4 kWh per day of electric energy, while the eBus consumes around
65 kWh for each of its five-daily trips. Fig. 5 presents an example of a measurement of the energy consumption
for charging the EV. The charging process takes less than three hours and demands less power than an electric
shower load, typically used in over 90% of Brazilian households. The data showed that based on the
performance of the PV systems analyzed, the installation of a PV system of only 1,2 kWp could provide enough
electricity to supply the EV daily. That means that building a small carport for this EV, covered with 4
commercial PV modules connected to the grid, would make it energy self-sufficient, equivalent to the EV
footprint.
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Fig. 5: Electric charging profile of the EV.

3.3. Impact analysis of implementing an energy storage system
Although the PV systems cover a great part of the EV and eBus demand during the day, the last eBus charging
period occurs in the evening, when the energy tariff is more expensive than during the day. To avoid such
situations, and to take the maximum advantage from the energy supplied by the sun, an alternative would be
the addition of a storage system to the laboratory.
An example of a result of the simulation for the evaluation of the use of a storage system is presented in Fig.6.
In the graphs, the red peaks represent high consumption of power from the grid, and the purple valleys mean
injection to the grid. Fig. 6(a) shows the resulting grid profile for one week in September 2017, when the only
source of energy besides the grid is PV without ESS addition. In this case, the grid is used constantly and
intensively, for consumption or injection to the grid.
Fig. 6(b) presents the grid balance, in the same week, but using the battery as case 1, which stores energy
whenever there is a surplus of PV and uses the power of the battery whenever there is not enough PV
production. It is also charged during late-night hours when the tariff is also lower. This case mitigates the use
of the grid during the day and increases the self-consumption of the building, having as little as possible energy
exchanges with the grid. This is an interesting result for the case that the injection of PV energy to the grid
generates extra fees. However, the consumption of power during the night period is significant and depending
on the price of energy during this time, may not be advantageous.
On the other hand, in case 2, presented in Fig. 6(c), the battery stores surplus PV energy during the day as its
maximum capacity, in order to save it to use it in the high-rate tariff period. It is visible that although the night
peak is avoided, the energy consumption from the grid during day time is intensive. However, this case has
also the advantage of storing energy in the case of a fault from the public grid.
It is assumed that the public grid is an infinite battery, which stores the excess energy and provides it back
when necessary. According to Brazilian’s legislation, the injected energy to the grid returns in the form of an
energy credit (kWh), which is compensated at the end of each month.
For the simulations using batteries with higher storage capacities, case 2 becomes the most profitable from a
technical point of view, since the battery is capable of providing energy for the evening recharge of the eBus
batteries, as well as increasing the self-consumption. However, with the still high prices of storage systems, it
is not economically viable yet. This situation, however, is expected to change fast with the upscaling of battery
manufacturing resulting from the growing uptake of electric mobility all over the planet.
But cases present challenges for their implementation, since they require continuous monitoring of the loads
and generation units of the laboratory, besides the need for environmental forecast algorithms, in order to
anticipate the PV production for managing the battery charging. However, other management algorithms could
be implemented, focusing on maintaining the grid quality that can be disturbed by both the eBus charger and
the PV inverters.
Another possible application of the eBus is the possibility of its for injection of energy to the grid, the so-called
Vehicle-to-Grid (V2G). When the EV arrives at the laboratory, after its last journey at the day, its state of
charge is 40%, meaning that its battery still has around 25 kWh available to be used causing no harm to the
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battery. This amount of energy could be used for providing energy for the building, or even being injected to
the grid, since the tariff of this time of the day is high. Such use of the eBus would require changes in the
charging station power electronics but could be a less expensive alternative to buying an ESS.
(a)

(b)

(c)

Fig.6: Example of resulting grid profile in a week in September of 2017 for three different scenarios: (a) PV production combined
with EV and eBus consumption, (b) PV production combined with EV and eBus consumption and an additional storage system of
100 kWh dispatched as case 1 and (c) PV production combined with EV and eBus consumption and an additional storage system of
100 kWh dispatched as case 2.

4. Conclusions
This paper evaluated the integration of grid-connected PV systems with electromobility, as well as with a
storage system (ESS). The integration of PV in buildings is already a reality in Brazil and in the world and has
great potential to expand further. The measurements showed that the impact of the charging of the EV is not
significant compared to the eBus consumption and that a small PV system could provide all the energy needed
for powering the car. PV generation also attenuates the high-power demand of the eBus, but the addition of a
battery for storing the surplus PV energy for using it to reduce the grid consumption may provide economic
and technical advantages.
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Abstract

Renewable energies will play a significant role in a sustainable energy system in order to match the goal under
the Paris Agreement. However, to achieve the goal it will be necessary to find the best country pathway, with
global repercussion. This study reveals that an energy system based on 100% renewable resources in Chile could
be technically feasible and even more cost-efficient than the current system. The Chilean energy system transition
would imply a high level of electrification across all sectors, direct and indirectly. Simulation results using the
LUT Energy System Transition model show that the primary electricity demand would rise from 31.1 TWh to
231 TWh by 2050, which represent about 78% of the total primary energy demand. Renewable electricity will
mainly come from wind and solar energy technologies. Consequently, the levelized cost of energy will be reduced
in about 25%. Moreover, the Chilean energy system in 2050 would emit zero greenhouse gases. Additionally,
Chile would become a country free of energy imports.
Keywords: 100% renewable energy, sustainable energy transition, energy system modelling

1. Introduction
Chile is a country highly dependent on fossil fuels. In 2015, the share of this kind of resources was 70% of the
total primary energy supply (ME, 2017). The energy sector has been responsible for major greenhouse gas (GHG)
emissions of the country, represented by about 77% of the total (ME, 2017). According to Climate Action Tracker
(2018), Chile is a highly insufficient country, because the National Determined Contribution and planned energy
policy are not in line with the goal under the Paris Agreement.
On the other hand, according to the Climatescope report by BNEF (2018), Chile has become the world leader of
the emerging markets in the use and enabling of sustainable energy. This report shows that the country rose from
the seventh position in 2017 to the first place in the ranking in 2018, which has occurred mainly due to the
implementation of public policies and investments in renewable energy (RE). This South American nation is
known for enormous RE potentials, in particularly solar and wind. Actually, nowadays it is highly competitive to
produce electricity from these renewable sources in Chile, without subsidies (ME and GIZ, 2018). Moreover,
Chile is the first country in the region with a geothermal power plant (PP) and soon will be the first to have a
concentrating solar thermal PP which will provide electricity 24 hours a day. Chile has excellent conditions to
transform rapidly its existing energy system, in a sustainable one independent of fossil fuels.
The deployment of RE technologies in Chile has advanced faster than planned. In the case of non-conventional
renewable energy (NCRE), whose contribution in electricity generation reached 1.27 TWh, in December 2018,
has exceeded 3 times the mandatory target for 20257 and 20698 Laws (CNE, 2019) – a progressive increase of
the NCRE participation until reaching 20% by 2025. At the end of 2018, the NCRE reached 20.8% of the total
installed capacity in the country, including hydropower plants larger than 20 MW, the percentage increases up to
47.0% (CNE, 2019). However, the total GHG emissions in the energy sector have not been reduced (MAM, 2018).
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Therefore, it is necessary to increase the current goal in order to meet the set international climate targets. Actually,
although it has a long-term energy planning (ME, 2018), it is not contemplating an energy system based on 100%
RE for all sectors. To our knowledge, no scientific articles exist which discuss a system based on 100% RE applied
to this country for all its energy sectors. However, 100% renewable energy supply is an emerging topic of high
interest in practically all parts of the Americas (Aghahosseini et al., 2019).
Get an energy system with high levels of sustainability, country by country coordinated with the global context,
it is one of the major challenges in order to comply with the Paris Agreement. Hence, this study has the purpose
of modelling a transition in Chile toward a fully sustainable energy system across all sectors, using the LUT
University (LUT) Energy System Transition model (Bogdanov et al., 2019a; Ram et al., 2019a). The principal
aim is to acquire objective information on this new system paradigm, in particular on the technical feasibility and
the economic viability, and estimates on environmental benefits. These results can be helpful for other nations of
the region, and act as an example for other countries with similar conditions.
This paper is organized as follows: Section 2 describes the methods used, which was based on the LUT Energy
System Transition model. The results of the model simulations on the role of renewable energy in attaining a fully
sustainable energy system for Chile (including the power, heat, transport, and desalination sectors) in the transition
period from 2015 to 2050, are presented in Section 3. Section 4 discusses the meaning of these results, some
limitations and first insights from them, and a proposal and recommendation for improving the energy transition
pathway for Chile are given as well. The paper ends with a conclusion and a suggestion for future studies in
Section 5.

2. Methods
The LUT Energy System Transition model was utilized to study the Chilean energy transition. It simulates an
energy system, integrating all key aspects of the power, heat, transport, and desalination sectors. The model works
with linear optimization under given constraints, in full hourly resolution for an entire year, and applies costoptimal simulations. The objective of the model is to create an energy system based on 100% RE for the transition
period from 2015 until 2050. The modelling tool presents the results of the energy system transition in five-year
time steps, from 2015 to 2050. Fig. 1 shows the general process flow of the LUT Energy System Transition model.
A detailed description of the model can be found in Bogdanov et al. (2019a) and Ram et al. (2019a). The specific
sector coupling of the integrated power and heat sectors is describe in detail in Bogdanov et al. (2019b).

Fig. 1: Fundamental structure of the LUT Energy System Transition model (Bogdanov et al., 2019a; Ram et al., 2019a)

As a first step in data preparation, data collection of the Chilean energy system was carried out. Here, hourly
demand profiles for the different energy sectors were also generated. It was based on the methodology of
Toktarova et al. (2019) in order to generate the synthetic electricity load profiles from 2015 to 2050. Then, using
as the initial point the existing energy system in 2015 without non-energy uses (IEA, 2016), long-term total final
energy demand by energy forms and sectors was determined (see Fig. 2). The final energy demand, which
comprises electricity, heat and fuel, had an average annual growth rate of 0.5% during the transition period. This
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growth is a result of different average annual growth rates assumed for the final energy demand by sector involved
(power, heat, transport, and desalination) where population growth and technological changes are also included.
Power demand was divided into residential, commercial (public included) and industrial end-users. Heat demand
was categorized into four types of end-consumption: space heating, domestic hot water heating, industrial process
heat, and biomass for cooking. In addition, heat demand was classified as low, medium, and high temperatures.
For the case of the transport sector, transportation demand was divided according to Breyer et al. (2019) into the
following modes: road, rail, marine, and aviation, each one for passenger and freight transportation. The road
segment was subdivided into passenger light duty vehicles, passenger 2-wheelers/3-wheelers, passenger bus,
freight medium duty vehicles, and freight heavy duty vehicles. This demand was estimated in passengerkilometers for passenger transportation and in ton-kilometers for freight transportation.
The desalination demand was projected based on water stress greater than 40% through a function of the water
stress and total water demand for specific years during the transition period, according to Caldera et al. (2016;
2019). Then, it became into energy demand for water desalination. The total water demand includes the projected
demand from the municipal, industrial and agricultural sectors.
Details of these assumptions sector-wise are presented in the Supplementary Material (Tables S1-S7 in).

Fig. 2: Final energy demand by energy form (left) and by sector (right) through the transition

Within the data preparation, the resource potentials of various RE technologies throughout the country were
estimated. Real weather data was used for assessing the solar, wind and hydro resources (Afanasyeva et al., 2018;
Bogdanov and Breyer, 2016; Verzano, 2009). The potentials for biomass and waste resources were classified into
biogas/solid residues and solid wastes, based on Bunzel et al. (2009). In addition, geothermal energy potential was
estimated according to Gulagi et al. (2017).
Additionally, the financial and technical assumptions for all technologies involved in the model were obtained
from different sources, and are presented in the Supplementary Material (Tables S8-S10). They include the
learning curves of all key technologies which were considered to have a direct or indirect impact on future costs,
since they are a crucial element for determining a cost-optimal energy transition route.
Simulations were then run based on the model setup and simulation of LUT Energy System Transition model. In
essence, the tool included all critical aspects of the power, heat, transport, and desalination sectors. Here, 108
energy technologies throughout the different sectors were integrated. In the first step, the prosumer, energy
consumers that can produce their own energy and sell the excess, simulations determined a cost-effective share of
both power and heat prosumers through the transition period in order to evaluate a more decentralized and
distributed energy system. In the second step, the simulation was carried out on a sectorial basis for this country
from 2015 to 2050, in five-year time periods. The modelling tool is fully described by Bogdanov et al. (2019a)
and Ram et al. (2019a).
The main objective of the simulation for the transition period was to create a fully sustainable energy system, as
defined in Child et al. (2018), for Chile while simultaneously reducing the GHG emissions to zero and attaining
energy independence. The simulation was also crucial for understanding the cost of this new energy system, based
on 100% RE by 2050. All of this was done to define an energy scenario that achieves the defined climate target
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at the country level.

3. Results
The simulation results to attain a fully sustainable energy system across the power, heat, transport, and desalination
sectors in Chile by 2050 show that a transition toward a 100% RE energy system for Chile would be technically
feasible and economically viable, based on the input data considered. The energy supply would come from local
and distributed renewable resources. Consequently, it implies that the Chilean energy system could reduce its
GHG emissions to zero by 2050, while at the same time gaining energy independence.
Fig. 3 (top left) shows the results of the primary energy demand by sector through the transition from 2015 to
2050. In this bar-graph, we can appreciate that the share of primary energy demand by sector does not vary
significantly during the transition. The desalination sector will be the exception due to the increasing water stress
projected in the coming decades. Another result that we can see in Fig 3 (top left) is that the total primary energy
demand by 2050 will be less than in 2015, although the population will increase from 17.9 million to 21.6 million
during the transition period (see Fig. 3, top right), even assuming a sustainable economic growth. This will be the
outcome of the more efficient energy system based on renewable resources and technological changes. As Fig. 3
shows (top right), the electricity consumption per capita in Chile will increase at a rate that is similar to the average
of the OECD countries until 2050, but almost 4 times less in MWh/person.
The modelling results reveal an inevitable massive electrification through the energy transition period for Chile.
Primary renewable electricity would have a sustained growth from 31.1 TWh by 2015 to 231 TWh by 2050, (see
Fig. 3, bottom left) and the rest of about 50 TWh and 15 TWh of primary energy demand would come from
bioenergy fuels and heat produced based on renewable resources, respectively. As can be seen in Fig. 3 (bottom
right), those high levels of direct and indirect electrification, which would come from renewable energy
technologies, would become a much more energy efficient system if we compare it with an energy system based
on current practices. An energy transition scenario with high renewable electricity level could be about 90% more
efficient than another with low electrification levels.

Fig. 3: Primary energy demand sector-wise (top left), electricity consumption per capita with population (top right), primary
energy demand by energy form (bottom left), and efficiency gain in primary energy demand (bottom right) during the energy
transition from 2015 to 2050
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Fig. 4 shows the results of the installed capacity to generate electricity and heat by technology for power, heat,
and transport sectors during the transition period. As can be seen in Fig. 4, solar and wind technologies would be
predominant through the transition. In 2050, the total renewable installed capacity to generate electricity across
all sectors would rise to about 85 GW; 55% for power and heat, 39% for transport, and 6% for desalination (see
Fig. 4 top left, bottom left, and bottom right, respectively). From Fig. 4 (top right), we can see that solid biomass
technologies will also be necessary to supply heat demand in the heat sector through the whole transition period.
The photovoltaic (PV) prosumers installed capacity could be up to one-third of the total capacity to generate
electricity for power and heat energy demand by 2050. In the same year, PV single-axis and wind onshore
technology would reach 20% and 19% of the total installed capacity for power and heat sectors, respectively (see
Fig. 4 top left). Electrical and thermal energy storage technologies will also be needed to support the supply of
the final electricity and heat demand. Diurnal battery storage will be important as it supports the PV and wind
generation systems. Batteries for prosumers will start to emerge in 2025. Both battery storage for PP and adiabatic
compressed air energy storage (A-CAES) would start to appear in the interval between 2030-2035. Additionally,
electric heat pumps and other heating technologies will play an important role in supplying the heat demand
through the energy transition across Chile. All of these results for power and heat sectors are presented in the
Supplementary Material (Table S11).

Fig. 4: Installed capacity by power technology for power and heat sectors (top left), installed capacity by heat technology (top
right), installed capacity by power technology for transport sector (bottom right), and installed capacity by power technology for
desalination, through the transition period

In the case of the transport sector, from 2025 to 2050, the renewable installed capacity to produce sustainable
fuels (hydrogen, liquid, and renewable gas) would start to increase at an average annual growth rate of 9.3% (See
Fig. 4 bottom left). Here, it also includes the installed capacity for CO2 direct air capture technologies (Fasihi et
al., 2019), which are used to produce some of the sustainable fuels. The transport sector would experience a
transformation to a combination of electric vehicles with batteries, plug-in hybrids, and fuel cells, whereas the
marine and aviation demand would be mainly covered by synthetic fuels and hydrogen complemented with lowcost electricity.
Desalination energy demand will be covered majorly by renewable electricity. Desalination demand will increase
during the transition period due to the rising of water stress that is expected globally. To supply it in Chile, the
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results show that the country would be required to increase their renewable installed capacity from 0.03 GW in
2020 to 5.19 GW by 2050 (see Fig. 4 bottom right). Here, the solar and wind technologies would reach 58% and
23% of that installed capacity.
Of the almost 300 TWh of primary energy demand in the year 2050, about 78% would be supplied by renewable
electricity technologies. As it is shown in Fig. 5 (top left and bottom left and right), the major contribution of
electricity generation across all sectors in 2050 will come from wind onshore (50%), followed by solar PV (39%),
and the remaining 11% by mainly hydropower with minor contributions of CSP, biomass, and geothermal PP.
The solar PV prosumers would contribute with 24% of the electricity generation for power and heat sectors by
2050 (see Fig. 5 top left).
Fig. 5 (top right) shows heat generation from 2015 to 2050. The heat pumps' individual heating (IH) and district
heating (DH) will be the key to covering the heat demand during the transition period, which can be supplied by
renewable electricity. Heat pump IH will play a significant role through the transition, having a sustainable growth
rising share of about 50% of heat generation by 2050. The remaining heat generation will come from biomassbased technologies (24%), and electric heating (15%), with nearly 9% from solar thermal, and a small part of
synthetic gas produced from renewable energy that will replace fossil gas. Nevertheless, the storage of thermal
technologies will also be necessary for the energy transition. The details of these results about electricity and heat
generation for power and heat sectors, including electric and heat storage technologies, are presented in the
Supplementary Material (Tables S14-S17).

Fig. 5: Electricity generation by power technology for power and heat sectors (top left), heat generation by heat technology (top
right), electricity generation by power technology for transport sector (bottom left), and electricity generation by power
technology for desalination sector (bottom right) during the energy transition period

In the transport sector, as is indicated in Fig. 5 (bottom left), renewable electricity generation will predominate
from 2020. In 2050, nearly 66% of electricity generation would come from wind onshore complemented for PV
single-axis tracking (27%) and PV fixed tilted (7%). The final energy demand for transportation by 2050 would
be covered by electricity directly (40%), followed by 34% of synthetic fuels (liquid and gas) and 26% of hydrogen.
The production of sustainable fuels for transportation demand could be fully supply based on renewable electricity
from 2040 onwards. The results to cover the energy demand for transportation by mode, segment, and sustainable
fuels production can be seen in the Supplementary Material (Tables S18-S21).
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Energy demand for water desalination can be fully supplied from renewable electricity by 2050. In that year, wind
and solar PV technologies could contribute 49% and 51% of the electricity generation, respectively (see Fig. 5
bottom right). Storage technologies will also be needed for the desalination sector, since using batteries for raising
the full load hours of the desalination plants is the lower cost option than investing in more desalination capacities
and buffering the clean water in water storage (Caldera and Breyer, 2018). The installed capacity of which would
occur mainly from 2035 and, in 2050, the batteries output will cover 28% of 10.2 TWh demanded desalination
(for more details of these results, see Tables S22-S23 in the Supplementary Material).
A high level of renewable electricity implies a most cost-efficient energy system across all sectors combined.
From the economic point of view, the total annual cost in a fully sustainable energy system will be cheaper in the
year 2050 (12.5 b€) than the present one (16.3 b€) (see Fig. 6, left). As can be seen in Fig. 6 (right), the levelized
cost of energy (LCOE) for the full system would be reduced through the transition from about 114 in 2015 to 85
€/MWh by 2050. This will be possible thanks to the low cost of generating electricity from solar PV and wind
onshore PP. The LCOE of these technologies will decline from 50 €/MWh and 39 €/MWh in 2015 to 13 €/MWh
and 20 €/MWh by 2050, respectively. All of the energy cost results by sector through the transition period are
available in the Supplementary Material (Tables S24-S27).

Fig. 6: Annual system costs, sector-wise (left) and levelized cost of energy (right) through the transition

One of the most important consequences of our results is associated with energy-related GHG emissions. An
energy system based on 100% RE by 2050 will imply a full defossilization by 2050. As is indicated in Fig. 7 (left),
the GHG emissions of the whole Chilean energy system, all sectors involved, can decline from approximately 70
MtCO2eq in 2015 to zero by 2050. In Fig. 7 (left) it can be also appreciated that GHG emissions related to the
power and heat sectors could be drastically reduced by 2030. Nevertheless, GHG emissions from the transport
sector will decline in a slow manner, as shown in Fig. 7 (right). All of this will mainly be possible thanks to high
levels of renewable electricity supply across the power, heat, transport, and desalination sectors.

Fig. 7: Sector-wise GHG emissions (left) and GHG emissions in the transport sector by mode and segment (right), during energy
transition from 2015 to 2050
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4. Discussion
This study illustrates that to achieve a Chilean energy system based on 100% RE by 2050 is possible. These energy
transition results for Chile, across the sectors of power, heat, transport and desalination, are the first ones of this
kind. Previous studies to attain a fully renewable energy system (Haas et al., 2018; Haas et al., 2019) and at least
60% of the electricity generated from RE sources (Maximov et al., 2019; Muñoz et al., 2017; Raugei et al., 2018)
have been conducted to cover most of the demand from the power sector. According to Chile’s government, in
his Long-term Energy Planning report (ME, 2018), a study which includes all energy sectors, the best scenario
shows that about 78% of the electricity generated would come from RE technologies by 2046. However, those
almost 143 TWh of renewable electricity plus 64 TWh of biomass (firewood) would supply about 41% of the
final energy demand by 2046. Therefore, our results provide the first approximation in improving the present
insufficient climate goals of this country, based on a fully sustainable energy system sector-wise, that is technically
feasible and more cost-efficient. Moreover, it would imply a full defossilization of the Chilean energy system
across all sectors by 2050. In addition, these results could influence Chile to focus on a more decentralized and
independent country, in energy terms. Highly renewable energy supply is discussed for practically all regions in
the world (Hansen et al., 2019), and 100% renewable energy supply is technically feasible and economically
viable as pointed out by Brown et al. (2018).
The main sources of energy for the energy supply in Chile are solar and wind energy, not surprising, since the
best solar sites and the best wind sites in the world are in Atacama Desert and Patagonia, respectively. The
contribution to the electricity generation across all sectors is 50% (wind), 39% (solar PV) and 11% (others). These
findings are roughly in line with the earlier findings for Chile in an integrated study for South and Central America
(Barbosa et al., 2017).
One of the main limitations of these preliminary results for Chile is that the total final energy demand of the
country was considered as one consumption node. This means that the energy demand from all sectors involved
was not allocated at specific points of the country and assumes the existence of transmission lines. However, the
technologies that will be necessary to install, mainly solar and wind, to supply the final national energy demand
was simulated using the RE potential distributed throughout the Chilean territory. That will be totally possible,
especially because according to ME (2014), the solar and wind renewable energy available potential in Chile has
been estimated at about 1,375 GW, which means 16 times more than the total installed capacity we have found
would be required, based on this study.
Renewable energy, along with electricity and heat storage technologies, will become key drivers to achieve the
transition toward a fully sustainable energy system in Chile. It will be primarily thanks to solar conditions in the
north and wind potential in the south. The solar irradiation levels throughout the country will also play an
important role, which can allow the prosumer contribution in the power and heat sectors, and for electrification of
some roads and rail transportation modes as well. Additionally, in country areas where the water stress will be
higher, there is also enough solar potential to supply the energy demand for desalination and pumping the water
to the sites of demand.
For the sustainable fuels production, solar and wind technologies will be key. Sustainable RE-based fuels will be
mainly required for marine and aviation transportation modes. In the case of hydrogen production, the Atacama
Desert represents the best place of the world (Fasihi et al., 2016). At the same time, although there are not existing
transmission lines that connect Patagonia with the rest of Chile to use directly the electricity generated from wind
potential, this zone has the best combination between solar PV and wind to produce synthetic fuels (Fasihi et al.,
2016; Fasihi et al., 2017). Both the Atacama Desert solar potential and the Chilean Patagonia solar PV and wind
potentials will play an important role in producing sustainable fuels in the energy transition for Chile.
Moreover, a difference of our results with the reality in the interval between 2015-2020 can be seen in the power
and heat sectors. The first simulations showed that the solar PV and wind onshore installed capacity to generate
electricity can reach 2.3 GW and 7.4 GW by 2020, respectively. According to the CNE (2019), solar PV
technology is being more installed than wind onshore PP, which in 2020 will reach 2.6 GW and 2.4 GW,
respectively. That is a consequence of the cost-optimal approach of the model due to the low cost for electricity
generation from wind in Patagonia, a disconnected area of the Chilean electric system. However, it can be adjusted
in future research as given constraints, in order to project the energy transition, related with the renewable
technology projected in construction throughout the country. Additionally, it can also be estimated that in order
to contemplate the transmission lines, and what investment would be necessary to do that. The trade-off between
storage (at site of generation) and power transmission (linking separated sites of generation and demand) will be
of highest interest for future policy making in Chile. Earlier research found that the electricity exchange of Chile
with neighbouring countries may not generate additional value (Barbosa et al., 2017). It will be of high interest to
learn how country-internal electricity transmission will generate additional value.
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In any case, the understanding of how to transition toward a fully sustainable energy system for Chile is just
getting started. As a next step, we propose to do an additional study, which subdivides the country into a few
nodes. This will enable us to identify each node's main consumption points in order to match the final energy
demand at a more local level. Under this system, we also suggest carrying out a comparison of different scenarios
such as an energy system with a fully separate regional-sectorial, or an energy system that fully integrates regionalsectorial. Each of them should be compared with the current policy scenario. These and other scenarios can
provide new insights to find the best energy transition pathway for Chile. It can also be extrapolated to other
countries. Finally, for future studies, we recommend estimating the socio-economic benefits and environmental
externalities during the transition toward a 100% RE energy system, such as job creation, which seems to be
highly attractive (Ram et al., 2019b) and the reduction of contaminating materials, beyond GHG.

5. Conclusions
The renewable energy potential in Chile is abundant, and RE and storage technologies can sufficiently supply
energy at every hour throughout the year in Chile, for all sectors. Low-cost solar PV and wind electricity will be
the main driver to achieve a fully sustainable energy system. We conclude that an energy system based on 100%
RE is technically feasible and economically viable across all energy sectors, mainly based on renewable
electricity. Consequently, this energy transition would imply a reduction of the GHG emissions to zero, and
independence of fossil fuels by 2050 in this country.
Carrying out the energy transition towards a system based on 100% RE requires ambitious national policies
targets, which go beyond a net zero CO2 balance of the country. We suggest that upcoming studies should consider
modelling with higher spatial resolutions, from the energy demand point of view, in order to get accurate insights
into the complex energy system with the goal of finding the best policy scenarios that will allow Chile to become
one of the first countries around the world with a fully sustainable energy system.
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A-CAES

Adiabatic compressed air energy storage

CAPEX

Capital expenditures

CCGT

Combined cycle gas turbine

CHP

Combined heat and power

CNE

Comisión Nacional de Energía (National Energy Commission)
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CO2

Carbon dioxide

CSP

Concentrated solar thermal power

DH

District heating

GHG

Greenhouse gas

GW

Gigawatt

HDV

Heavy duty vehicle

ICE

Internal combustion engine

IEA

International Energy Agency

IH

Individual heating

LCOE

Levelized Cost of Energy

LDV

Light duty vehicle

LUT

Lappeenranta University of Technology

MDV

Medium duty vehicle

ME

Ministerio de Energía del Gobierno de Chile (Chile’s Ministry of Energy)

MMA

Ministerio de Medio Ambiente del Gobierno de Chile (Chile’s Ministry of Environment)

MW

Megawatt

MWh

Megawatt hour

NCRE

Non-Conventional Renewable Energy

OCGT

Open cycle gas turbine

OECD

Organization for Economic Co-operation and Development

OPEX

Operational expenditures

PP

Power plant

PV

Photovoltaic

RE

Renewable Energy

SM

Supplementary Material

ST

Steam turbine

TTW

Tank-to-wheel

TWh

Terawatt hour

2W

two wheelers

3W

three wheelers

€

Euro
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Abstract
In Brazil, community solar only became possible in 2016 by the revision of National Regulation REN 482/2012
by the National Energy Regulatory Agency ANEEL, which regulated remote distributed generation (DG), shared
DG such as cooperatives, consortia, and shared condominia. This paper focuses on the community shared solar
model that refers to the cooperative model, aiming to present its current context in Brazil and the existing solar
photovoltaic (PV) cooperatives operating in the country to date. Currently, there are ten shared DG cooperatives
registered at ANEEL, and seven of them are solar cooperatives using distributed PV generators, two use
hydropower and one uses biomass. From these seven shared solar cooperatives, one of them is located at the
northern region of the country, one has a branch at the southeastern region and another branch at the southern
region and the other four are located at the southeastern Brazil. Each of these cooperatives business models
adopted are presented and discussed in this paper.
Keywords: Community Solar; Shared Distributed Generation; Shared Solar Cooperatives

1. Introduction
Community shared solar is the concept of multiple participants sharing both costs and benefits of a single and
larger PV system, rather than each individual pursuing PV systems on their private and smaller scale rooftops. In
other words, in contrast to traditional models, community shared solar allows multiple electricity consumer units
to collective own an offsite and centralized PV system through the purchase of shares or subscriptions of the
energy generated. Community shared solar projects may present different ownership model designs. They can be
either owned by a utility, a third party, a special-purpose entity or a charitable non-profit (Augustine and
McGavisk, 2016). Such configurations can still include many legal and financing models such as cooperatives,
development institutions representing communities’ interests and shares owned by community based
organizations (Soares et al., 2018).
In Brazil, community shared solar became possible by the revision of REN 482/2012 through REN 687/2015,
established by the National Energy Regulatory Agency ANEEL in November 2015, which came into force in
March 2016. REN 687/2015 regulated shared DG such as condominia, consortia and cooperatives through the
net-metering one-to-one scheme. According to ANEEL (2019), shared DG accounted with 404 registrations
summing 28.4 MW installed in early December 2019.
Shared DG condominia are characterized by vertical or horizontal condos with a DG system installed, in which
the energy generated is compensated among all the joint consumer units. This shared DG modality can be applied
either to residential or to commercial condos. All consumer units must be located at the same property, or they
must be neighbors and not be crossed by public roads (ANEEL, 2015).
Shared DG consortia gathers enterprises that make an agreement among them through a business contract in order
*

The ideas and opinions expressed in this work are from the authors and do not reflect the entire ideological position of the
German Cooperative and Raiffeisen Confederation (DGRV) and of the Deutsche Gesellschaft für Internationale
Zusammenarbeit (GIZ) GmbH

1530

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.31.04 Available at http://proceedings.ises.org

K. Schneider et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

to take benefits from sharing a distributed generation system. The consortia must subscribe to the National
Registry of Legal Entities (CNPJ, from the abbreviation in Portuguese) and own the consumer unit where the
energy distributed generation system will be installed. Shared DG cooperatives are characterized by individuals
(eventually by enterprises too) who wish to voluntarily gather in order to generate their own energy through a DG
system.
Since shared DG projects are a very new DG modality in the country, they are not yet a widespread generation
energy option. Doubts about their techno-economic viability and also about which business model would best fit
an individual’s particular interest are plenty. On the other hand, there is a lot of interest to better understand this
model in order to make it a reality in the country. This paper focuses on the community shared solar model that
refers to the cooperatives model aiming to present its context in Brazil today, and to describe the existing shared
solar cooperatives connected to the grid in the country up to date.

2. Shared solar cooperatives context in Brazil
2.1. The cooperative model context
A Cooperative is an autonomous association of persons united voluntarily to meet their common economic, social
and cultural needs and aspirations through a jointly owned and democratically controlled enterprise (Co-operative
Alliance, 1995). Therefore, cooperative businesses are run by and for their members, whether they are consumers,
workers, residents, employees, farmers, the community, or any combination of those. What they have in common
is that they are not about profit maximization, but about bonding for reaching their common goals. Thus, in
economic terms, cooperatives are a distinct form of business organization because they have a different model of
ownership (Hansmann, 1996). Another distinction is that decision-making in cooperatives follows the onemember-one-vote principle. Consequently, shared solar cooperatives provide the institutional framework to
involve citizens with political, social and financial aspects of renewable energy deployment, thus “democratizing”
the energy sector (Soares et al., 2018).
In the Brazilian context, cooperatives are regulated by Brazilian Law No 5764, also known as “Cooperatives
General Law”, which states that a minimum number of 20 individuals must form a cooperative. Exceptionally,
according to Art. 29, §4°, legal entities with the same goals and economic values as the individual members, can
also be admitted into the cooperative (BRASIL, 1971), as long as the minimum of 20 individuals has been reached.
The Brazilian Cooperatives Organization (OCB, from the abbreviation in Portuguese) is the organization that
represents cooperatives in Brazil. OCB is responsible for the promotion, support and protection of the Brazilian
cooperative system in every political and institutional instance.
In Brazil, there are ten shared cooperatives registered at ANEEL so far. From these, seven are solar cooperatives
using distributed photovoltaic generators, two use hydropower and one uses biomass. Shared solar cooperatives
together add up to 3.7 MWp of nominal power installed, while shared hydropower cooperatives correspond to 6.5
MW, and the only shared biomass cooperative has a nominal power of 4.9 MW.
2.2. Business models
A shared solar distributed generation through a cooperative can be carried out in different business models
according to the interest of the cooperative members. Lima (2018) highlighted three main possible business
models for shared solar cooperatives: (1) Own Resources; (2) External Financing; (3) PV System Leasing. A
combination of these is also possible.
In the first model, Own Resources, the cooperative members take their own capital to invest in the PV system and
the energy generated is used to offset their expenses with the electricity bill. Therefore, the return on invested
capital is given by the savings on the electricity bill. The cooperative members have monthly expenses only with
the administration activities to run the cooperative and O&M services with the PV system.
The second model, External Financing, fits cooperative members who do not have or do not want to invest their
own capital on the PV system as an initial investment. Therefore, in this case, the members take external finance
for buying the installation. As in the first model, the return on invested capital is given by the savings on the
electricity bill. The cooperative members monthly expenses are with the administration activities to run the
cooperative, O&M services with the PV system and with paying back the financing.
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In the third model, PV System Leasing, the cooperative members lease a PV system to produce energy in order
to compensate their expenses with the electricity bill. Therefore, there is a capital flow from the cooperative
members to the cooperative administration to run the cooperative and to pay the PV system leasing. On the other
hand, there is a capital flow from the cooperative administration to the PV system lessors whose, in turn, are
responsible for O&M services and ensuring the PV system performance. Tab. 1 gives a brief comparison of the
three business models.
Tab. 1: Solar shared cooperatives business models comparison

Model

Own Resources

External Financing

Ideal for

Members that have and
want to spend their own
capital to invest with the
PV system

Members that do not have or do not want to spend
their own capital as the initial investment for
pursuing the PV system

Members benefit from
all savings produced by
the PV system
generation

Initially, savings from
the energy generation are
used with the financing
payment. Once the
financing payment is
completed, the
cooperative members
benefit from all savings
produced by the PV
system generation

Capital flow

PV System Leasing

A leasing monthly
payment is given to the
PV system lessor. This
payment, preferably,
must be lower than the
energy savings on the
electricity bill.

Source: Adapted from Lima (2018)

PV systems can be installed on buildings roofs, like schools, churches, sheds and so on, or either on the ground
as PV power plants. The location where the PV system will be installed must be defined by a contractual agreement
between the cooperative members, even if some member owns the location and intends to donate or rent it for the
cooperative. Therefore, into Own Resources and External Financing models, three models possibilities about the
location where the PV system will be installed were identified by Lima (2018): (1) Leasing/Renting; (2)
Purchasing and (3) Lending/Cession.
In the first model, Leasing/Renting, the roof or land selected to host the PV system installation is leased/rented
from the site owner. Therefore, the cooperative members have no initial costs with the PV system location
acquisition. On the other hand, cooperative members must account with a monthly payment due the land/roof
leasing.
In the second model, Purchasing, the location where the PV system will be installed is bought and the cooperative
members must consider these expenses into the initial costs. In the third model, Lending/Cession, the location is
donated and there are no extra costs with the PV system site acquisition for the cooperative. In any situation, the
site owner plays a very important role and all aspects related to the site area must be taken into account from the
very beginning of the techno-economic viability analysis (Lima, 2018).
2.3. Main barriers
Shared solar cooperatives face some barriers to become more popular in Brazil. Since it is a very new DG modality
in the country, it is noted that there is a lack of knowledge and understanding about the model itself. This stems
from both the cooperative as well as from the utilities side. From the cooperative side, there is a lack of both
technical knowledge about the technology and about the shared DG model through the net-metering scheme, as
well as of understanding about the cooperative model and its principals itself. From the utility side, it is noted a
lack of experience on how to operate the DG model and properly compensate the energy generated by a shared
PV system at the consumer units of a cooperative.
For newly founded cooperatives gathering initial capital is a major difficulty and one of the reasons for that is the
fact that there are currently no financing options suitable for the modality. In addition to this, there is also the need
of paying the contracted power demand for PV systems above 75 kWp (classified as minigenerators by REN
482/2012). In informal conversations with people interested in establishing new shared solar cooperatives in
Brazil, they have expressed this concern as a major barrier for forming minigeneration cooperatives (with nominal
power between 75kWp and 5MWp) since this fee could jeopardize the shared solar cooperative economic
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viability.
There are also regulation barriers to be addressed. In April 2015, the National Finance Policy Council CONFAZ
published the goods and services tax (ICMS) agreement 16/2015, which allows individual States to exempt ICMS
taxes from DG net-metering operations. The issue here is that the ICMS agreement 16/2015 was established during
REN 482/2012 period of validity and, therefore, does not automatically apply to REN 687/2015 updates. For
example, ICMS tax exemptions are only possible for distributed generation projects up to 1MW (which is the
original maximum installed power for microgenerators that was increased to 5MW by REN 687/2015) and are
not possible for shared DG modalities.
The State of Minas Gerais (MG), is the only State across the country that does not follow that rule. This is because
the State enacted Law No 22549/2017, adding Article 8-C to the Law No. 6763/1975, which consolidates the tax
legislation. Through this Law, in the State of MG, the ICMS is exempt for distributed solar generation up to 5MW
and for shared solar distributed generation as well.

3. Existing shared solar cooperatives in Brazil up to date
Currently, there are only seven existing shared solar cooperatives connected to the grid and registered at ANEEL.
These cooperatives are located in five different states of the country: Pará (PA), in the northern region; Minas
Gerais (MG), Espírito Santo (ES) and São Paulo, at the southeastern region; and Santa Catarina (SC), at the
southern region. Fig. 1 presents these seven shared solar cooperatives, their PV nominal power installed and their
location. The next sub sessions present in more detail each one of these cooperatives business model.

Fig. 1: Existing shared solar cooperatives in Brazil up to date
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3.1. Brazilian Renewable Energy Cooperative (Coober)
The Brazilian Renewable Energy Cooperative (Coober, from the abbreviation in Portuguese) was the first shared
solar cooperative stablished in Brazil. In November 2015, REN 687/2015 regulated the shared distributed
generation model in Brazil. In February 2016, Coober statute was stablished. In August, Coober PV power plant
was built and in October it was officially connected to the grid. In December 2016, members from Coober had
their first energy credits compensated on their energy bill.
Coober PV system is located at Paragominas-PA and has a nominal power of 75 kWp, being comprised of 288
multicrystalline PV modules installed on a ground mounted power plant. The energy generated by this PV system
is compensated at the energy bill of 21 consumer units. Paragominas city hall donated the land where the PV
system is installed.
Coober was stablished by a group of 23 friends with the same desire of generating their own energy through a
renewable energy system. Coober members made an initial investment in order to build the PV power plant. Their
investment was according to their PV system share, which was defined according to their energy consumption
average. Therefore, the cooperative model adopted by Coober is the most traditional cooperativism model where
citizen unite strengths towards a common goal.
Today, Coober became a role model of solar energy generation in Paragominas. Coober PV system receives many
technical visits from the local community, including school tours for example. Fig. 2(a) shows Coober’s PV power
plant and Fig. 2(b) shows Coober members at the power plant inauguration day.

(a)

(b)

Fig. 2: (a) Coober 75kWp PV power plant and (b) Coober members at the PV power plant inauguration day

3.2. Renewable Energy Sustainable Cooperative (Cooper Sustentável)
The second shared solar cooperative in Brazil was Renewable Energy Sustainable Cooperative (called Cooper
Sustentável in its short name version in Portuguese). Cooper Sustentável first PV system was connected to the
grid in January 2017 in São José-SC, in the southern part of the country, with 1 kWp of PV sharing the solar
energy among five consumer units registered to it. In October 2017, Cooper Sustentável connected to the grid a
second branch in Arcos-MG, in the Brazil central-west, with a 0.25 kWp (just one PV module!) PV generator
installed, and two consumer units registered to it. In total, Cooper Sustentável has 34 members.
Cooper Sustentável strategy was to install small PV systems to learn all the technical installation and gridconnection process intending to better understand and evaluate each step of it. In parallel, Cooper Sustentável
organizers were seeking for investors and people interested to be part of their cooperative in order to grow their
PV power plants and run the cooperative on a bigger scale. They had many issues on this process and found hard
to convince people of their idea. People did not want to join a shared solar cooperative that had no PV power plant
built yet and, on the other hand, it was very hard to find investors interested on building a PV system for the
cooperative business model proposed by Cooper Sustentável.
Cooper Sustentável remains in the small scale in which it began. Currently, the organizers of Cooper Sustentável
are investigating the potential of biogas energy generation and developing a new business model for their
cooperative regarding biogas as the energy generation source.
3.3. Enercred
The third shared solar cooperative connected to the grid was Enercred, in April 2017, with their first 15 kWp PV
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power plant located at Pedralva-MG, in the southeastern Brazil (Fig. 3 (a)). By that time, Enecred had 20 consumer
units receiving the energy generated by the mentioned system. In March 2019, Enercred inaugurated the extension
of their PV system adding an extra 75 kWp of nominal power installed (Fig.3 (b)). Currently, Enercred includes
96 members and 90 consumer units connected to their 90 kWp PV power plant under operation.
PV power plants used by Enercred were built and are under operation and maintenance of a third-party investor
which leases the power plant to the cooperative. Therefore, Enercred members did not have to make any initial
investment to build the PV system. Enercred members just have to pay a monthly fee to the cooperative in order
to receive the energy credit compensation in their energy bill. This fee is calculated based on the member monthly
energy consumption average.
Enercred cooperative works in partnership with a TI enterprise called Enercred Web. Enercred Web developed a
software in which Enercred cooperative members are able to follow their energy credits through monitoring the
amount of energy their PV system share generated, their energy consumption and the amount of energy that will
be compensated on their energy bill each month.

(a)

(b)

Fig. 3: (a) Enercred first power plant (15 kWp) and (b) Enercred PV system expansion (75 kWp)

Currently, Enercred cooperative is completing another PV power plant construction also built by a third-party
investor. This power plant is also located at Pedralva-MG and has 90 kWp of nominal power installed (Fig. 4).
Enercred plans to conclude this power plant by the end of 2019. By then, more than 100 consumer units will
receive energy credits generated by the 180 kWp Enercred PV power plants.

Fig. 4: Enercred power plant currently under construction to be connected to the grid by the end of 2019.
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3.4. Shared Generation Cooperative (Compartsol)
In November 2017, the Shared Generation Cooperative (known as Compartsol by its short name version in
Portuguese) connected to the grid their first PV power plant with a 75 kWp nominal capacity, located at Araçoiaba
da Serra-SP. In January 2019, Compartsol connected to the grid their second PV power plant with an installed
capacity of 325 kWp. Fig. 5 shows Compartsol power plant currently under operation, which has a total installed
capacity of 400 kWp.

Fig. 5: Compartsol PV power plant, with an installed capacity of 400 kWp

Compartsol has 63 members and 53 consumer units where the energy generated by their PV power plants is
compensated. The profile of these consumer units varies from rented one-room flats where only one person lives
at, to large summerhouses and commercial businesses.
The Compartsol business model concept is based not only on generating renewable energy to its members but
also in providing tools that allow them to adopt energy efficiency practices. Compartsol members have a
measuring device installed at their house/business informing their instant energy consumption, in order to give
them insights about their consumption pattern and on how they could avoid wasting energy. Fig. 6 (a) shows the
device that is installed at Compartsol members’ residences or businesses.
Also, every Compartsol member can follow his or her energy generation and consumption through a smartphone
app on their mobile/computer. A monthly report is delivered to them bringing an overview about their energy
consumption pattern, the energy generated by Compartsol PV system and the amount of credits to be compensated
at their energy bill. This report also gives tips on how that member could lower his/her energy consumption
through taking energy efficiency measures. An example of this report is shown in Fig 6. (b).

(a)

(b)

Fig. 6: (a) Measurement device installed at Compartsol members house/business and (b) an example of the monthly report
delivered to Compartsol members
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Compartol PV system was built and is maintained by a startup enterprise called Sun Mobi. Therefore, in the
Compartsol business model, the cooperative member does not have to invest any initial capital to build the PV
system in order to become a member. Compartsol is planning their third PV power plant (also built by Sun Mobi)
to be connected to the grid in November 2019 adding 1 MWp of nominal capacity to their portfolio, and located
at Porto Feliz-SP.
3.5. Sicoob Centro-Serrano ES
Sicoob Centro-Serrano ES is a Credit cooperative from the state of Espírito Santo (ES) established in 1990.
Together with others six credit cooperatives, Sicoob Centro Serrano-ES constitutes the Sistema Sicoob ES (Sicoob
Credit System from Espírito Santo state). Sicoob Centro-Serrano ES accounts with 53,000 members. The entire
Sistema Sicoob ES accounts with approximately 300,000.
In December 2017, Sicoob Centro-Serrano ES connected a 36 kWp PV system installed on the roof of Sicoob
Centro-Serrano ES headquarter located at Santa Maria de Jetibá-ES (Fig. 7). This PV system generates energy to
be compensated at six consumer units. Three of them are consumer units from Sicoob Centro-Serrano ES itself
and the other three are from other partner cooperatives from ES (one Agriculture cooperative, one Educational
and a Transport cooperative). This PV system was planned to be a prototype test in which Sicoob Centro-Serrano
verified all the procedures of grid connection and about the compensation DG scheme while studying a business
model to offer solar energy to its members through the shared DG model.

Fig. 7: 36 kWp PV system installed at Sicoob Centro-Serrano headquarters at Santa Maria de Jetibá-ES

3.6. Rural Producers Cooperative (Coopercitrus)
The Rural Producers Cooperative, also known as Coopercitrus, is a rural traditional cooperative, founded in May
1976 that supports local farmers from the São Paulo state region in the southeastern Brazil. Coopercitrus has
35,000 members.
In January 2019, Coopercitrus connected to the grid their first PV power plant, in Bebedouro-SP, a 1 MWp PV
power plant. The PV system is directly connected to a corn grain silo consumer unit, and the energy generated is
compensated at 27 consumer units from Coopercitrus stores that are spread across the São Paulo state.
This power plant is planned to be a prototype in which Coopercitrus is evaluating technical issues on the operation
and maintenance of the PV technology and the procedures of the shared DG scheme. Currently, all consumer units
in which the energy generated by Coopercitrus PV system is compensated are owned by the cooperative itself.
Coopercitrus plans to, in a near future, develop a business model in which the cooperative will offer solar energy
to its members through the shared DG model.
All the investment to build the power plant was made by Coopercitrus itself and the land where the PV system is
installed already belonged to the cooperative. Fig. 6 (a) presents a satellite view from Google Earth where the PV
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system and the corn grain silo can be seen and Fig. 6 (b) shows a closer view from the 1 MWp PV system.

(a)

(b)

Fig. 8: (a) Satellite view from Coopercitrus power plant and corn grain silo consumer unit and (b) a closer view from Coopercitrus
1MWp power plant

3.7. Sistema Sicoob ES
Based on the experience from Sicoob Centro-Serrano (ES), Sistema Sicoob ES developed a business model to
offer solar energy to its members.
In August 2019, Sistema Sicoob connected to the grid a 1MWp PV system installed on the rooftop of a partner
Agricultural cooperative (Coopeavi) who donated the roof area for installing the PV power plant (Fig. 9). This
1 MWp power plant is generating energy to 75 members and to 95 consumer units owned by the cooperative that
are spread across the Espírito Santo state. Sistema Sicoob ES is currently planning to build many others PV plants
spread at the state of Espírito Santo intending to reach as much of their 300,000 members they can.

Fig. 9: Sicoob Credit System from ES 1 MWp PV system to be connected to the grid by the end of 2019.

3.8. Summary
Tab. 2 summarizes the main topics of each one of these shared solar DG cooperatives presented in this paper. The
first shared solar DG stablished was Coober, connected to the grid in late 2016. In 2017, other four shared solar
cooperatives were established: Cooper Sustentável, Enercred, Compartsol and Sicoob Centro-Serrano ES. The
sixth one connected to the grid, Coopercitrus, began to operate its PV system in early 2019. The seventh
cooperative connected to the grid up to date was Sistema Sicoob ES in August 2019. These shared solar
cooperatives together have a 3.7 MWp nominal capacity currently under operation.
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Each of these cooperatives found a business model that met their particular conditions and needs. Coober is the
reunion of 23 friends that reunite their strengths to stand a 75 kWp PV power plant to generate solar energy to
their houses and families. Cooper Sustentável had plans to firstly connect small PV systems in two different states
of the country in order to investigate the grid connection process and the energy compensation scheme while
reaching for investors to grow their PV power plants and aggregating new members to their cooperative.
Unfortunately, Cooper Sustentável did not find means to consolidate their business model and are currently
investigating a new model using biogas as energy source.
Enercred and Compartsol, both have a third party involved in the construction, operation and maintenance of their
PV power plants. Therefore, their members do not have to make any initial capital investment to be part of the
cooperative, but subscribe themselves to the cooperative in order to ‘own’ a share of the PV system according to
their energy consumption average. Enercred and Compartsol are expanding the capacity of their PV systems since
2017, and both are currently connecting two new power plants (90 kWp and 1MWp, respectively) to the grid by
the end of 2019 while aggregating new members.
Sicoob Centro-Serrano ES and Coopercitrus are a Credit and Rural cooperative, respectively, very well
consolidated in the country and with years of experience. Both saw the potential of generating solar energy to
their members through the shared DG scheme. Both firstly built a PV system to generate energy to their own
consumer units in order to test the shared DG model while elaborating a business model to offer energy to their
members. The experience from Sicoob Centro-Serrano evolved to the Sistema Sicoob ES and the shared DG
model from Coopercitrus is currently under elaboration.

4. Conclusions
Community solar only became possible in Brazil in late 2015 by the revision of National Regulation REN
482/2012 through the REN 687/2015 by the National Energy Regulatory Agency ANEEL. REN 687/2015
regulated shared DG such as cooperatives, consortia and condominia through the net-metering scheme. This paper
presented the context of shared solar DG cooperatives, a specific community solar model, existing in Brazil up to
date.
From the beginning of 2016, when REN 687/2015 came into force, to 2019 when this article was prepared, there
was seven shared solar DG cooperatives with PV systems connected to the grid registered at ANEEL and under
operation.
An important finding is that the business model adopted by Enercred and Compartsol, in which the PV system is
owned by a third party investor and the cooperative members rent shares from the PV system through their
membership with the cooperative, is the one that it has been proving to be a very successful model since these two
cooperatives are expanding well in size and memberships since their establishment in 2017.
Another important finding observing the Brazilian context, is the trend of existing cooperatives from different
sectors to embrace the share energy generation service and adapt it to their cooperative business model, offering
energy to their members through the net-metering scheme. For these cooperatives, barriers like the lack of
understanding about the cooperatives model and high initial capital needed are not considerable (if not inexistent)
as they are for newly founded cooperatives. In their case, the main barrier is the lack of technical knowledge and
understanding about the share DG regulation.
To overcome this barrier, existing cooperatives are beginning small in size and testing the shared DG model
internally through compensating the energy generated in few consumer units that are mainly only consumer units
owned from the cooperative itself (which is the case from Sicoob Centro-Serrano ES and Coopercitrus). Once
they understand the model and how the relation with the utility works for compensating the credits, they can then
design their business model to offer energy to their members. This is the case from Sistema Sicoob ES, which
from the learnings taken from cooperative Sicoob Centro-Serrano ES, built a bigger scale PV power plant and is
now offering solar energy to 75 of its members (besides 95 consumer units owned by the cooperative itself).
Sietma Sicoob ES is planning to build many other PV plants spread at Espirito Santo state in order to reach as
much of their members they can (about 300,000 members in Espirito Santo). Therefore, existing cooperatives in
different sectors in Brazil might find a fertile soil to spread the shared solar energy access to people through
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Tab. 2: Summary of the seven existing shared DG solar cooperatives in Brazil up to date

Enercred

Compartsol

Sicoob
Centro-Serrano ES

Coopercitrus

Pedralva (MG)

Araçoiaba da
Serra (SP)

Santa Maria de Jetibá
(ES)

Bebedouro (SP)

April 2017 with
expansion in
March 2019

November 2017
with expansion in
January 2019

December 2017

January 2019

August 2019

180 kWp

1.4 MWp

36 kWp

1 MWp

1 MWp

Cooperative
members
consumer units

Cooperative
members
consumer units

Cooperative
members
consumer units

Consumer units
owned by the
cooperative and
consumer units from
other cooperatives

Consumer units
owned by the
cooperative

Cooperative
members and
consumer units
from other
cooperatives

Ground

Ground

Ground

Ground

Roof

Ground

Roof

34

96

63

53,000

35,000

300,000

90

53

6

28

170

No

No

-

-

-

Cooperative

Coober

Location

Paragominas
(PA)

PV system
connection to the
grid date

October 2016

Nominal Power

75 kWp

The energy
generated is
compensated at the
energy bill of:

Cooperative
members
consumer units

Ground or roof
mounted system?

Cooper
Sustentável
(1) São José (SC)
(2) Arcos (MG)
(1) January 2017
(2) October 2017

Sistema Sicoob
ES

(1) 1 kWp

1540

(2) 0.25 kWp

No of members

23

No of consumer
units where the
energy generated is
compensated

21

Did members had to
make an initial
capital investment?

Yes

(1) 5
(2) 2

No
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decentralized energy generation into the cooperative model.
Since shared DG is a very new modality of energy generation in the country, they are still not very widespread
because there are still many doubts about their techno-economic viability and, also, about which business model
would fit best each particular situation. Therefore, these seven shared solar DG cooperatives presented in these
paper are the country pioneers, reaching paths on democratizing energy access and playing a major role at the
energy transition movement in Brazil.
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Abstract
The new developments of more efficient photovoltaic panels, batteries, inverters and their control systems are
increasing the number of home renewable energy installations worldwide. Since a high part of the household
demand arises at night, it is reasonable to consider the installation of batteries along with the photovoltaic
systems. However, their acquisition costs still remain considerably high, and hence, a deficient selection of their
capacity may reduce drastically the profitability of the renewable facility. At the same time, the number of solar
panels to be installed is regarded by the batteries size, leading to a challenging task of dimensioning. For this
purpose, we have developed a software which supports to select the most convenient characteristics of the
elements to install in a low scale microgrid with presence of photovoltaic panels and batteries. According to the
simulation results, this software helps to optimize both the dimensioning of household or office buildings
attending to different criteria as the profitability or the reduction of the CO2 emissions.
Key-words: Dimensioning, Optimization, Software, Micro-grid, Photovoltaic, Battery.

1. Introduction
It is well known that, in the last years, the installation of photovoltaic installation for self-consumption has
increased considerably. However, due to the typical consumption patterns of residential customer, there exists a
mismatch between the diurnal solar energy production and its consumption. In order to take maximum
advantage of photovoltaic energy, storage arises as a good solution. Among the options to storage energy are
mechanical, thermal, chemical or electrochemical systems. From a practical point of view and according to the
state of development of the different technologies, only electrochemical batteries appear to be suitable for
household installations. Even in commercial facilities and offices buildings, where the solar energy production
usually matches the maximum consumption loads, the use of batteries may allow to reduce energetic costs
(Merei et al., 2016). A typical configuration of PV-battery systems, often referred to as grid-connected DC-link
setup, as described in (Riesen et al., 2017), consists in connecting the battery and photovoltaic panels together to
the direct current (DC) input of the inverter, whereas another alternate current (AC) input allows power
exchange with the public grid, and the inverter’s AC output feeds the loads. A schematic of this setup is
depicted in Fig. 1.
The use of batteries is not always desirable, from an economical point of view, as demonstrated in (Ahmad and
Alam, 2018) by simulation studies using a commercial software, HOMER®, specifically designed to deal with
microgrids. In those studies, two approaches were considered for reducing the energy cost in a campus: a PVBattery system and a grid-connected PV system. Whereas the first one lead to an increase of the energetic costs,
the grid-connected solution resulted in a profitable option. In (Ren et al., 2016) the authors focused on the use
of batteries in residential buildings. In this case, they found interesting alternatives for reducing the electricity
costs by combining batteries with photovoltaic systems and tariff management.
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Fig. 1: DC-Link configured PV-Battery system

In (Barua et al., 2017) another study based on simulations using HOMER® considers the combined use of PVbattery system and diesel generator in a small rural area, leading to a reduction of emissions and cost of
electricity with respect to the original configuration. A similar study was carried out in (Pavan Kumar and
Bhimasingu, 2015) for an urban building with a priority load of 3.4 MWh/day and a deferrable load of 3.3
Wh/day, leading to a solution comprising 600 kW of utility grid contribution, a PV system of 180 kW, a wind
energy system of 150 kW, 79.2 kWh of storage and an inverter with a nominal power of 160 kW. In (Traoré et
al., 2018), a mathematical model of a microgrid including PV-battery systems and wind turbines is built to
formulate a minimizing problem in which the cost function depends on the number of solar panels, the number
of wind turbines and the size of the storage system, and the constraints are related to the reliability and power
limits, and battery stored energy in addition to the energy and power balance. In that work, the optimization
process is addressed by using genetic algorithms, as in (Li, 2019), in which a similar approach is considered for
residential houses in Australia with grid-connected PV-Battery systems.
As another example of reduction of the cost of domestic electricity through an accurate selection of PV-battery
systems, in (Constant et al., 2019) it is calculated that, for a household in North Midlands of England, the annual
bill can be reduced around £115/year. The influence of an accurate dimensioning of household systems
including storage for reducing the electricity cost is also demonstrated in (Sharma et al., 2019). However, in
contrast with these works, in (Boeckl and Kienberger, 2019) it is proposed an alternative method for sizing PVBattery systems focusing only on technical consideration and, hence neglecting economic considerations.
In the previously mentioned works, it is not considered explicitly the energy management strategy (EMS) when
formulating the problem of sizing the different microgrids components. This issue is regarded in (Rullo et al.,
2019), in which the optimization problem uses an outer loop for sizing and an inner loop in charge of solving the
EMS for each candidate solution. An example of work focusing exclusively on the EMS can be found in
(Khakimova et al., 2017), in which model predictive control is used. A similar approach considering the EMS in
the optimization problem is found in (Jamshidi and Askarzadeh, 2019) , which deals with a PV, fuel cell and
diesel generator microgrid in off-grid mode.
As can be seen, the problem of sizing microgrids still requires many research efforts since, on the one hand, new
approaches may lead to greater benefits in reducing the electricity cost and pollution, and, on the other hand, the
potential interest of end users in self-dimensioning their own PV-battery household systems before making any
investment. For this reason, in this work we have developed an easy-to-use software to support the
dimensioning of these kind of systems. The rest of the article is structured as follows: section 2 presents a
typical EMS which is implemented in our software. Section 3 presents the software and optimization problems,
while section 4 covers a case of study. Finally, conclusions are provided in section 5.
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2. Energy management
In this section, we present the rules that typically, a domestic or an office installation as represented in Fig. 2,
(whose schematics corresponds to that introduced in section 1) that govern the power exchanges between the
different components of this kind of microgrids.

Fig. 2: A microgrid for a small office building. On the left side, it is represented the real equipment, whose characteristics can fit to
an installation as the one depicted on the right side.

According to these rules, or energy management strategy, the described system needs a control unit in charge of
the execution of the control energy strategy. In order to exploit the potential of batteries, it is often desirable to
implement an energy storage system configuration. This configuration, with the selection of appropriate
parameters, allows to establish priorities in the use of the resources to satisfy the demand in an efficient way
(Torres-Moreno et al., 2018). In Fig. 3, a flowchart representing the sequence of is depicted.
Start

SOC, PPV ,Cload

Yes

Yes

Yes

SOC<SOCmax

PPV-Cload>Cbat_max

No

No

SOC>SOCmin

PPV>Cload

No

No

Yes

Cbat = 0
Pbat = PPV-Cload

Cbat = PPV-Cload
Cbat =Cbat_max

Pbat = 0

Yes
PPV+Pbat_max>Cload

No

No

Yes
PPV>Cload+Cbat

Cfeed=0

Pgrid = PPV-Cload-Pbat_max

Cfeed = PPV-Cbat-Cload

Iterate

Fig. 3: Flowchart describing the power exchange rules in a typical household energy storage system.
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The control sequence, which is executed cyclically, is explained as follows: first, the control unit reads the
batterie’s state of charge (SOC), the power generated by the photovoltaic panels (P pv) and the power demand of
the loads (Cload). If the power generated by the photovoltaic panels exceeds the loads, the power excess is used
to charge the batteries if their state of charge is below the upper threshold (SOC max). In that case, or in case that
the difference between the power generated by the photovoltaic panels and the loads is greater than the
maximum batteries charging power, the exceeding power is feed into the public grid. On the other hand, if the
power generated by the solar panels is insufficient to feed the loads, the energy from the batteries (when their
state of charge is greater than the lower threshold, SOCmin) is used as an extra power contribution. Finally, if the
available power in the PV-Battery system is lower than the demanded, the deficit will be covered by the public
grid. According to these rules and taking into account predictions on both the load consumption and solar
radiation, it is possible to estimate the power exchanges that will occur for a PV-Battery installation as a
function of the number and characteristics of panels and batteries. This is the basis of the present work, in which
it has been developed a software to support the PV-Battery systems sizing, and whose principles are described
in the next section.

3. The proposed software
Considering the previous control rules, a flexible and easy to use algorithm for evaluation and design
optimization has been developed. The main algorithm demands two inputs, the first one is the energy demand
curve (Cload), the second is a vector that contains all the design parameters of the system (X), see Fig. 4.

Fig. 4: Algorithm flowchart.

The design parameters input is composed by the values of latitude and longitude of the place, optimization
period date, peak power of PV system, inclination and orientation of the pv system, storage system capacity,
PV cost in €/kWp, batteries cost in €/kWh, electric power cost of the grid and the benefits of network
discharges.
If the optimization option is not selected, the algorithm simulates the design parameters in vector X making a
query to PVGIS API and obtaining the PV production (PPV) for the PV system. Them, considering the previous
control rules, it is computed sequentially for every time step the use of the resources to satisfy the demand
(Cload) and it is returned the results in a results matrix. This matrix is composed of several values computed:
energy discharged to the grid (P1), energy stored in batteries (P2), energy consumed from the network (C1),
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energy consumed from the batteries (C2), energy consumed instantly (C4), battery status (SOC), daily cost of
electricity consumed according to the valley-peak hourly discrimination (C1_cost), daily amortization cost of
the photovoltaic generator (C_gen_pv) assuming a lifespan of 25 years, daily amortization cost of the battery
system (C_bat) assuming a useful life of 10 years, discount in C1_cost due to the energy discharged to red
(C_P1), average daily cost of energy consumed (C_energy_cost, see eq 1.) computed as the sum of the four
previous, total cost (C_total) and benefit for self-production, generation of kg CO2.
𝐶𝑒𝑛𝑒𝑟𝑔𝑦𝑐𝑜𝑠𝑡 = 𝐶1𝑐𝑜𝑠𝑡 + 𝐶𝑔𝑒𝑛𝑝𝑣 + 𝐶𝑏𝑎𝑡 + 𝐶𝑃1

(eq. 1)

On the contrary, if the optimization option is selected, a design optimization based on an artificial intelligence
(AI) technique known as genetic algorithm (ga) optimization is carried out. The (ga) optimization is an
optimization method based on biological evolution in where the algorithm modifies (crossover and mutation)
some of individuals selected from a previous population at each step called generation. After successive
generations the population evolves to an optimal solution. In this case, the genetic algorithm modifies the design
parameters contained in X successively under certain restrictions ([b], [LB], [UB]) according to one or some
criteria (multi-objective optimizations) calculated using the evaluation function. Vector [b] defines equality
restrictions and inequality conditions ranges are defined by lower and higher values vectors ([LB], [UB])
respectively. Note that any value of the results computed by the evaluation function and described previously
can be used as criteria by the proposed algorithm. Once the optimization is finished, the algorithm returns the
optimal configuration and graphs with the optimized system results.
Furthermore, a graphical user interface, where configuration parameters can be set, has been developed in order
to easily define the optimization problem (see Fig. 5).

Fig. 5: GUI layout.
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4. A case of study
In this work it has been considered the energy consumption data corresponding to a single-family house located
in Spain (lat: 37.0482207, long:-2.3626499). The historical data series provided by the energy company
responsible for the electric supply includes data from August to July of the following year. In Fig. 6 it is
depicted the consumption across the year of study (left) and the hourly consumptions of two typical days in
summer and winter time (right).

Fig. 6: Energy consumption of the house analyzed.

In this example, the PV peak power, energy storage capacity, inclination and orientation of the PV system have
been selected as optimizable design parameters. Inclination and orientation of the PV system have been limited
between [0,90] degrees in elevation and [–90,90] degrees in azimuth (East-West), also elevation and orientation
values have been restricted to integer values, reducing the optimization decision space and therefore the
optimization time.
The objective function defined is Minimize C_energy_cost, as commented before the criterion C_energy_cost
considers the energy consumption cost, the PV and battery system costs according to 25 and 10 years of useful
life respectively and the discount in the energy cost due to the energy discharged to the grid. Note that the
energy discharged to the grid discount is limited by the total cost of energy consumed. The algorithm has been
configured with costs predicted for 2025 (see Tab. 1) and a time resolution of 30 minutes.
Tab. 1: 2025 Costs (Merei et al., 2016).

PV costs

800 €/kWp

Battery Costs

375 €/kW h

Electricity consumed peak price*

0.25 €/kW h

Electricity consumed valley price*

0.22 €/kW h

Electricity discharged price

0.0025 €/kW h

*Peak 20-8 h, Valley 8-20 h

The genetic algorithm has been configured with 25 generations with 10 individuals by generation. Fig. 7 shows
the evolution of the optimization process and how the optimal solution does not substantially improve the
criteria values (best and mean criteria values in each generation) after the generation 10, therefore with this
configuration the genetic algorithm has converged into an optimal solution in less than 16 generations.
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Fig. 7: Optimization process.

The system configuration optimized (see Tab. 2) will produce 12477 kWh per year, to meet a total yearly
demand of 3325 kWh, with a contribution from the network of 1200 kWh (Fig. 8). Furthermore, the algorithm
estimates that the daily energy cost of the single-family house studied can be reduced from 2.3 €/day to 1.4
€/day with the PV-battery system optimized. The results represent a reduction of the energetic cost of 39%
during the life of the PV-battery system if the prices considered are kept constant.
Tab. 2: Optimization results.

PV systems size

8.6 kWp

Inclination

31º

Orientation*

-22º

Battery system size

3.7 kW h

Fig. 8: Total system behavior.

Fig. 9 and Fig.10 show the optimized system behavior during the autumn equinox week and winter solstice
week, for the energy management strategy described in section 2. In both, most of the energy produced by the
PV generator is spilled to the network after fully charges the battery system and supplies the instant
consumption. The battery system supplies most of the energy demanded in the hours without sun during the
autumn equinox, on the contrary in the winter solstice a great contribution from the network is necessary. The
PV system is oriented to the East (-22º from South) minimizing the energy consumption from the network in the
initial hours of the days, when the battery system is exhausted.
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Fig. 8: Autumn equinox week.

Fig. 9: Winter solstice week.

5. Conclusions
This paper presents a methodology for smart dimensioning of low scale microgrids including photovoltaic
energy and batteries storage. This methodology has been implemented in a software which provides a graphical
user interface that allows to non-specialized programmers to easily configure the parameters needed to obtain an
economic assessment of the different possible configurations. As an output, the user receives the PV systems
size, inclination, orientation and battery system size which best fit the requirements. The software implements
an energy management strategy, presented in section 2, and referred to as energy storage system, which is
present in some commercial equipment. In order to test the software, a case of study has been addressed in
section 4. For this purpose, the consumption data of a typical house in the southern Spain has been introduced as
input. According to the obtained results, the software gives a solution which could help to reduce the domestic
energy cost in a 39%. As future works, the software is aimed to be implemented in fully open-source platforms
and publicly available. In addition, new features will be included as dynamical energy management strategy
based on artificial intelligence.
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Abstract
The ability of a system to endure and recover after extreme events, its resilience, is an aspect of its performance that
is often neglected. There are abundant studies on the analysis of the resilience of systems in the fields of transportation
and infrastructure. Its application in the design of energy systems is rather scarce and bounded to electric power
systems. Considering the ongoing multisectoral transition toward renewable energy systems, we foresee the need for
a resilience index that is suitable to be integrated into multi-vector energy system planning. For the sake of
computational tractability, most optimization models for energy system planning aim at linearity. The goal of this
work is to propose a resilience index that is suitable for multi-energy systems planning and that allows the modelers
to maintain the linearity of the optimization problems. First, we review the existing literature on resilience indicators
and further analyzed those that we considered could be adapted for our objectives. Then, we propose an indicator
and provide an example of its application for the ex-post analysis of the resilience of a case-study system. Finally,
we test the system under different scenarios for the recovery time and the level of damage in the components. The
resulting resilience indicator behaves consistently among the scenarios and we expect that it will be easy to integrate
it as an optimization goal in models for multi-energy system planning. Integrating this kind of indexes at the early
stages of the planning process would allow modelers to conceive more robust energy systems for the future.
Keywords: Resilience, optimization, multi-energy systems, natural disasters, multi-objective planning

1. Introduction
The need to mitigate climate change has fostered the use of renewable energies (Sawin, Rutovitz, and Sverrisson
2018). For reaching high shares of renewables, coupling different energy sectors using multi-energy (heat, power,
fuels) systems has proven beneficial in smoothing out the variability of renewable sources (e.g. photovoltaics PV)
(Brown et al. 2018; Mancarella 2014). Multi-energy systems (MES) consider different energy vectors -like
electricity, heat, and fuels- and coordinate the operation of the infrastructure to reach, for example, minimum costs.
MES can improve economic and environmental performance as compared to classical configurations, where the
supply of different forms of energy or services are treated separately (Mancarella 2014). MES, like any other system,
are vulnerable to damage in extreme events, such as earthquakes, which may result in a disruption of the energy
supply (FEMA 2015).
The ability to recover from damage is called resilience. This term is widely used in multiple disciplines, including
psychology, ecology, environment, among others. However, the shared use of resilience implies the ability of an
entity or system to return to normal conditions after the occurrence of an event that disrupts its state (Hosseini,
Barker, and Ramirez-Marquez 2016). To graphically represent resilience, the resilience curve is used. This curve
represents the system’s health over time (Panteli and Mancarella 2015), as shown in Fig. 1. In the beginning, the
system is in a steady state with health 𝑄0. In time 𝑡0, an event occurs, which causes a reduction of the system’s health,
reaching the value 𝑄𝑒. After the event, the system starts a recovery state, until it reaches again the former steady state
in time 𝑡𝑟𝑒𝑐.

© 2019. The Authors. Published by International Solar Energy Society
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Fig. 1: Graphic representation of a resilience curve.

Some authors studied different ways to measure resilience, proposing metrics for different application areas (Bruneau
et al. 2003; Zobel 2010). Literature reveals that there is no unique way to describe the concept, however, they agree
on the ability to recover. Despite the recent works on resilience, resilience metrics for power systems have not been
completely studied. In particular, a resilience indicator for coupled multi-energy systems has not been observed. This
study aims at filling this gap.
The goal of this work is, first, to provide a review of the academic literature on available resilience metrics. Secondly,
based on this review, we will propose a new resilience indicator for multi-energy systems that can be used in the
optimal planning of energy systems. The novelty of this study is the index definition and its area of application. It is
aimed at being used in the design phase of MES, in linear programming optimization models.
Section 2 shows a literature review of resilience metrics. Section 3 explains the proposed indicator and Section 4
illustrates its ex-post application on a case study. Section ¡Error! No se encuentra el origen de la referencia.
discusses the case study and the limitations of the indicator. Finally, Section 5 draws the conclusions.

2. Review: Resilience indexes
This section reviews the existing literature on resilience indexes. We revise 60 studies on resilience, then we select
those that we considered that can be adapted to energy system planning and analyzed them in more detail. First, we
show the field of application of the articles, then we offer more details on the selected ones.
Resilience is applied to many engineering fields. In Fig. 2, we summarize the application area of the reviewed studies.
The most studied field is infrastructure and transportation, while resilience in power systems accounts for a minor
share. Although there are some studies that use resilience metrics in power systems, a resilience indicator for multienergy systems has not been observed. Accordingly, the indicator we introduce in the next sections aims at filling
this gap.
Others

Infrastructure
Networks

Business
Petrochemical
plant
Organization
Economy
Supply chain
Power system
Water resource

Transportation

Fig. 2: Application area of the different metrics. 60 metrics analyzed.

From the revised studies on resilience, we select some metrics that we consider can be adapted to the field of MES.
The selected metrics are summarized in Tab. 1. The metrics are described with some specific features: type of extreme
event, the application area, uncertainty considerations (deterministic or probabilistic), and time modeling (dynamic
or stationary). In the following, we summarize the selected studies.
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Tab. 1 Some resilience metrics proposed in literature

Reference

Recover from

Application area

Deterministic/
probabilistic

Stationary/
dynamic

Earthquakes

Infrastructure

Deterministic

Dynamic

Earthquakes

Infrastructure

Probabilistic

Dynamic

𝑋𝑇
2𝑇 ∗

-

-

Deterministic

Dynamic

𝑋𝑇
𝑋𝑇
+ 𝛼 ( ∗)
2𝑇 ∗
2𝑇

-

-

Deterministic

Dynamic

-

Power systems

Deterministic

Dynamic

Human accident
occurrences

Transportation

Deterministic

Dynamic

Natural or human caused
disaster

Transportation

Deterministic

Dynamic

Earthquakes

Infrastructure

Probabilistic

Dynamic

-

Economy

Deterministic

Stationary

Undersea earthquakes,
fish bites or ship anchors

Networks

Deterministic

Stationary

External disruptive event

Transportation

Deterministic

Stationary

-

Water resource

Probabilistic

Stationary

Terrorist attacks, natural
disasters or manmade
hazards

Infrastructure

Probabilistic

Dynamic

Resilience Metric
𝑡1

(Bruneau et al. 2003)

𝑅 = ∫ [100 − 𝑄 𝑡 ]𝑑𝑡
𝑡0

(Bruneau and Reinhorn 2007)

𝑡1

𝑅 = ∫ [100 − 𝑄 𝑡 ]𝑑𝑡 ,

𝑄 𝑡 = 100 − [𝐿 ∙ 𝑓𝑟𝑒𝑐 ∙ 𝛼𝑅 ]

𝑡0

(Zobel 2010)

𝑅 𝑋, 𝑇 = 1 −

(Zobel 2011)

𝑅 𝑋, 𝑇 = 1 −
𝑡1

(Afgan and Veziroglu 2012)

𝑅𝑗 = ∑ 𝑤𝑖 ∫ [100 − 𝑞𝑖 𝑡 ]𝑑𝑡
𝑖

(Enjalbert et al. 2011)

𝑅𝐿 =

(Chen and Miller-Hooks
2011)

𝑡0

𝑑𝑆 𝑡
,
𝑑𝑡

𝑅𝑇 = ∫

𝑤

(Baroud et al. 2014)
(Barker and Ramirez-marquez
2016)

𝑤

𝑃𝑑
1
𝑅=
∫ 𝐸 𝑃𝑟 𝑑𝑃𝑟
𝑃𝑑 𝐸0 0

𝑅=

(Omer, Nilchiani, and
Mostashari 2009a)
(Henry and Ramirez-Marquez
2012)

𝑡
𝑑𝑡

𝑡𝑏

𝑅 = 𝐸 (∑ 𝑑𝑤 / ∑ 𝐷𝑤 )

(Franchin and Cavalieri 2015)
(Rose 2007)

𝑡𝑒 𝑑𝑆

𝑅=

%𝐷𝐷𝑌 𝑚 − %𝐷𝐷𝑌 𝑌𝐷 − 𝑌0 𝐵
=
=
%𝐷𝐷𝑌 𝑚
𝑌𝑁 − 𝑌0 𝐴
𝑉𝑖𝑛𝑖𝑡 − 𝑉𝑙𝑜𝑠𝑠
𝑅𝑛𝑒𝑡𝑤𝑜𝑟𝑘 =
𝑉𝑖𝑛𝑖𝑡

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑡
𝐹(𝑡𝑟 |𝑒𝑗 ) − 𝐹(𝑡𝑑|𝑒𝑗)
=
𝐿𝑜𝑠𝑠 𝑡𝑑
𝐹 𝑡0 − 𝐹(𝑡𝑑 |𝑒𝑗 )

𝑅𝜑 𝑡𝑟 |𝑒𝑗 =

𝑅𝜑 𝐸,[0, 𝑇𝐶 ] =

𝜑(𝑡𝑟 |𝑒𝑗 ) − 𝜑(𝑡𝑑|𝑒𝑗)
𝜑 𝑡0 − 𝜑(𝑡𝑑 |𝑒𝑗 )
1
𝑇𝐶
∑
|𝐸| 𝐸 ∫0 𝜑 𝑡;𝑁, 𝐿, 𝐶
𝑇𝐶

∫0

𝜑𝑛𝑜𝑚𝑖𝑛𝑎𝑙

𝑡; 𝑁, 𝐿, 𝐶
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Bruneau et al. (2003) propose an indicator to measure the size of the expected degradation in quality (𝑄) over time
due to an earthquake. This metric is deterministic and dynamic. Later, Bruneau and Reinhorn (2007) improved the
same index with a more detailed measure of functionality. It considers the loss function (𝐿), which is measured as
the ratio of the actual loss, the recovery function (𝑓𝑟𝑒𝑐) after the time occurrence, which depends on the resources
available during the recovery period, and the functionality recovery factor (𝛼𝑅 ). The second term considers
probability fuctions from fragility curves (Masanobu Shinozuka et al. 2000), being a probabilistic index.
Zobel (2010) proposed a simplification of the metric proposed by Bruneau et al. (2003). They calculated the loss
function as a linear function and the total loss of functionality as the area of a triangle , in terms of the initial impact
(𝑋) and the recovery time (𝑇). They also incorporated a time horizon (𝑇 ∗), which allows to represent resilience as a
percentage (Zobel 2010). Later, Zobel (2011) adjusted this resilience function by giving different importance (𝛼) to
the initial impact of the disaster event and to the recovery time, by adding a new parameter to adjust the slope of the
resilience function.
The metric proposed by Afgan and Veziroglu (2012) was also based on Bruneau et al. (2003) index. However, they
developed a resilience index considering sustainability dimensions, which is a linear agglomeration function of
products between indicators and the corresponding weighting coefficients (𝑤𝑖 ).
Enjalbert et al. (2011) defined the concept of local resilience (𝑅𝐿) and total resilience (𝑅 𝑇), where the local resilience
is an instantaneous measurement of resilience and is the slope of the resilience curve (𝑆). It can be negative or positive
if the performance decreases or increases, respectively. The total resilience is the sum of local resilience during a
given period.
Chen and Miller-Hooks (2011) developed a similar indicator to that of Zobel (2010), measuring the fraction between
the loss and total functionality. In this case, they define resilience as a fraction between the demand that can be
satisfied after the event (𝑑𝑤) and the pre-disaster satisfied demand (𝐷𝑤).
Franchin and Cavalieri (2015) described resilience in a new field: civil infrastructure. Their metric is a measure of
the reallocated population (𝐸 𝑃𝑟 ) due to an earthquake. They also considered uncertainty and vulnerability factors
and how they affect resilience.
All the above-mentioned metrics consider the behavior of the system over time to measure resilience. There are other
stationary indexes (Baroud et al. 2014; Henry and Ramirez-Marquez 2012; Omer, Nilchiani, and Mostashari 2009b;
Rose 2007), which measure the robustness of the system. These indexes are defined as a fraction between the system
health after the event and before. They just differ in their application field.

3. A new indicator
In this section, and based on the literature review, we propose a new metric to measure the resilience of a multienergy system. First, we describe a multi-energy system with a generic superstructure. Later, we explain
mathematically the newly proposed indicator.
MES are systems where different energy vectors interact with each other. They consider different types of technology
(as shown in Fig. 3): primary generation 𝑃𝐺, transformation technologies 𝑇𝑇 (from one type of energy to another),
storage 𝑆 of the different energy types, and the process 𝐷 which demands energy. Examples of energy vectors are:
heat, fuels, and electricity. There can be several technologies for the generation of one type of energy (e.g.
photovoltaics PV and wind turbines for electricity generation). For the transformation technologies, in the generic
model, every transformation is possible (e.g. heat to fuel, electricity to heat, etc.). Depending on the application,
some of them might not be considered.

𝑃𝐺𝑖

𝑃𝐺𝑗

𝑇𝑇𝑖,𝑗

𝑇𝑇𝑗,𝑖

𝑆𝑖

𝑆𝑗

𝐷𝑗
,

Fig. 3: Model superstructure.
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The proposed indicator considers the possible shortage of energy in the system due to an earthquake. This indicator
requires as inputs the performance of the energy technologies (energy demand and supply over time, considering
efficiency and generation profile for variable renewable energy), the energy demand, and the technologies behavior
in the case of facing an earthquake, which includes the damage state and the reposition time (how long it takes for
this technology to recover and be available again (FEMA 2015)).
The indicator we propose describes the resilience of the system as a percentage that shows the energy that the system
can supply after a disruptive event about the total energy demand in an evaluation horizon. To determine the energy
that the system can supply, we need to measure the non-supplied energy (energy shortage) of each energy vector to
obtain the total shortage. This is analog to the loss of energy expectation (LOEE) in power systems but extended to
multi-vector systems using weighting factors and considering models for the recovery of the components after an
extreme event. We evaluate the damage of each component of the system and count the energy demand that cannot
be satisfied as a result of this damage. This is done for each vector and the total resilience is a weighted sum.
As this indicator quantifies the possible energy shortage to the process, we need to know the behavior of each
technology during the time, represented in their power capacity. This is illustrated in Fig. 4, where the maximum
power available is described by 𝑃𝑎𝑣 𝑡 . This power can be mathematically described as follow:
𝑃𝑎𝑣

𝑃𝑖𝑛𝑠𝑡
𝑡 = {𝑃𝑖𝑛𝑠𝑡 ⋅ (1 − 𝔼 𝑥 ) + 𝑚𝑡
𝑃𝑖𝑛𝑠𝑡

,
𝑡 < 𝑡0
, 𝑡0 ≤ 𝑡 < 𝑡𝑟𝑒𝑐
,
𝑡 ≥ 𝑡𝑟𝑒𝑐

(eq. 1)

Where 𝑃𝑖𝑛𝑠𝑡 is the power of one technology previously installed, 𝔼 𝑥 is the expected failure value (share of the
capacity that is not operative), 𝑡0 is the time of the day where the event occurs, 𝑡𝑟𝑒𝑐 the expected recovery time, and
𝑇 ∗ the time period of the evaluation.
Power

𝑃 𝑡

𝑃
𝑃 𝑖𝑛𝑠𝑡

𝑃 𝑖𝑛𝑠𝑡

𝑃 𝑎𝑣 𝑡

𝑃 𝑖𝑛𝑠𝑡 ⋅ 1 − 𝑥

𝑡0

𝑇∗

𝑡𝑟𝑒𝑐

Time

Fig. 4: Power vs. Time

The energy delivered or consumed by each technology changes over time. Fig. 5 a) shows in orange line a possible
power delivered 𝑃 𝑡 from a technology, i.e. the power which was scheduled to deliver. But it got damage and now
can deliver maximum 𝑃𝑎𝑣 𝑡 (blue line). Hence, the resulting operation of this technology after an event is 𝑃𝑟 𝑡
(purple line), as it shows Fig. 5 b).
a)

b)
Power

Power

𝑃

𝑃

𝑃

𝑃 𝑖𝑛𝑠𝑡

𝑎𝑣

𝑡

𝑃 𝑖𝑛𝑠𝑡

𝑃 𝑡

𝑡0

𝑡𝑟𝑒𝑐

𝑇∗

𝑃𝑟 𝑡

Time

𝑡0

𝑡𝑟𝑒𝑐

𝑇∗

Time

Fig. 5: Power delivered or consumed by each technology due to an event.

Mathematically, this is expressed as the minimum between both functions:
𝑃𝑟 𝑡 = min{𝑃𝑎𝑣 𝑡 , 𝑃 𝑡 }

(eq. 2)

And in LP, the constraints are the following:
𝑃𝑟 𝑡 ≤ 𝑃𝑎𝑣 𝑡

(eq. 3a)
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𝑃𝑟 𝑡 ≤ 𝑃𝑎𝑣 𝑡

𝑃𝑟 𝑡 ≤ 𝑃 𝑡

(eq. 3b)

We do the same procedure for each technology.
To define the resilience of the system, we need to measure the non-supplied energy. Therefore, we measure the
energy shortage 𝑆 in every time for each energy type (𝑆 𝑃𝑖 𝑡 ), through an energy balance. This balance is the
difference between the demand and the supply of that energy type. The energy demand is the sum of the demand of
𝑖,𝑗
the process 𝑃𝐷𝑖 , the demand of the transformation technologies 𝑃𝑇𝑇
, which demand to produce and the energy
required by the storage load 𝑃𝑆𝑙𝑜𝑎𝑑,𝑖. The supply corresponds to the energy produced from the primary generation
𝑗,𝑖
𝑖
𝑃𝑃𝐺
, the supply from the transformation technologies 𝑃𝑇𝑇
, and the energy given by the storage unload 𝑃𝑆𝑙𝑜𝑎𝑑,𝑖 . This
can be summarized in the next equation:
𝑖,𝑗
𝑖 + ∑ 𝑃 𝑗,𝑖 + 𝑃 𝑢𝑛𝑙𝑜𝑎𝑑,𝑖 )
𝑆 𝑃𝑖 𝑡 = (𝑃𝐷𝑖 + ∑𝑗 𝑃𝑇𝑇
+ 𝑃𝑆𝑙𝑜𝑎𝑑,𝑖 ) − (𝑃𝑃𝐺
𝑗 𝑇𝑇
𝑆

(eq. 4)

If this difference is positive means that there is an energy shortage if it is negative means that the system can supply
the demand. So, the shortage is the maximum between this difference and zero:
𝑆 𝑃𝑖+ 𝑡 = max(0, 𝑆 𝑃𝑖 𝑡 )

(eq. 5)

And in LP, the constraints are the following:
𝑃𝑟 𝑡 ≤ 𝑃𝑎𝑣 𝑡

(eq. 6a)

𝑃𝑟 𝑡 ≤ 𝑃 𝑡

𝑃𝑟 𝑡 ≤ 𝑃𝑎𝑣 𝑡

(eq. 6a)

The total energy shortage is summed over time:
𝑆

𝑇∗

𝑖

= ∫𝑡 𝑆 𝑃𝑖+ 𝑡 d

(eq. 7)

0

With this shortage, we can calculate the resilience for this energy vector as one minus the fraction between the energy
shortage and the demand of that vector:
𝑅𝑖 = 1 −

𝑆ℎ𝑖

(eq. 8)

𝑖
𝐸𝐷

As it is a multi-vector energy system, the total resilience is the sum of the weighing of all resilience:

𝑅𝑇 = ∑𝑖 (𝑅𝑖 ⋅ ∑

𝑖
𝐸𝐷

𝑖
𝑖 𝐸𝐷

) =

𝑖 −∑ 𝑆
∑𝑖 𝐸𝐷

(eq. 9)

𝑖
∑𝑖 𝐸𝐷

4. Application of the resilience indicator
In this section, we study the application of the proposed index. We use a study case of a fully renewable multi-energy
system and we discuss the obtained results. Then we study the behavior of the indicator on different scenarios for
damage and recovery time.
The topology of the study case is presented in Fig. 6. This is a simplification of a previously reported system (Moreno
et al. 2018). It consists of a fully renewable multi-energy system that supplies the energy demand for a copper mine,
which demands energy in the form of electricity, heat, and hydrogen. Specifically, our case of study considers PV
for the primary generation of electricity, lithium batteries for electricity storage, and hydrogen storage. In the
transformation technologies, we consider a heating rod to produce heat from electricity and an electrolyzer to produce
hydrogen using electricity.
Electricity
Fuel
PV

Heat

H2
H2 Storage

Li-Battery

Electrolyzer
Mining
process

Heating rod

Fig. 6: Structure of the system for the case study.

This system is planned with two targets: minimizing cost and minimizing the global warming potential of the
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installation and operation (Moreno et al. 2018). We will measure the resilience of this system with the proposed
indicator. This exercise measures the resilience of the system as it is, without considering the possibility of adapting
the operation or oversizing components in the design. In other words, this is an ex-post analysis where the resilience
index has not been integrated into the optimization model for the system’s design.
To study the application of the indicator we use an evaluation time 𝑇 ∗ of 3 months and the process-demand is
shown in Tab. 2. For the damage and the recovery time of each technology we assigned values (as it is shown in
Tab. 3) and later we do a multi-scenario analysis to study the behavior of the indicator with different inputs for the
fraction of damage and the recovery time.
The values were obtained by adapting the data from HAZUS method (FEMA 2015) for a PGA (peak ground
acceleration, a measure of the intensity of an earthquake) of 0.6g (similar to the earthquake in Chile in 2010). We
used the expected values for the damage state and recovery time (see Tab. 3). As the recovery function is linear in
our model, these parameters completely define the function.
Tab. 2: Demand of each energy vector and total demand in a time horizon of 3 months. Values in (GWh). Obtained from (Moreno et al.
2018)

Electricity Demand

874

Heat Demand

40

Fuel Demand

46

Total Demand

960

Tab. 3: Damage fraction and recovery time of each technology (FEMA 2015).

PV

Electrolyzer

Heating Rod

Li-Battery

H2 Storage

Damage fraction

0.91

0.79

0.85

0.79

0.81

Recovery time (h)

5472

2255

10141

2255

2313

Tab. 4 shows the resulting resilience value for each energy vector and the total system resilience.
Tab. 4: Resilience of each energy vector and total resilience.

Electricity Resilience

63%

Heat Resilience

27%

Fuel Resilience

64%

Total Resilience

62%

We can see that the resilience for the heat vector has the lowest value. This is because there is only one technology
to provide heat and it has a long recovery time. This low value does not have a big impact on the total resilience
because the heat demand in the case study is low. The energy vector that has the highest weight on the total resilience
is electricity because it has the highest demand.
The value of resilience also depends on the time horizon (which is an arbitrary decision) and the PGA of the
earthquake. A value of 62% of resilience for this case, means that for a PGA of 0.6, this system can provide the 62%
of the total energy demand in three months. This is equivalent to a blackout that lasts one month, which we consider
would be a long period of time.
To study the behavior of the indicator with different inputs for the damage state and recovery time, we do a scenario
analysis. We vary the values of these parameters by ±20% and study the resulting total resilience in each case. The
results are shown in Tab. 5.
Tab. 5: Total resilience of the system for different scenarios for the deviation from the original parameters .

Deviation
of the
Recovery
time

Deviation of the damage
-20%

0

+20%

-20%

79%

66%

58%

0

77%

62%

52%

+20%

75%

59%

48%

We can observe, as it is expected, that the highest resilience value is reached with the lowest damage and recovery
time, reaching 79%. Conversely, the minimum resilience value is obtained when the damage and the recovery time
increase. Tab. 6 shows the percentual change on resilience for every scenario, as compared to the original resilience.
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We can see that the highest growth, when both parameters decreased, is 29%, but when we increase both parameters
in the same percentage, the resilience decrease by 22%. Also, we can notice that changing the damage state causes a
higher percentual change than varying the recovery time. For example, increasing the damage by 20% decreased
resilience by 15%, while increasing the recovery time in the same percentage, resilience decreased just by 5%.
Tab. 6: Comparison of the total resilience values in Tab. 5 as a deviation from the original resilience value.

Recovery
time

Damage
-20%

0

+20%

-20%

+29%

+7%

-6%

0

+24%

0%

-15%

+20%

+21%

-5%

-22%

The system in the case study depends fully on solar PV for primary energy generation, so it is important to consider
the weather. In the present analysis, the time of the earthquake 𝑡0 was fixed in the first hour of the year (00:00,
January 1). Since the case study is in Chile (southern hemisphere), that is in the summertime. Then, the availability
of solar energy is higher than at other times of the year. To compensate for the reduced capacity factor in winter, the
system has more installed capacity of PV than it requires in summer. This would lessen the impact of losing
generation capacity during this season. In other words, it should be harder for the system to compensate the same
damage in solar generation during winter than during summer. Analyzing the effect of the timing of disruptive events
on the resiliency of highly solar multi-energy systems is an interesting topic for further research, which could be
tackled using the proposed indicator.
As
There
Also,
The
In contrast to other resilience metrics, this indicator can be easily integrated into the planning process. This is because
of the linear nature of the index. Using LP is common practice in energy systems planning. This allows for
computational tractability in large scale problems. Including our index allows modelers to keep the optimization
linear. It can be included, for example, as an optimization goal. However, to use it in planning decisions, it needs
some minor adaptation. For example 𝑃𝑟𝑡≤ 𝑃𝑎𝑣 𝑡
(eq. 3a) is no longer needed, as the power
delivered should be just less than the power available and the installed capacity.𝑃𝑟 𝑡 ≤ 𝑃 𝑡

5. Conclusions
The resilience metrics that are available in the scientific literature differ in the event the system recovers from, the
application area, if it considers uncertainty or not, and if it considers the time and dynamics of the system. The
literature review has shown a lack in the study of resilience metrics for power systems, specifically, there is no study
observed for multi-energy systems. Accordingly, we propose a resilience indicator for multi-energy systems that can
be easily integrated into linear optimization models for energy system planning. Some hurdles are identified in the
implementation of this kind of resilience index. Specifically, in the consideration different forms of uncertainty, the
definition of the temporal scope, and the weighting criteria.
To study the application of the developed indicator, we use a case study and to study the indicator behavior, we do a
scenario analysis, changing the damage and reposition time in ±20%. The damage state causes the highest variation
in the system resilience (around ±20%), while varying the reposition time causes a variation form around ±6%.
The proposed indicator can be integrated into the planning process, using it, for example as a target in an optimization.
Therefore, in the future, we expect to integrate this indicator in real case planning, through a multi-objective
optimization, considering two targets: costs and resilience. This allows us to give different importance to each target
and analyze the trade-off of planning with resilience.
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Abstract
Achieving global carbon neutrality within the first half of this century is required to limit the increase of global average
temperature to 1.5o C, and thus to mitigate the effects of the ongoing climate crisis. Due to this, several countries have laid out
decarbonization plans for the next few decades. In particular, a decarbonization schedule has been recently announced for the
Chilean electric power system, which aims to entirely phase out coal generation by 2040. This implies a major change on the
operational features and flexibility requirements of such system since coal still occupies a very large energy share of about 40%.
This paper presents an assessment of various decarbonization pathways for the Chilean power system based on a generation and
transmission expansion planning model specially enhanced to capture key flexibility aspects. This model employs the concept of
representative days, an approximation of the unit commitment problem, a thorough modelling of the hydro network, and also
thermal-based and battery-based energy storage. The results show that more strict decarbonization goals remain in a similar cost
range as compared to the base case scenario, and for such scenarios the balance between variable and flexible attributes, including
ramping, storage, and transmission capacity, becomes critical in earlier stages of the planning horizon. Based on this, a policy
recommendation from this paper is that appropriate operational methods and market structures must be implemented to harness
all the benefits of renewable and flexible energy in a reliable, sustainable and efficient way.
Index Terms
Decarbonization, energy planning, flexibility, optimization, power systems, renewable energy.

1. I NTRODUCTION
Sustainable development has become a major global challenge in the last few decades due to unprecedented levels of CO2 and
other greenhouse gases in the planet’s atmosphere, and the massive risks associated with climate change. To tackle this problem,
several countries have adopted decarbonization plans which seek to greatly reduce emissions across all industries, the energy
system being a major concern, as it accounts for nearly a 70% of global CO2 emissions [1]. In this context it is paramount
to achieve low-emissions power systems. For some of these countries, the decarbonization of the power system requires a
significant technological change with a massive adoption of variable renewable energy sources such as wind and solar, which
poses several challenges for the grid operation due to the attributes of these technologies. This is the case of the Chilean power
system, where coal generation currently accounts for nearly a 40% share of the total generation mix [2], and a decarbonization
plan has been laid out to completely phase out coal of the power system by 2040 at maximum. In order to correctly asses the
effects of such process on the power system, an effective mathematical representation of the operational characteristics of the
system is required. This paper proposes an optimization-based analysis of several decarbonization pathways for the Chilean
electric power system based on a Generation and Transmission Expansion Planning (EP) model.
The implementation of a binding decarbonization plan in the power system motivates several questions. Some aspects of
general interest include how may the binding mechanism be defined, how tight can the plans schedule be in a temporal
perspective, what impacts will the plan have on local jobs and over private business that should be taken into account, and
how effective will it be on terms of emission reductions if not complemented with proper electrification goals across heating
and transportation sectors or other measures for the rest of the energy system. These questions, which are central to the issue,
require a wide systemic approach and must be taken into account when analyzing this transition [3]. However, regarding the
direct impact of a decarbonization schedule on the power system, additional questions arise, which can be very pressing and
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have a major relevance for the successful and reliable implementation of such schedule. These questions include how will the
existing and new technologies replace coal based generation, how will the operational features of the system change over time,
and which market structures incentive an efficient and reliable transition, among others. In this paper we will focus on the
latter set of questions for the Chilean case, as insights and understandings in such questions will aid and support the discussion
of the first set.
To address these questions, the use of a Generation and Transmission EP optimization model is considered. This problem
aims to optimize investments on generation and transmission infrastructure over a planning horizon, in order to minimize total
investment and operational costs over such horizon [4]. In this context, the representation of the operational features of the
power system becomes a key aspect of the model, due to the temporal, spatial and technical characteristics of technologies
such as wind and solar generation, and energy storage, which are expected to play a major role in future low-emissions power
systems. Under this assumption, the concept of flexibility, understood as the capacity of a power system to respond to variations
on load and generation to maintain proper power balance, becomes paramount. This poses an important challenge to the EP
model, as various flexibility aspects are not typically captured in such models [5].
This challenge has recently gained a lot of attention. Several new approaches have been developed to allow better representations of the temporal aspects, technical constraints and operational uncertainty within the context of EP. Some of these
approaches include the use of chronologically ordered time points through the concept of representative intervals [5], the
inclusion of key technical aspects through convex relaxations [6], and the inclusion of uncertainty through robust optimization
[7] or stochastic programming [8]. More importantly, all of these works agree that for larger shares of variable renewable
energy, the representation of such aspects becomes more critical, and may have a greater impact on the systems cost, reliability
and environmental performance.
On the other hand, the assessment of decarbonization plans through the use of optimization models has also become an
important area of research. Some applications include the study of decarbonization plans for the power systems of Canada
[9], China [10] and the Western Electricity Coordinating Council [11] among others, resulting in valuable information and
discussion on various dimensions for the decarbonization process of these systems. The specific characteristics of the models
employed differ among these analysis, thus providing different type of insights.
In this context, this paper aims to assess several decarbonization pathways for the Chilean power system considering the
use of an advanced optimization based EP model to properly account for the operational structure of future low-emissions
power systems, based on the recently announced decarbonization plan for the country, which intends to completely phase out
coal-based generation by the year 2040. To this purpose, three different scenarios are defined considering the original full
decarbonization by 2040, and two alternative plans which consider full decarbonization by 2035 and 2030, respectively. These
scenarios are then studied through an EP model considering an effective representation of various key flexibility aspects, which
allow to gain insights on the possible operational features for the Chilean power system.
The main contributions of this paper can be summarized as follows:
1) Enhancement of EP models to effectively represent the short-term operational features of a power system with a very
large adoption of variable renewable energy, through the use of representative days built using recently developed data
clustering techniques.
2) Use of advanced optimization-based power system expansion planning models to study various plausible decarbonization
scenarios for the Chilean electric power system over a time horizon spanning from 2020 to 2040.
3) Assessment of the flexibility requirements in the future Chilean electric power system under decarbonization and a large
presence of variable renewable energy.
The remainder of this paper is organized as follows. A brief discussion on decarbonization and flexibility is presented in
Section 2. The mathematical models employed, the case study and the definition of the decarbonization scenarios are presented
in Section 3. Section 4 presents the EP model results, and Section 5 concludes.
2. D ECARBONIZATION AND FLEXIBILITY: A BRIEF OUTLOOK
There exists large scientific evidence regarding the relationship between the atmospheric concentrations of CO2 and the
increase on the global average temperature due to the greenhouse effect. This concentration has seen a massive increase over
the last few decades due to human action, reaching unprecedented levels. Consequentially, global average temperature has
seen a 1.0o C increase since the late 19th century. Other currently observed phenomena which are largely related with these
trends include the warming and acidification of the oceans, shrinking of the ice sheets and glacial retreat, rise of the sea level
and the increase of extreme heat related events, among others [12]. Recent reports by the Intergovernmental Panel on Climate
Change (IPCC) claim that an increase on the global average temperature higher than 1.5o C would have severe impacts both on
the environment and on human communities and economies. This already implies setting a more ambitious goal as compared
to the 2.0o C increase limit set on the Paris Agreement [13]. In addition to the prior, Chile presents a high vulnerability to
climate change. The presence of low coastal regions, arid and semi-arid zones, forests zones, areas exposed to natural disasters,
areas prone to droughts and desertification, polluted urban areas and mountainous ecosystems are seven of the nine criteria of
vulnerability met by the country, as defined by the United Nations Framework Convention on Climate Change [14].
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The transition to sustainable pathways which limit the temperature increase to 1.5o C require unprecedented changes through
many sectors such as energy, transport and buildings infrastructure, industrial processes and land usage. In particular, a 45%
decline in global anthropogenic CO2 emissions from 2010 levels must be achieved by 2030, and global net zero, or carbon
neutrality, must be achieved by 2050 at maximum [13]. Within the context of this transition, the energy system plays a major
role, as it accounts for nearly a 70% of global CO2 emissions. These emissions are associated mainly with electricity, heat,
transport, manufacturing and construction [1]. The consistent reduction of these emissions will require changes on all of these
systems, which comprise both technical and social components, thus, a sociotechnical transition is required. For such transition
to be successfully achieved many factors must come together, and particularly, innovations and systems must align, as discussed
in [3]. Under this paradigm, the confluence of several technological innovations such as the deployment of electric cars, capital
cost reductions on variable renewable energy generation and on energy storage, and recent developments on distributed energy
resources and demand response, suggest that there exists an opportunity for decarbonization based on the power system, through
electrification processes and the generation of electricity through low or null-emission energy sources.
Many countries have acknowledged this opportunity by setting goals and policies which aim to achieve such transition.
Some examples include renewable generation goals or renewable portfolio standards, carbon taxes, renewable feed in tariffs,
efficiency and electrification goals, or explicit decarbonization plans, either for the power system or across industries. Some
have even set overall carbon neutrality goals in law for the next few decades: Norway by 2030, Sweden by 2045, France and
UK by 2050, with several other countries being involved in discussions, pledges or political agreements towards similar goals
[15]. In a similar fashion, Chile has recently announced an overall net zero carbon goal for 2050 based in the reduction of
emissions from the energy sector (which accounts for 78% of the countries emissions) and through reforestation to increase the
capture of CO2 emissions [16]. In particular, the reduction of emissions on the energy sector has been specifically addressed
through a coal retirement plan, in agreement with the coal based utilities in electricity generation. This coal retirement plan
for the electricity sector is to be fully completed by 2040, and it also prevents new coal units from being built in the future,
thus setting the path for a highly renewable power system. This implies a major change in the Chilean power system due to
the fact that coal has currently the largest share in the generation mix, accounting for nearly a 40% of the generated electricity
[2]. In addition to the prior, coal is used mainly as base generation and provides security and stability to the system through
the provision of inertia and other ancillary services. Due to this, it becomes relevant to analyze how will the power system
ensure the reliability and cost efficiency of a coal-free operation.
Together with the retirement of coal generation units, a substantial growth of variable renewable energy sources is expected
to support the emissions reduction. This is due to several factors. On one hand, renewable generation technologies such as PV
and wind have seen great capital cost reductions in the last few decades, more notably in PV, where an estimated 73% decrease
was observed on its global weighted average levelized cost of electricity between 2010 and 2017 [17]. On the other hand, Chile
has abundant renewable potential. The Atacama Desert is regarded as having the world’s best solar resource, and the Andes
mountains together with the Chilean Coastal Range, parallel to an extensive shoreline, provide high potential for wind, hydro,
geothermal and even ocean energy resources [18]. Due to the prior, in the recent years, the adoption of wind and solar power
in the Chilean electric power system has increased considerably, with wind and solar now jointly accounting for more than
10% of the energy share in the generation portfolio. In addition to this, various large projects are currently under construction
and many more in a planning phase [19]. With these two important processes of deep variable renewable integration and
quick decarbonization, the operation and market structure of the Chilean electric power system will face significant challenges
associated to the flexibility requirements of the system. The unpredictability and quick variations in the power output of wind
and photovoltaic power plants need to be met with significant flexibility sources that can quickly adjust their power outputs
in response to such variations. As coal is removed, and is replaced with wind and solar power, it is imperative to ensure that
sufficient flexible generation sources are deployed in the system, and that proper market rules are in place to efficiently employ
their flexibility for the secure operation of the power system.
Flexibility is typically understood as the ability of a power system to mantain the energy balance as a response to changes
in demand and supply, i.e. changes in load and generation [20]. As the share of variable sources such as PV and wind energy
increases in the power system, flexibility becomes scarcer and more critical for the operation, changing the existing operational
paradigm. Several ways exist to provide flexibility [21], with flexible generation units being one of the main alternatives, along
with others such as energy storage, demand response or distributed energy resources. Flexible generation units are defined
mainly as units with a great capacity to change their generation from one moment to the next (ramp capability), fast start-up
and shut-down times and low or null minimum stable levels. Given the expected growth in uncertain and variable energy
sources, it is necessary to understand possible future scenarios of high renewable integration and how can the system be
better prepared through flexible generation for such scenarios, and to fully allow the incorporation of new technologies and
their benefits [22]. This change also motivates major market challenges and the need for new market structures which reward
flexibility and incentive long-term investments [23], [24]. This is due to the fact that current market designs have a series of
assumptions which are less valid under the energy cost structure and significant volatility of renewable sources [25], and thus,
may not provide the appropriate incentives for the deployment of technologies required for the reliable operation of the power
system. In Chile, evidence of this market challenges are the new definitions for implementing an ancillary services market by
2020 and the preliminary announcement of a law bill to remunerate flexible resources in the power system. This measures
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aim to create the incentives which ensure the correct balance among flexible and variable resources, to secure an efficient and
reliable operation in the future.
Under this major challenges and transitions, several technologies have recently gained attention due to their particular
characteristics. This is the case of concentrated solar power (CSP), battery systems, pumped hydro storage and geothermal
energy, among others. These technologies may aid by providing flexibility to the system without creating further CO2 emissions.
Some of these technologies have seen fast development in the recent years, through experimental and commercial deployments
and capital cost reductions, mainly CSP and battery systems. This raises the question of what role would such technologies
play on a optimal decarbonization pathway, and how could the market design process create the appropriate incentives to
achieve an optimal decarbonization pathway for the Chilean power system.
In this context, the use of advanced EP models to study such question may provide valuable assessments regarding the role
of new technologies through the decarbonization process. The challenge of modelling flexibility in EP models is complex due
to computational capacity and tractability issues, however, recent progress in the EP literature provides useful mathematical
and methodological frameworks to address these aspects of a given power system over a planning horizon. Due to this, in the
remainder of the paper, we propose an analysis based on an EP model enhanced with an effective modelling of key flexibility
aspects to assess a set of decarbonization scenarios for the Chilean power system.
3. C ASE S TUDY
This section presents the input data used to analyze the decarbonization process of the Chilean power system, and the
characteristics of the considered optimization model.
3.1. Generation and Transmission Expansion Planning Model
The decarbonization schedule for the Chilean power system spans over approximately a 20 year horizon. In order to study
possible transitions of the power system over such horizon, a capacity expansion planning optimization model is employed.
The objective of such model is to minimize both investment and operational costs through a planning horizon divided into
discrete planning periods, while maintaining a correct energy balance and certain operational standards. For this case study,
the start of the planning horizon was set in 2020. For analysis purposes, 6 periods of 4 years each are considered: 5 periods
from 2020 to 2040 and a final complementary period from 2040 to 2044 to avoid end period effects on the results.
The decisions of the model consist on investment decisions, such as where, when and which technology capacity investments
should be made over the planning horizon, and operational decisions within a mathematical representation of the system
operation, which allows the assessment of the mentioned investment decisions. The variability and uncertainty of variable
renewable energy and the operational features of new technologies, such as batteries and CSP, pose a challenge in terms
of the mathematical representation of the systems operation, which should be sophisticated enough to correctly asses the
advantages and disadvantages of each technological option. In order to adress this issue, we use a generation and transmission
expansion planning model based on [26], which employs the concept of representative days as a proper modelling framework
to analyze the decarbonization pathways for the Chilean System. This concept consists on using a discrete set of days with
hourly resolution to represent the power systems operation while preserving the chronological order and enabling the inclusion
of key flexibility constraints [7]. This model also includes a thorough modelling of the hydro network [8] and a detailed model
for thermal storage, and it was enhanced with an approximate representation of the unit commitment problem [6] and the
inclusion of constraints which model battery energy storage systems.
3.2. 20-Bus Representation
In this paper we employ a scaled version of the Chilean power system considering 20 buses or load zones, where power
demand and supply are aggregated. These load zones are distributed through the country, as illustrated in Figure 1.
3.3. Transmission Lines
Based on the 20 load zones previously defined, a simplified transmission system is defined by aggregating the transmission
capacity of high-voltage lines (220 kV ≤) connecting such zones. The data for these lines is adapted from the Comisión
Nacional de Energı́a [27]. The cost for expanding transmission capacity in units of base year dollars $ per MW per km is set
as 850. The fraction corresponding to the fixed O&M costs per year is considered to be β = 3%. Finally, the lifetime of a
transmission line, ly`L , is set to 20 years.
3.4. Generators
A set of 137 existing units and 208 candidate units is employed. The existing units were adapted from real data of the
Chilean power system reported by [27], where an aggregation was made for small diesel, hydro-RoR, PV and wind generation
units based on their geographical location as related to the simplified representation of the power grid. A portfolio of new
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Fig. 1: Load zones defined for this study

generation projects is employed for the candidate units, based on [26]. Battery energy storage system projects were included
on such portfolio in every node of the power system. Based on this portfolio, the model finds the optimal expansion decisions
to meet the growing power demand joined with the decarbonization process. The values of variable O&M (com
g ), overnight
ix
capital (ĉG,inv
) and fixed O&M (cG,f
) costs by technology are derived from reports by the Comisión Nacional de Energı́a
g
g
[28], the U.S. Energy Information Administration [29] and the Commonwealth Scientific and Industrial Research Organization
[30]. Finally, the flexibility characteristics for the different dispatchable technologies are obtained from [31] .
3.5. Hydro-network
The Chilean energy system has a large share of reservoir hydro plants, and large potential for run of river generation.
These energy sources present certain characteristics which differ from other thermal or even renewable generation units, such
as the fact that there exists a water network which creates relations between several units, and that reservoir units do not
present a variable generation cost but may have the ability to provide water storage. In this work, the Chilean water network
is represented by a graph composed of nodes and lines, based on [8]. Rivers, lakes or reservoirs are represented by nodes,
whereas lines represent potential water flows between nodes and, therefore, possible locations for hydro plants. Figure 2 shows
an example of two hydraulic basins of Chile that have been modeled using this methodology.

Fig. 2: Two modeled hydraulic basins of Chile with hydroelectric generators

3.6. Operational Conditions
Operational conditions are a key element for the proper characterization of flexibility in the EP problem. The load and
renewable profiles considered through the planning horizon will directly determine the optimal units in terms of technology
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and location to meet expected demand over such horizon. Thus, the selection of operational conditions becomes a critical issue
with great impact on the problems result.
To effectively capture the operational features of the power system through the planning horizon while mantaining computational tractability, a set of representative days were selected using a clustering technique.
3.6.1. Base Data and Clustering: The base data for the operational conditions were obtained from real operation data of
2015 provided by the system operator, called Coordinador Eléctrico Nacional [32]. This data consisted on 365 real days of
operation including daily load an resource availability profile for PV, wind and Hydro RoR projects.
From this base data, representative days were selected using a hierarchical clustering method [33]. This method was
applied over a set of operational conditions of interest within the base operational data, specifically, the hourly load and
solar resource profiles by load zone. By doing this, groups of days with similar hourly operational conditions are obtained.
Finally, representative days for each group are selected, assigning an individual weight depending on the number of days they
represent. From this process, a set of six representative days was selected to be employed in the capacity expansion planning
problem, which are specified on Table I.
These days set the base operational conditions for the planning problem. Loads profiles for the case study were obtained
by combining such days with a load growth profile. Renewable profiles were considered to remain unchanged through the
planning horizon, and were built based on [26].
3.6.2. Load Growth: The evolution of the total power demand in the system is constructed based on the projections presented
by the Comisión Nacional de Energı́a in [34]. This projection is considered homogeneous over all zones.
3.7. Costs and Cost Projections
3.7.1. Fuel costs and carbon tax: Fuel costs and their respective projections are derived from [26] for coal, diesel and gas,
and are considered to be uniform among all load zones. Also, the Chilean power system sets a carbon tax of 5 US$ per ton
of CO2 , that applies to emissions produced by power generators with a capacity equal to or larger than 50 MW [35].
In order to analyze greenhouse gas emissions for fossil fuels in this study, fuel emission rates are employed. These values are
adapted from [36]. These emission rates are also considered in the generation cost through the fuel usage and the previously
mentioned carbon tax.
3.7.2. Capital costs projections: The capital or investment cost for candidate generation projects of each technology may
variate over the planning horizon. This depends on many factors, including the maturity of the technology. For this case study,
technologies such as coal, gas, diesel and hydro generation units are considered mature. This means that their capital cost
remains constant through the planning horizon. On the other hand, technologies such as PV, wind, CSP and batteries are still
evolving and thus their capital cost projections are built based on the information reported in [26] and [30].
3.8. Scenarios
Finally, under the presented data, three different scenarios were considered for the EP problem, which represent three different
decarbonization goals, namely, 2040 (D40), 2035 (D35) and 2030 (D30). The decommissioning dates for existing coal units
were adapted for each plan based on the preliminary schedule defined by the Chilean ISO Coordinador Eléctrico Nacional [37],
where D40 considers the original dates, whereas D35 and D30 respect the retiring sequence but consider a tighter schedule.
All models were programmed on Pyomo making use of the SWITCH-Model [38], a Python-based, open-source optimization
modelling language, using Gurobi as solver.
4. R ESULTS
This Section presents the results of the Case Study presented in Section 3 under the presented Generation and Transmission
EP model.
4.1. Cost Decomposition and Capacity Mix Evolution
This part studies the cost decomposition and evolution of the capacity mix through the planning horizon given by the solution
of the EP problem for the Chilean power system.
First, Table II presents the cost structure for the solutions obtained for each scenario. Note that D2035 and D2030 incur
respectively in a 2.8% and a 6.9% increase on the total cost over the planning horizon, as compared to the base scenario.
This is mainly due to an increase in generation investment and fixed operation and maintenance costs, whereas the variable
operation and maintenance, fuel consumption and carbon taxes cost decrease. In particular, these scenarios present respectively
a 10% and a 21% reduction in fuel consumption costs over the planning horizon.
Figure 3 shows the evolution of the capacity mix over the planning horizon for each scenario. The accelerated coal phase
out process can be observed in scenarios D35 and D30, as compared to the D40 base scenario. It can also be observed that all
scenarios share a significant growth in variable PV and wind generation capacity, which is consistent with the decarbonization
process and the evolution of capital costs. This also partially motivates the entrance of CSP and batteries, which play a more
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TABLE I: The six representative days selected
no of days
in cluster
67
53
42
97
28
78

day-month

weight

Scenario
Total Cost
Generation Investment
Transmission Investment
Generation Fixed O&M
Generation Variable O&M
Generation Fuel Consumption
Carbon Taxes

0.1835
0.1452
0.1150
0.2657
0.0767
0.2136

40

40

30

30

30

20
10

Capacity (GW)

40

Capacity (GW)

Capacity (GW)

31-Jan
12-Apr
21-May
31-Jul
19-Oct
11-Nov

TABLE II: Systemic cost decomposition over the entire time horizon (discounted) under all scenarios studied (all values in Billion US$2018 )

20
10

0 2020 2024 2028 2032 2036 2040

D35
44.86
19.21
9.07
3.74
2.33
9.50
1.02

D30
46.65
22.10
9.05
4.29
2.13
8.30
0.78

Battery
PV
Wind
CSP
Hydro River
Hydro Dam
Geothermal
Biomass
Gas
Diesel
Coal

20
10

0 2020 2024 2028 2032 2036 2040

D40

D40
43.63
16.98
9.06
3.37
2.46
10.56
1.20

0 2020 2024 2028 2032 2036 2040

D35

D30

Fig. 3: Capacity installed by generation technology over the planning horizon under all scenarios studied

10

10

10

8

8

8
6
4

Investment (GW)

12

Investment (GW)

Investment (GW)

important role in faster transitions, as seen from scenarios D35 and D30. Finally, it can be noted that by the end of the planning
horizon, the capacity mix is similar for all the considered scenarios.
To gain a better understanding of the capacity evolution through the planning horizon for the considered scenarios, it is
useful to analyze the isolated capacity investments. Figure 4 shows the optimal investment decisions by planning period for
the whole planning horizon of each scenario. Note that D30 and D35 scenarios require larger investments both in variable
and flexible capacity in earlier stages of the planning horizon. This becomes more evident by 2028, where investments on
D30 are clearly larger on batteries, PV, wind, CSP and mini hydro, and also on flexible gas generation technology, which gets
postponed to 2032 in D40 and D35. A similar phenomena can be observed for D35 on 2032, where a notable investment peak
occurs, which is due to the period where coal is completely phased out. Finally, note that for all scenarios, the presented EP
model aims to balance variable capacity investments in PV, wind and mini hydro, with flexible resource placement in CSP,
batteries and gas. This is due to an effective modelling of key operational flexibility aspects, and strengthens the need for
appropriate market schemes which can properly acknowledge such aspects and create the appropriate incentives for achieving
such investment dynamic.

6
4
2

2
0 2020 2024 2028 2032 2036 2040

D40

Battery
PV
Wind
CSP
Hydro River
Hydro Dam
Geothermal
Biomass
Gas
Diesel
Coal

6
4
2

0 2020 2024 2028 2032 2036 2040

D35

0 2020 2024 2028 2032 2036 2040

D30

Fig. 4: Generation investments over the planning horizon under all scenarios studied

From the above results, we can observe that the optimal capacity transitions for the considered scenarios consists of a specific
balance between flexible and variable capacity investments. Based on the economic expectations, variable sources such as PV
and wind should be replacing fuel based generation in the next few years, which in turn should be efficiently complemented
with flexible sources such as CSP, gas and battery systems. In what follows, we analyze the operational features through the
planning horizon, which explain the need of such balance and provide insights on the role of the considered technologies.
4.2. Generation and Operational Features Evolution
This part studies the evolution of the generation mix through the planning horizon, and the changes in the operational
features of the Chilean power system under the considered decarbonization schedules.
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First, Figure 5 shows the evolution of the generation mix through the planning horizon. The phasing out of coal from the
generation mix can be observed, with accelerated rates for D35 and D30 as compared to the base scenario. Note that CSP
plays a key role on the transition of the generation mix with a considerable increase in its share through the planning horizon.
This increase occurs at a faster rate for D35 and D30 as compared to the base scenario. Also note that in consistency with the
capacity investments, the phasing out of coal from the generation mix is partially accompanied by an increase in gas generation
for further flexibility. Finally, all scenarios present a large and constant increase in variable renewable generation, achieving a
highly renewable generation mix which is necessary to achieve overall carbon neutrality in the next few decades.
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Fig. 5: Dispatched energy by generation technology throughout the planning horizon under all scenarios studied

Regarding this last point, Figure 6 shows the emissions evolution for the compared scenarios. It can be observed that the
coal phase out creates a significant reduction on CO2 emissions, with reduction trajectories being significantly lower for D35
and D30 as compared to the base scenario. A transition pathway such as D30 may pose important technical, social and
regulatory challenges, but it may have outweighing benefits under the current climate crisis. Finally, note that both D35 and
D30 present an increase in CO2 emissions through the final planning periods, due to an increase in gas generation. Even though
the magnitudes are considerably smaller (approximately 5 millions of tons in 2040 as compared to the 30 millions of tons in
2020) this is a trend that must be carefully regarded in the long term through the appropriate assessment of the externalities of
such CO2 emissions. This further highlights the importance of emission oriented policies that support the required reductions
across technologies and even across industries for achieving overall carbon neutrality.

Fig. 6: CO2 emissions throughout the planning horizon under all scenarios studied

Previous results show that the final capacity and generation mix are similar for the considered scenarios. This also applies for
the operational features under a highly renewable mix. In what follows we will compare these features for the base scenario in
the initial and final planning period. First, Figure 7 presents a percentage comparison between the generation mix for the first
and last planning periods. Note the large increase in variable PV and wind energy (18.5% to 32.1%) and the large decrease in
fossil fuel energy (36.9% to 6.7%), which shifts from coal to gas. CSP also increases from 1% to 28.3%. A reduction in the
share of hydro dam is observed (30.6% to 12.2%) together with an increase in hydro river (12.5% to 20.5%).
Figures 8 and 9 show the hourly dispatched energy by technology for the six representative days under the base scenario for
the first and last planning period. Note that for the last period the large penetration of wind and solar create significant ramps,
which are met mainly through gas and hydro dam generation which can rapidly shift their generation levels. In particular, note
the change in the role of hydro dam technology, from mainly base generation in the first planning period, to a major source
of flexibility on the last. Also in the last period, note that hydro river and CSP provide relatively constant levels of energy
through each representative day, even though flexibility and ramping capacity from CSP is also required on some occasions.
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Fig. 7: Generation mix on 2020 and 2040 under base case scenario D40 (number in percentage of total energy production on 2020 and
2040, respectively)

25

25

20

20

20

15
10
5

5

25

10
15
Time (Hr)

5

5

25

10
15
Time (Hr)

15
10
5

5

10
15
Time (Hr)

20

10
5

5

10
15
Time (Hr)

20

5

10
15
Time (Hr)

20

25
20

15
10
5
00

15

00

20

20

Generation (GW)

Generation (GW)

10

00

20

20

00

15

Generation (GW)

00

Generation (GW)

25

Generation (GW)

Generation (GW)

Finally, note that batteries play a minor but interesting role on the final planning period, smoothing out peaks of generation
and load, and consistently helping to met ramping requirements when PV generation drops in the afternoon.
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Fig. 8: Dispatched energy by generation technology throughout representative days of year 2020 under base case scenario D40

The presented results highlight the need for appropriate market schemes and an appropriate definition of flexibility requirements which allow the operation of a highly renewable system, with high volatility and short term uncertainty. This is
particularly important to achieve significant reductions in CO2 emissions as fast as possible within the energy sector to enable
overall carbon neutrality.
4.3. Levelized Cost of Energy
Sections 4-A and 4-B discuss the evolution of the power system through the planning horizon in terms of capacity and
generation mix and dynamics. This part studies a cost based metric, namely the levelized cost of energy (LCOE), for the
different considered technologies through the planning horizon under the various decarbonization schedules considered. For
this case study, the LCOE is calculated as the total cost related to a generation technology (capital and operation) divided by
the total energy dispatched from such technology, based on the investment and operational decisions made by the EP model.
Thus, it can be interpreted as the minimum price at which the energy generated by that technology should be sold to balance
the costs of any new generation units. Existing generation plants are excluded from this analysis.
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Fig. 9: Dispatched energy by generation technology throughout representative days of year 2040 under base case scenario D40

Table III shows the LCOE by generation technology for each scenario. Recall that these scenarios share the same cost structure
for the presented technologies, however the LCOE by technologies shows higher values under more strict decarbonization
scenarios. This is due to the fact that investments are made earlier and under higher capital costs for developing technologies,
and also because under such scenarios flexibility becomes more critical and motivates investments which are less explained by
dispatched energy. This last point is also supported by the high LCOE of gas investments, which is a more expensive source
of energy but a competitive source of flexibility under this case study.
The LCOE provides useful insights on the cost based performance of generation technologies through the planning horizon.
However, it is hard to compare other flexibility assets which are not directly involved in generation. In what follows we analyze
the specific dynamics of such assets, namely storage and transmission.
4.4. Storage and Transmission
This part studies the investment decisions on storage and transmission capacities, which are key to the power systems
flexibility, over the three considered scenarios. In particular, investments on CSP and batteries are analyzed, which respectively
provide thermal and electrical storage, and investment on transmission lines capacities.
First, Table IV shows the evolution of battery technology on the system through the planning horizon for the considered
scenarios. As discussed in previous sections, investments in battery technology are modelled as two separate components,
namely storage and power capacity, which can be build independently from one another. Thus the results for each component
is presented separately in the table. Note that more strict decarbonization scenarios present larger investments on battery
systems, and in earlier stages for D30 as compared to D35 and D40. Also note that all scenarios present large investments in
storage capacity, which are then progressively met by investments in battery power for faster charging and discharging rates.
This is consistent with the increase in ramp requirements as the generation mix of variable PV and wind increases through
the planning horizon.
TABLE III: LCOE by generation technology
under
the
different
scenarios
studied
(US$2018 /MWh)
Scenario
Gas (CCGT)
Gas (OCGT)
CSP (solar power)
Hydro-River (RoR)
Hydro-River (Mini)
PV (solar power)
Wind (wind power)
Total

D40
91.7
195.9
57.7
65.2
63.7
37.8
62.7
61.7

D35
101.2
189.2
61.8
65.5
65.4
38.3
63.6
64.3

D30
113.6
189.7
65.5
76.2
70.0
42.1
67.5
68.6

TABLE IV: Batteries capacity over the planning horizon under decarbonization scenarios
D40
Power (MW)
Storage (MWh)

2020
-

2024
-

2028
176.3
515.4

2032
145.8
-

2036
136.2
-

2040
57.1
-

Total
515.4
515.4

D35
Power (MW)
Storage (MWh)

2020
-

2024
-

2028
193.3
611.1

2032
180.0
-

2036
237.8
-

2040
-

Total
611.1
611.1

D30
Power (MW)
Storage (MWh)

2020
-

2024
33.7
226.4

2028
312.9
581.5

2032
100.6
-

2036
360.7
-

2040
-

Total
807.9
807.9

Table V shows the evolution of CSP capacity through the planning horizon for the considered scenarios by storage capacity,
due to the fact that CSP units were modelled as having a fixed power to storage rate defined by the storage hours. Note that all
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scenarios have the same total capacity for every configuration at the end of the planning period, but present various differences
through the decarbonization sequence. One of these differences is the fact that for more strict decarbonization plans, investment
shifts towards CSP units with larger storage capacity in earlier stages of the planning horizon. In D40 the first installed units
have a storage capacity of 9 hours, whereas in D35 a combination of 9 and 13 hours storage is installed, and in D30 the first
installed units are all of 13 hours storage capacity. This is due to the fact that as coal is being phased out, CSP is partially
becoming a base generation technology, for which it requires larger storage capacities, and this effect becomes critical earlier
under strict decarbonization scenarios.
Finally, Table VI shows the increments on transmission capacity through the planning horizon for each scenario. In this
table, lines are presented geographically from north to south in descending order. Note that the total transmission capacity
is similar among all the considered scenarios, with a slight decrease for D35 and D30 as compared to D40. This is due to
increased generation capacity investments in those scenarios, which postpones certain transmission requirements. Note also
that for all scenarios early investments on transmission capacity are made mostly in the northern area, and progressively shifts
towards the center and south of the country in the final part of the planning horizon. Early investments on the north are made
to export PV generation to the rest of the system, but as the load and flexibility requirements increase, further transmission is
required in other areas of the power system.
TABLE VI: Transmission investments over the planning horizon under
decarbonization scenarios (MW)
TABLE V: CSP investments over the planning horizon
under decarbonization scenarios by storage capacity
(MW)
D40
CSP 9 hours
CSP 13 hours
CSP 17 hours
Total

2020
-

2024
-

2028
300
300

2032
450
1200
1650

2036
750
1650
2400

2040
750
450
1050
2250

Total
2250
3300
1050
6600

D35
CSP 9 hours
CSP 13 hours
CSP 17 hours
Total

2020
-

2024
-

2028
300
450
750

2032
900
1350
2250

2036
1050
1350
150
2550

2040
150
900
1050

Total
2250
3300
1050
6600

D30
CSP 9 hours
CSP 13 hours
CSP 17 hours
Total

2020
-

2024
-

2028
1350
1350

2032
1650
1050
2700

2036
450
750
1200

2040
150
150
1050
1350

Total
2250
3300
1050
6600

D40
CE-M
DA-C
C-M
M-PA
LV-N
C-H
Total

2020
0

2024
0

2028
447.1
447.1

2032
87.9
87.9

2036
246.1
41.2
24.6
311.9

2040
24.2
1102.9
854.3
796.2
274.3
3051.9

Total
447.1
24.2
1349
983.4
820.8
274.3
3898.8

D35
CE-M
DA-C
C-M
M-PA
LV-N
C-H
Total

2020
0

2024
181.8
181.8

2028
97.9
97.9

2032
0

2036
620.9
396.3
348.2
113.7
1479.1

2040
15.1
711.5
587.1
456.4
107.1
1877.2

Total
279.7
15.1
1332.4
983.4
804.6
220.8
3636

D30
CE-M
DA-C
C-M
M-PA
LV-N
C-H
Total

2020
0

2024
192.1
192.1

2028
0

2032
55.6
49.3
104.9

2036
368.8
235.9
190.7
64.4
859.8

2040
902.1
749.5
617.6
160.6
2429.8

Total
192.1
0
1326.5
985.4
808.3
274.3
3586.6

In conclusion, the presented results show that for the decarbonization process, an optimal transition results on the balance
of flexible and variable resources, not only limited to generation and ramp capacities, but also through strategic storage and
transmission investments. These balance becomes even more critical for more strict decarbonization scenarios. It is paramount
to develop a thorough understanding on these flexibility requirements and to ensure that new market structures create the
appropriate incentives for a reliable transition of the power system, to enable a fast and effective decarbonization process.
The Chilean electric power system presents many favorable conditions for such transition, which are reflected in the large
deployment of PV, wind, hydro river and CSP generation units across all the analyzed scenarios. Early decarbonization goals
may be achieved maintaining a similar cost range as compared to the base case scenario through an effective balance between
variability and flexibility. This is a challenging task but advances in literature, regulations and policies are currently aiming
towards it.
5. C ONCLUSION
We have presented an optimization-based assessment of various decarbonization pathways for the Chilean power system,
considering the use of an advanced EP model which employs the concept of representative days, a thorough modelling of the
hydro network, an approximation of the unit commitment problem and constraints for modelling both thermal and electrical
storage. This allows to gain insights on the flexibility requirements and operational features of such scenarios, which are a key
aspect under a highly renewable variable generation mix. Three decarbonization scenarios were studied: D40, D35 and D30,
based on achieving full decarbonization by 2040, 2035 and 2030, respectively. The results show that ambitious decarbonization
scenarios remain in a similar cost range as compared to the base case scenario. Large penetration of PV and wind energy is
expected due to economical expectations, and thus an optimal transition to a carbon free power system requires a strategic
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balance between variable and flexible resources, including ramping, storage and transmission capacity. Further, the optimal
investments on flexibility present different characteristics for more strict decarbonization scenarios, which may depend more on
the ramping and storage capacity of flexible technologies such as CSP, battery systems and natural gas. Achieving ambitious
decarbonization goals may be fundamental to respond quickly to the current climate crisis, which in turn poses other important
technical, social and regulatory challenges. It is essential that new market and operational structures properly account for the
whole flexibility requirements and capacities of the power system to incentivize an effective and reliable transition to a cleaner
power system.
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Abstract
With pressing priorities in the development agenda, policy makers in developing countries
are in the difficult situation of prioritizing policy actions. Limited government and utility
budgets need cost effective solutions to bring the desired development benefits of
electrification, health, education and food security among others. Energy access is a prerequisite for economic activity and for human development as interacts in synergy with other
development needs. As rural electrification models usually focus on the supply of electricity
solely, thermal energy needs, such as cooking and water heating remain unattended and
satisfied by non-renewable energy fuels.
To this aim, we explore optimal electrification solutions addressing two types of energy
demands, electricity and thermal energy demands for cooking. Our model builds on a 3-step
electrification methodology proposed by Peña et al. including electricity as a modern source
of clean energy for cooking in rural communities. The total investments needed to build and
operate the microgrids, including distribution costs, is 332 million USD. This is equivalent to
1129 USD/per inhabitant. This amount does not account however the health and environment
benefits that e-cooking can bring to inhabitants in Bolivian low-lands.
Keywords: Electrical cooking, Rural electrification, Bolivia, Microgrids.

1. Introduction
Countries around the world are preparing to give the last leap towards 100 % of rural
electrification (Doukas and Ballesteros, 2015). To this end, energy planning is of great
importance as it estimates the cost of a range of technologies to meet desired energy demand
characteristics in remote areas. This involves the analysis of a great number of different unelectrified communities with different social, economic and geographical characteristics.
Future electrification pathways will rely on mini-grids in a large extent. The International
Energy Agency (IEA) anticipates that more than 50% of rural electrification will be supplied
via mini-grids (IEA, 2018). Mini-grids are small-scale electricity generation systems with
size ranging from 10 kW to few MW. These serve to a limited number of consumer and
productive activities and can operate in complete isolation or can interact with the grid.
Traditional electricity planning has relied on top-down projections of future demand based on
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extrapolation of historic demand patterns, or on economic growth correlations. These
methods do not consider the peculiarities of the energy needs among consumers that usually
have strong social, cultural, climatic and geographical components. Electricity demand
surveys and demand load modeling enable bottom-up electricity demand forecasting
techniques that provide a more dis-aggregated perspective that allows capturing electricity
needs across different consumers segments.
The literature reports several modeling tools to determine the best electrification technology
to attend under-served and/or un-electrified populations. Technologies range from gridextension, micro-grid to standalone systems solutions. Information on demand, cost estimates
and available natural resources are used to recommend the electrification technology that best
serves under cost and/or reliability optimization functions. Examples of recent developments
in modelling tools that combine geographical information systems and energy system
simulation/optimization algorithms to provide electrification solutions include:
The
Reference Electrification Model (Ellman, 2015), OpeN Source Spatial Electrification Toolkit
(Mentis et al., 2017) and (Szabo et al., 2011).
On the other hand, the International Energy Agency Reports that approximately 2.7 billon
people do not have access to clean cooking technologies (IEA, 2018). These people rely on
bio-mass cooking stoves to satisfied their needs; however, this technology has severe effects
in the health of its users and in the environment (Kim et al., 2012). Historically, the cooking
problem has been tackled by giving improved cooking stoves to the users (Urnee et Gyamfu,
2014) or the transition to more efficient fuels (Mehetre et al 2017). These techniques have
been proved not able to meet the health targets set by the World Health Organization for air
pollution (Aung et al., 2016; Pope et al., 2017). Another viable solution that at the same time
minimize the pollutants emitted during the cooking process is the use of electrical cooking (ecooking), this technology can be competitive with other alternatives to cook food in a rural
context (Lombardi et al., 2019a).
In this work, we estimate the investment costs needed to provide electricity to a number of
villages from the low lands in Bolivia under the scenario in which electricity for cooking is
introduced as a complementary policy. The methodology relies on the Open Source Spatial
Electrification Tool (OnSSET), which uses a bottom up optimization model together with
georeferenced information to evaluate the least cost electrification technology to supply
electricity to rural villages (Mentis et al., 2017). Surrogate models are then coupled to
OnSSET capturing both, high-resolution peculiarities of electricity demand and cost-optimal
micro-grid configurations (Balderrama et al., 2019a).

2. Methodology
The methods builds on a three-step methodology (Peña et al. 2019) shown in Fig. 1. In the
first step plausible stochastic load profiles are created using RAMP (Lombardi et al., 2019b)
for different villages sizes. In a second step, a linear programming (LP) sizing model
(Balderrama et al., 2019b) creates a data base with the net present cost (NPC) or the levelized
cost of energy (LCOE) as the dependent variables. Afterwards a multivariable regression is
applied to the data base to derive a surrogate model capable of calculate the NPC/LCOE of an
optimize system. This model is finally coupled to OnSSET where it is used to calculate the
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cost of implementing isolated microgrids in rural villages that cannot be reached by the grid.
This is done by using a previous collected data base with GIS information of all the
communities in Bolivia, in which is included information such as electrification status,
population, yearly global irradiation, etc. The derived equation can be applied in every
population to calculated the NPC of the system under different circumstance by varying its
input parameters.

Fig 1. Three-step core components of the modelling framework taken from: (Peña et al. 2019).

2.1 Stochastic load generation
To generate stochastic profiles from rural villages, this work relies on RAMP. This software
is based on the definition of several user classes, each of which is associated to a set of
appliances (Fig. 2). Each appliance is defined by a nominal capacity, total functioning time
along the day, and possible time of use. Based on this information, and pre-defined ranges of
stochastic variation between use, it is possible to account for uncertainty and random users
behavior. The model allows to compute the total load curve of a village.

Fig 2. Graphical sketch of the modelling layers constituting the simulation process. taken from: (Lombardi et al., 2019b).
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2.2 Sizing model
The sizing model is based on LP framework, that minimize the NPC of a microgrid
constrained by technical, economic and energetic limitations (Balderrama et al., 2019b). To
ensure the capacity of the system to meet different demand scenarios, the sizing model opts
for a two-stage stochastic approach. In which the first stage variables are the nominal
capacities of the different energy sources and the recursive actions done to deal with the
uncertainty in the demand are the energy flows. In addition to this, it also includes a feature
to allow a percentage of the total load not to be met, as supplying a 100 % of the demand in
isolated systems can increase considerably the total cost of the system (Stevanato et al.,
2019).

2.3 OnSSET
OnSSET uses georeferenced information systems (GIS) data and identifies the least cost
electrification solution to serve each population/community/village over a portfolio of
electrification technologies (Mentis et al., 2017). The algorithm is divided in two parts, the
first part estimates which villages are most likely electrified on information of proximity to
the grid, roads, population density and nightlights. In the second part, the LCOE of grid and
off-grid electrification solutions are compared for each village to determine the least cost
solution. To do so, grid extension algorithms compute the cost of extending the grid (high
voltage, medium voltage, low voltage, transformers and substations) within a distance limit
of 50 km from MV lines. At the same time, the LCOE form off-grid alternatives is calculated
and compared to feasible grid extension results for each village.

3. The case of Bolivia
Bolivia is a country located in the central part of South America with more than 1 million
Km2 comprising different regions and climates. It has 11 million inhabitants with a share of
32.7% living in rural settlements. It has reached a 90 % of total electrification in 2018 and
has an ambitious plan to reach a 100 % of coverage by 2025 (Ministerio de Hidrocarburos y
Energía, 2014). Despite these important advances in access to energy, still 68 % of the rural
population cook with wood or similar fuels (Instituto Nacional de Estadistica, 2012). As
mentioned before, this has an important impact on the health and in the environment. This
work estimates the cost of electrification including the energy necessary to cook meals with
electricity in villages of the lowlands of Bolivia far away from the reach of the grid (<800
m.a.s.l and between 30 to 250 households). The steps 1 and 2 of this methodology were
realized in: (Balderrama et al., 2019a). The most important results and characteristics from
that work are presented on the following subsections.

3.1 Demand Scenarios
The acceptance of electrical cooking (e-cooking) is hard to evaluate (Murphy, 2001). To
asses changes in the system due to uncertain penetration levels of e-cooking in villages,
several scenarios were proposed. This is done to ensure the systems capability to meet
different levels of demand. The possible demand scenarios are listed below, and average
daily profiles are shown in Fig. 3.
1. Base scenario (Profile 1): accounting only for basic (i.e. no e-cooking) domestic
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appliances. No public services are considered;
2. Low Penetration of Simple Task e-Cooking (Profile 2): only the higher income
households make use of e-cooking and only to fulfill the simplest tasks, such as
boiling water for preparing tea or mate. No public services are considered;
3. High Penetration of Simple Task e-Cooking (Profile 3): all the households make use
of e-cooking but only to fulfill the simpler tasks, such as boiling water for preparing
tea or mate. No public services are considered;
4. High Class e-Cooking (Profile 4): only the higher income households use e-cooking at
its full potential (i.e. preparing all the meals with such technology), while the rest of
the households use e-cooking only to boil water for tea. No public services are
considered;
5. Basic Energy Profile + Public Services (Profile 5): specifically, public services
include a school, a hospital, a church and a public lighting system;
6. Low Penetration of Simple Task e-Cooking + Public Services (Profile 6);
7. High Penetration of Simple Task e-Cooking + Public Services (Profile 7);
8. High Class e-Cooking + Public Services (Profile 8).

Fig 3: Daily average demand profiles for a village with 128 households: A) Typical demand profiles for a rural village. B) Demand
profiles that include e-cooking.

In addition to household demands different combination of services are included in the load
creation. The population range was varied from 80 to 200 households with a step of 12. A
total of 88 plausible demand scenarios were created.

1578

S. Balderrama et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

3.2 Data base creation
Once the demand scenarios are defined, techno-economic data is collected, the mutable
parameters in the optimization can be selected (Table 1). In this case, economic parameters
from the technologies in the system are selected to explore how political decision (subsidies)
can impact in the overall electrification cost. Also, the demand and radiation are selected to
characterize different community sizes and locations during the electrification process. In
order to reduce the computational burden of the problem a Latin Hipercube with the number
of samples set to 10 is used. During this process, 1100 different optimizations were realized.
The main results of the optimization process are presented in Table 2.
Table 1: Mutable parameters during the optimization

Parameter

Unit

LLP
Battery Invesment cost
PV Invesment cost
Generator Invesment cost
Diesel Cost
Demand
PV Energy output

Range

%
USD/Wh
USD/W
USD/W
USD/l
Scenarios
Scenarios

0 -5
0.4 - 0.6
1.3 - 1.8
1.3 - 1.7
0.28 - 1.28
88
10

Table 2: Summary of the optimization results

Variable

Average
Value

Max
Value

Min
Value

Standard
Deviation

NPC (thousands USD)
LCOE (USD/kWh)
PV nominal capacity (kW)
Battery nominal capacity
(kWh)
Genset nominal capacity
(kW)

208
0.27
25
17

404
0.41
73
191

71
0.14
0
0

70
0.06
13
32

14

28

4

4

4. Results
In order to reduce the computational requirements of performing a large number of
optimizations, a multivariable regression is applied to the generated data base. The resulting
regression model has a R2 = 0.98 and a mean average error of 1.2 %. The indicators show
that the model has a high performance to predict the target dependent variable with the
selected independent variables.
Once the surrogate model has been derived from the data set and its ability to predict LCOE
has been verified. It is possible to integrate the OnSSET algorithm with the model to find the
cost of electrification for the villages that meet the characteristics needed for a microgrid that
includes e-cooking loads. The data base from the 2012 census and the techno-economic data
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for high, medium and low voltages extension are used to calculate all the villages that can be
electrified with the grid. From the villages that cannot be electrified with this method, the
ones that have m.a.s.l < 800 and beetwen 30 to 250 households are selected. A total of 1425
villages meets the criteria to implement isolated microgrids, their locations are shown in Fig.
4. The cost of each technology is shown in Table 3. The most important results are shown in
table 4. The NPC to build and operate 1425 hybrid microgrids, including transmission costs,
is 332 million USD during 20 years. This represent 1129 USD/per inhabitant or 3861
USD/per household. In a similar work (Peña et al., 2019.), it was found that electrifying all
the populations in Bolivia will have cost between 241 to 1380 USD/per household, with an
average cost of 1134 USD/per household for the microgrid hybrid systems. On this work
only 5 % of the richer class were doing e-cooking. This means that solving the problem of
clean cooking technologies in the lowlands of Bolivia will need almost three times more than
only provide electricity for non-cooking uses. If the LLP is set to 5 %, the cost of the diesel
is set to is value in the Bolivian market (0.53 USD/liter) and a subsidy of 1/3 of the
investment cost on the PV and battery is applied. The new cost becomes 2705 USD/per
household, which is a more affordable quantity.
Fig 4: Locations of the selected settlements
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Table3: Cost of the different technologies taken from (Peña et al., 2019)

Parameter

Unit

Value

Diesel cost
Lost load
Battery investment
cost
PV investment cost
Generator
investment cost

USD/l
%
USD/Wh

0.8
1
0.6

USD/W
USD/W

1.5
1.48

Table 4: Results from the selected microgrids.

Variable

Unit

Base case

Subsidy case

Average LCOE
Total investment
Total population

USD/kWh
Millones USD
Thousands of
persons

0.42
332
294

0.34
245
294

5. Conclusions
The total cost to electrify medium size isolated lowland villages in Bolivia with microgrids
that include e-cooking is calculated in this work. To do so, a multivariable regression
calculates the LCOE of hybrid microgrids for villages medium size village in the Bolivian
lowlands, with high penetration of e-cooking. The surrogate model then is coupled to
OnSSET to find the least cost electrification solution for each village. Finally, investment
cost are computed and results are plotted.
The total investment needed to tackle this problem although it is an important quantity
specially for a development country. But when it is seen in perspective with the number of
people and the problems that a project of this magnitude can solve, it becomes an reasonable
amount. Furthermore, if the principal actors in rural electrification coordinate, they could
subsidize part of the cost of electrification leading to important reduction on the energy cost.
It is important to highlight than in Bolivia the subsidize price for isolated grids is 0.18
USD/liter. Under this context, the propose scenario in this paper of having a share subsidy
between the different technologies is realistic. Moreover, It is important to take in account
that having such an important decrease in price for diesel will artificially stop the growth of
renewable energies in rural areas. At the end of the day, politicians must take the final
decision if it worth to have big subsidies in polluting technologies. Future work will include
other Bolivian regions and increase the available energy sources and cooking methodologies
to bring a holistic solution to the energy availability in Bolivia.

1581

S. Balderrama et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

6. References
Aung, T. W., Jain, G., Sethuraman, K., Baumgartner, J., Reynolds, C., Grieshop, A. P., …
Brauer, M., 2016. Health and climate-relevant pollutant concentrations from a carbon-finance
approved cookstove intervention in rural india.
Balderrama S., Lombardi, F., Stevanato, N., Peña, G., Colombo, E., & Quoilin, S., 2019.
Automated evaluation of levelized cost of energy of isolated micro-grids for energy planning
purposes in developing countries. Proceedings of Ecos 2019.
Balderrama S., Lombardi F., Riva, F., Colombo, E., and Quoilin, S., 2019. “A two-stage
linear programming optimization framework for isolated hybrid microgrids in a rural context:
the case study of the “el espino” community,” in press.
Doukas, A. and Ballesteros, A., 2015. Clean energy access in developing countries:
perspectives on policy and regulation. World Resources Institute: Washington, DC, USA.
Ellman, D. D. A., 2015. The reference electrification model: a computer model for planning
rural electricity access. Doctoral dissertation, Massachusetts Institute of Technology.
IEA., 2018. World Energy Outlook 2018. International Energy Agency (2017). Energy
Access Outlook 2017 - From poverty to prosperity.
Instituto Nacional de Estadistica, 2012. Censo Poblacional y Vivienda 2012.
https://www.ine.gob.bo/index.php/educacion-5/vivienda-y-servicios-basicos-3/censos-19922001-y-2012
Kim, K. H., Pandey, S. K., Kabir, E., Susaya, J., & Brown, R. J., 2011. The modern paradox
of unregulated cooking activities and indoor air quality. Journal of Hazardous materials, 195,
1-10.
Lombardi, F., Riva, F., Sacchi, M., & Colombo, E., 2019. Enabling combined access to
electricity and clean cooking with PV-microgrids: new evidences from a high-resolution
model of cooking loads. Energy for sustainable development, 49, 78-88.
Lombardi, F., Balderrama, S., Quoilin, S., & Colombo, E., 2019. Generating high-resolution
multi-energy load profiles for remote areas with an open-source stochastic model. Energy,
177, 433-444.
Mehetre, S. A., Panwar, N. L., Sharma, D., & Kumar, H 2017. Improved biomass cookstoves for sustainable development: A review. Renewable and Sustainable Energy Reviews,
73(September 2015), 672–687.
Mentis, D., Howells, M. I., Rogner, H.-H., Korkovelos, A., Arderne, C., Zepeda, E., …
Scholtz, E., 2017. Lighting the World: the first application of an open source, spatial
electrification tool (OnSSET) on Sub-Saharan Africa. Environmental Research Letters, 12(8).
Ministry of Hydrocarbons and Energy, 2014. “Plan Eléctrico del Estado Plurinacional de
Bolivia 2015- 2025,” Ministerio de Hidrocarburos y Energía, La Paz, Bolivia.
Murphy, J. T., 2001. Making the energy transition in rural East Africa: Is leapfrogging an
alternative?. Technological Forecasting and Social Change, 68(2), 173-193.

1582

S. Balderrama et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Peña, J.G., Balderrama, S., Lombardi, F., Stevanato, N., Sahlberg, A., Howells, M.,
Colombo, E., and Quoilin, S., 2019. Incorporating high-resolution demand and technoeconomic optimization to evaluate micro-grids into the Open Source Spatial Electrification
Tool (OnSSET), Energy for sustainable development, In press.
Pope, D., Bruce, N., Dherani, M., Jagoe, K., & Rehfuess, E., 2017. Real-life effectiveness of
‘improved’ stoves and clean fuels in reducing PM 2.5 and CO: Systematic review and metaanalysis. Environment International, 101(2), 7–18.
Stevanato, N., Balderrama S., Lombardi F., Quoilin, S., Colombo, E., 2019. Two-stage
stochastic sizing of a rural micro-grid based on stochastic load generation. Proceedings of
PowerTech 2019.
Szabo, S., Bódis, K., Huld, T., & Moner-Girona, M., 2011. Energy solutions in rural Africa:
mapping electrification costs of distributed solar and diesel generation versus grid extension.
Environmental Research Letters, 6(3), 034002.
Urmee, T., & Gyamfi, S., 2014. A review of improved Cookstove technologies and
programs. Renewable and Sustainable Energy Reviews, 33, 625-635.

1583

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Optimal Sizing of Stand-alone Hybrid Photovoltaic-wind-battery Energy
System using PSO
Pollyanne O. C. Malaquias1 and Benemar A. Souza2
1

2

Graduate Program of Electrical Engineering/Federal University of Campina Grande, Campina
Grande (Brazil)

Department of Electrical Engineering/Federal University of Campina Grande, Campina Grande,
(Brazil)
Abstract

The optimization of a photovoltaic-wind-battery hybrid renewable energy system (HRES) for a site in the
Northeast region of Brazil is undertaken in the present paper. A yearlong of hourly measured weather and load
profile data of the location were used and the chosen optimization method was Particle Swarm Optimization
(PSO). The main goals of the study were to fulfill the electricity demand of the chosen site by designing an
optimization problem based on the Net Present Cost (NPC). The basic configuration chosen for the problem is a
photovoltaic-wind-battery system given the much favorable weather condition for solar and wind energy systems
at the site. The results show that the PSO could size the system for the set of defined constraints, minimizing the
total cost for the 4 scenarios proposed. The optimal results for the proposed case study showed that a hybrid
renewable energy system is less costly than a single source photovoltaic-battery or wind-battery system for most
scenarios. It is also shown the influence of the reliability factor in the cost function showing it to be a key parameter
of decision and the importance of the wind turbine hub height in the optimization.
Keywords: HRES, PSO, NPC, optimization, photovoltaic-wind-battery.

1. Introduction
Energy is vital in the age of modernization and economic development. The demand has increased exponentially,
and the scarcity of conventional energy sources fuel has contributed to the promotion of renewable energy around
the globe. One of the primary challenges nowadays is to meet the growing demand without exhausting the
resources available to us (Goel and Sharma, 2017). Hybrid renewable energy systems, HRES, are energy
generation systems composed of two or more energy sources that can be autonomous or grid-connected. Hybrid
photovoltaic-wind-battery systems, with the complementary characteristics between the solar and wind energy
sources can be, for certain locations, an unbeatable option for the supply of electrical loads (Diaf et al., 2007).
Research shows that hybrid systems have been chosen as a reliable and suitable option that offers technoeconomic advantages compared to single-source renewable systems.
The optimization process of a stand-alone hybrid renewable energy system using Particle Swarm Optimization
(PSO) to a specific site in the Northeast region of Brazil is presented in this paper. The construction of the
optimization function is discussed along with specific characteristics of the chosen site. The optimization process
is done using classic methodologies present in the literature, and four scenarios are built to discuss and analyze
the adopted optimization process and results obtained. The presented work has as main objective to present a
simple, easy to build, and free algorithm to size a HRES for a site in the northeast region of Brazil. Other goals
are to analyze the impacts of some aspects on the optimization function and propose important considerations to
make the optimization process closes to the weather and techno-economic situation on the site. Particle Swarm
Optimization (PSO) was chosen since it is easy to program in different program languages and software, and it
presents great performance what permits a high number of executions in a small window of time. Section 2
presents the characterization of HRES, section 3 gives a brief explanation of PSO, sections 4 and 5 the
methodology, site and equipment’s costs and characteristics, section 6 the results and case study and section 7 de
conclusion.

2. Hybrid renewable energy systems
Hybrid renewable energy systems (Fig. 1) are defined as systems composed of one or more renewable sources of
energy, a management system, optional auxiliary source, and optional conventional source, designed to supply a
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load under a set of operational and constructive constraints. Conventional sources can be considered as grid
interaction for on-grid system or micro-hydro, thermal or other kinds of generators for stand-alone systems.
Auxiliary sources can be battery banks, hydrogen tanks, and even diesel generators that depending on the systems
configurations can be applied as a conventional source or as an auxiliary one. HRES present lower emission of
pollutants in comparison with conventional systems, high reliability with lower investments in comparison with
conventional generation and single-source renewable system and fewer impacts in the network for on-grid
systems.
Optimization of HRES classifies as a global optimization problem and two different approaches can be taken:
classic and meta-heuristic methods. On the one hand, classic methods can be very useful to obtain the optimal
solution of problems, involving continuous and differentiable function, constrained or unconstrained, to reach
minimum points. However, they are likely to get stuck in a local minimum. To overcome this, the method can be
repeated many times with randomly chosen initial conditions, and the best result is considered a global minimum
for the function. This increases computational time and there is no guarantee that the optimal solution will be
found (Tezer et al., 2017). Given this characteristic, classic methods are not very often applied to HRES
optimization. On the other hand, meta-heuristics are built as metaphors based on natural processes such as swarm’s
intelligence and behavior and are equipped with the right tools to avoid local minimum of functions.
Between the many meta-heuristic methods, there are two different branches: the algorithms based on one solution
being estimated at a time and the ones that process a whole population of solutions at a time, or iteration. The first
kind can be classified as neighborhood or trajectory meta-heuristics and as examples, we have Simulated
Annealing, Tabu Search, etc. The second can be defined as population-based algorithms, and commonly found in
the literature are Genetic Algorithm (GA) and Particle Swarm Optimization (PSO) (Tezer et al., 2017). GA, as a
population-based algorithm, tests numerous solutions at a time and is very successful in finding a global minimum
as is PSO. There are also many versions of both algorithms in the literature that have proven to be successful in
single and multi-objective optimizations. Compared to other algorithms, PSO presents the simplicity of coding,
easy use, low convergence time, minimum storage and, smaller dependence of the initial population (Kennedy
and Eberhart, 1995). All advantages that contribute to making PSO a strong algorithm that is largely used for
sizing HRES.
In this paper, an optimization method is presented to perform the optimal sizing of an HRES for a site located in
the Northeast region of Brazil. In this algorithm, one year of wind speed and solar irradiation data from the region
is used along with one year of load profile. Photovoltaic and wind power are considered the primary sources that
supply the load as a stand-alone system, and a battery bank is used as an auxiliary power source. The optimization
is done using PSO and the main objective is to fulfill the electricity demand by considering the Net Present Cost
(NPC) for the optimization, and the loss of power supply probability (LPSP) as a reliability factor. Thus, the
optimization is approached as follows: evaluation of the conditions of the chosen site, definition of the system’s
configuration, development of HRES model, sizing of the system components, simulation of operation and
analyses.

Fig. 1: Hybrid renewable energy system

The advantages presented are associated with the complementary characteristics of sources that compose the
system contributing for a more reliable and less costly system with no oversizing of components, and many
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different possible configurations that can be thought for a HRES according to the weather in the installation site,
available resources, engineer preferences of project, etc.
In recent years, several researches have been performed to determine the capacity of hybrid renewable sources by
different approaches. Diaf et al. (2007) present an optimal modeling approach for an autonomous hybrid PV-wind
system. The method aims to meet the reliability requirements with the lowest value of Levelized Cost of Energy
(LCE). The reliability factor applied is the Loss of Power Supply Probability (LPSP). Celik (2002) designs an
optimal autonomous small-scale PV/wind HRES and realizes a techno-economic analysis comparing the HRES
with PV or wind system. 8 years of data were used, and the months were classified as solar-biased, wind-biased,
and even. The results show that a combination of technologies presents higher technical performance and lower
costs. Belmili et al. (2012) present a review of tools used for HRES optimization and presents a new program
based on models of generators, storage capacity model, LPSP and a proposed techno-economic algorithm with
the aim of guarantee a reliable energy system with the lowest possible investment. Bashir and Sadeh (2012)
present an optimal sizing of a wind-PV-battery system considering the uncertainty of wind speed and solar
irradiance. The optimization is carried out by considering the Net Present Cost (NPC) method and the reliability
index used is the Equivalent Loss Factor (ELF).
For the optimization technique, Borowy and Salameh (1996) present a graphic optimization for a battery bank
and PV array of a wind-PV HRES. Bashir and Sadeh, (2012) apply Genetic Algorithm, Bilil et al. (2014) suggests
the use of the fast and elitist multiobjective genetic algorithm: NSGA-II. Alireza (2017) presents a new approach
using Harmony Search (HS) named HS-II. Amer et al. (2013).
There are many approaches proposed to reach the optimal operation of an HRES. Kaldellis (2010) states that there
is not a globally accepted approach to address the problem. The optimization of HRES can be classified as a
complex optimization problem with variables that can affect the application and success of any solution (e.g.
weather characteristics of the site, technical details). Energy system models are generally used to represent energyrelated problems and are well applied for HRES optimization. One way to treat an energy model of an HRES is
dividing into three specific problems: the problem of synthesis (configuration), the problem of design (sizing),
and the operation problem. In the synthesis problem, the configuration of the system is addressed. What can be,
but it is not restricted to, the technologies to compose the system (wind, photovoltaic, hydro), the capacity, backup
system options, etc. This can be solved as an optimization problem on its own or as part of the complete problem.
In the design problem, the sizing and the number of components is addressed. The problems of design and
synthesis are often looked simultaneously because the structure and main dimensions of the system tend to be
decided together. The operation problem is extensively used and concerns the strategies of operation adopted for
the operation of the system. It attempts to simulate the system by iterative solutions. The complete problem may
be addressed from different perspectives; economic and techno-economical are the most common ones and,
among them, several subdivisions can be found.

3. Particle swarm optimization
Particle Swarm Optimization (PSO) is inspired by the social behavior of animals like flocking birds, insects or
fishes. This idea was developed in the year of 1995 by the social-psychologist James Kennedy and by the electrical
engineer Russel Eberhart (Kennedy and Eberhart, 1995). Particle Swarm Optimization (PSO) is part of a family
of algorithms that aim to find a global optimization using techniques inspired by biological evolution known as
evolutionary computation.
The algorithm has a set of particles that flies through the hyperspace of the problem searching for the best solution.
Each particle keeps track of its best solution and is called personal best (Pbest). Every new position the particle
moves to is tested against the particle Pbest so far. If the current position of the particle presents a better solution
(fitness), the Pbest of the particle is replaced by the current position. PSO also tracks the best value got by all the
particles. This value is called global best (Gbest) and is equal to the personal best with the best fitness in the entire
swarm. The final solution will be the Gbest that obtained the best fitness. The concept of PSO can be simply
understood as acceleration each particle towards its personal best and the global best location until a certain
number of iterations is done or a defined tolerance is obtained. Each particle moves based on the current position,
the current velocity and distance between the current position to Pbest and the distance between the current
position to the Gbest using Eq. 1.
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𝑘+1
𝑘
𝑘
𝑣𝑖,𝑗
= 𝑤𝑣𝑖,𝑗
+ 𝑐1 𝑟𝑛𝑑1 (Pbest 𝑘𝑖,𝑗 − 𝑥𝑖,𝑗
)

+

𝑐2 𝑟𝑛𝑑2 (Gbest 𝑘𝑖,𝑗

−

(eq. 1)

𝑘
𝑥𝑖,𝑗
)

𝑘
where 𝑣𝑖,𝑗
velocity in iteration 𝑘; 𝑤 is a weighting function defined as 𝑤 = 𝑤𝑚á𝑥 − 𝑘. 𝑥(𝑤𝑚á𝑥 − 𝑤𝑚𝑖𝑛 )/
𝑘
𝑀𝑎𝑥𝑖𝑡𝑒𝑐; 𝑟𝑛𝑑1 and 𝑟𝑛𝑑2 are random variables uniformly distributed between 0 and 1; 𝑥𝑖,𝑗
is the current position;

𝑐1 and 𝑐2 are weighting factors; Pbest 𝑘𝑖,𝑗 is the personal best of the particle; Gbest 𝑘𝑖,𝑗 is the global best of the
swarm.
The new position of the particle is calculated by the summation of the current position with the new velocity using
Eq. 2.
𝑘+1
𝑘
𝑘+1
𝑥𝑖,𝑗
= 𝑥𝑖,𝑗
+ 𝑣𝑖,𝑗

(eq. 2)

PSO is known as an algorithm easy to program given it has only a few parameters to adjust and presents good
results with tough functions with many local minima. Also, to better attend the presented optimization problem,
modifications were made in the conventional PSO equations to make the algorithm well suited for integer
optimization variables. It can be done by rounding the variables at each iteration (Strasser et al., 2016).

4. HRES model and optimization function
Here, the steps to design the system’s model are presented. The first step consists of the configuration’s
definition for the system; the second step is divided into the photovoltaic generation model, the wind generation
model, and the state of charge of the battery bank; and, in the last step is the presentation of the cost function,
reliability factor, the set of constraints, and the chosen operation strategies.
4.1. System configuration
The chosen configuration defined for the system a stand-alone photovoltaic-wind-battery system. This
configuration was defined in consideration of the characteristics of the installation site, that are favorable to
photovoltaic and wind systems.
4.2. System design
•

Photovoltaic generation model

The power output from the photovoltaic array is calculated using the equation (Alireza, 2017):
𝑃𝑃𝑉 (𝑡) = I(t)𝑛𝑃𝑉 𝑛𝑐𝑜𝑛𝑣 𝐴𝑃𝑉

(eq. 3)

where 𝑃𝑃𝑉 (𝑡) is the power generated at the instant t; I(t) is the solar irradiance at the instant t; 𝑛𝑃𝑉 is the
photovoltaic panel efficiency; 𝑛𝑐𝑜𝑛𝑣 is the converter efficiency, and 𝐴𝑃𝑉 is the PV area.
•

Wind turbine generation model

The power output from a wind turbine depends mainly on three factors (i.e. the power output curve, the wind
speed at the installation site, and the hub height of the turbine tower). Therefore, choosing a model is extremely
important (Yang et al., 2007). The most simplified model is presented in (Eq. 4) (Ren and Gao, 2010), (Athari
and Ardehali, 2016):
𝑃𝐺𝐸 (𝑡)
(𝑉(𝑡) − 𝑉𝑐 )
𝑃𝑚á𝑥
(𝑉𝑟 − 𝑉𝑐 )
=
𝑃𝑚á𝑥
0
{

(eq. 4)
𝑉𝑟 ≤ 𝑉(𝑡) ≤ 𝑉𝑐
𝑉𝑟 ≤ 𝑉(𝑡) ≤ 𝑉𝑓
𝑉𝑐 ≥ 𝑉(𝑡) and 𝑉(𝑡) ≥ 𝑉𝑓

where 𝑃𝐺𝐸 (𝑡) is the power generated at the instant t; 𝑃𝑚á𝑥 is maximum power generated by the wind turbine;
𝑉(𝑡) is the wind speed at the instant t ; 𝑉𝑐 is the cut-in speed; 𝑉𝑟 is the rated speed and 𝑉𝑓 is the rated cut-off speed.
For the result calculated to be correct, 𝑉(𝑡) must be entered in the equation estimated for the height at which the
wind turbine will be installed. The actual wind speed that will hit the wind turbine blades must be considered.
The power law can be used to estimate the wind speed at a wanted height, giving the wind speed at a knowing
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height. Power law is presented in Eq. 5.
𝑣(ℎ) = 𝑉𝑟𝑒𝑓 (

ℎ
ℎ𝑟𝑒𝑓

𝛼

(eq. 5)

)

where 𝑣(ℎ) is the wind speed at the desired height ℎ; 𝑉𝑟𝑒𝑓 is the wind speed at a known height ℎ𝑟𝑒𝑓 and 𝛼 is a
dimensionless constant that varies according to the geographical characteristics of the site. Typical values of 𝛼
are presented in Tab.1.
Tab. 1: Reference values of α

•

Site characteristics

α

Smooth surface, lake or ocean

0.1

Short grass

0.14

Undergrowth and Occasional Trees

0.16

Bushes and occasional trees

0.2

Trees and occasional buildings

0.22 – 0.24

Battery bank

In HRES a common method to calculate battery banks’ capacity is the State of Charge (SOC). The SOC of a
battery bank is defined as the capacity of the battery bank at an instant t, and it goes from SOC minimum that
happens when the battery bank is at its lowest and cannot supply the load anymore and SOC maximum that means
the battery bank is fully charged and cannot be charged at instant t.
At any instant (t), when the total power output of the photovoltaic arrays and the wind generators is more than the
energy demand, the battery bank can is charging (Eq. 6). If it is not at the SOC maximum. When the SOC
minimum is reached, the batteries cannot be charged anymore. And, when the total power output is less than the
energy demand at an instant t, the battery bank is discharging (Eq. 7) to supply the load unless it is at its SOC
minimum and will not be able to be more discharged.
𝐶𝑏𝑎𝑡 (𝑡) = 𝐶𝑏𝑎𝑡 (𝑡 − 1)(1 − 𝜎 ) + (𝑃𝐻𝑅𝐸𝑆 (𝑡) −
𝐶𝑏𝑎𝑡 (𝑡) = 𝐶𝑏𝑎𝑡 (𝑡 − 1)(1 − 𝜎 ) − (

𝑃 𝑙𝑜𝑎𝑑 (𝑡)
) Δ𝑡𝑛𝐶ℎ𝑎
𝑛𝑖𝑛𝑣

𝑃𝑙𝑜𝑎𝑑 (𝑡)
− 𝑃𝐻𝑅𝐸𝑆 (𝑡)) Δ𝑡𝑛𝐷𝑖𝑠𝑐ℎ
𝑛𝑖𝑛𝑣

(eq. 6)
(eq. 7)

where 𝐶𝑏𝑎𝑡 (𝑡) and 𝐶𝑏𝑎𝑡 (𝑡 − 1) are the battery bank capacity at a time (t) and (t-1); 𝜎 is a constant related to the
batteries self-discharge; 𝑃𝐻𝑅𝐸𝑆 (𝑡) is and 𝑃 𝑙𝑜𝑎𝑑 (𝑡) are the power output of the HRES and power consumed by the
load at the instant (t); 𝑡 is the simulation step (Δ𝑡 = 1 ℎ𝑜𝑢𝑟); 𝑛𝑖𝑛𝑣 is the efficiency of the inverter efficiency; 𝑛𝑐ℎ𝑎
and 𝑛𝐷𝑖𝑠𝑐ℎ are the batteries charge and discharge efficiency.
The battery bank capacity is constraint by 𝐶𝑏𝑎𝑡 𝑚𝑖𝑛 ≤ 𝐶𝑏𝑎𝑡 (𝑡) ≤ 𝐶𝑏𝑎𝑡 𝑚𝑎𝑥 where 𝐶𝑏𝑎𝑡 𝑚𝑎𝑥 and 𝐶𝑏𝑎𝑡 𝑚𝑖𝑛 are the
SOC maximum and minimum.
4.3. System operation
•

Cost function

A techno-economic optimization was chosen for this work. The cost function is constructed with the Net Present
Cost (NPC) method. The NPC method is one of the most common methodologies to combine costs and has been
applied to many fields. The costs considered in NPC calculation are the capital cost that is the initial cost of buying
and installing a system, the operation and maintenance throughout the lifetime cycle, and the replacement cost for
components of the system that the lifetime is inferior then the lifespan of the complete system. The objective
function of the optimization is the NPC function and is formulated as Eq. (8) (Bashir and Sadeh, 2012). The
lifetime of the project is considered of 20 years and the optimization variables (N) are the number of wind turbines,
photovoltaic arrays, and capacity of the batteries bank. Hence, the cost function is a function of these three
variables with the previously defined costs considered for each variable. For the configurations proposed for this
work, only batteries have a lifetime inferior of the system, hence, replacement costs are considered for batteries.
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𝐿

(eq. 8)

𝑁𝑃𝐶 = ∑ 𝑁𝑖 (𝐶𝐶𝑖 + 𝑅𝐶𝑖 . 𝐾𝑖 + 𝑀&𝑂𝑖 . 𝑃𝑊𝐴(𝑖𝑟, 𝑅))
𝑖=1

where 𝐶𝐶𝑖 is the capital cost of equipment 𝑖; 𝑅𝐶𝑖 replacement cost of equipment 𝑖; 𝑀&𝑂𝑖 maintenance and
operation of 𝑖; L is the number of sources (3: photovoltaic, wind and battery); 𝑁𝑖 is the number of each renewable
source and batteries in the battery bank.
For converting replacement costs to present, 𝐾𝑖 is considered (Eq. 9):
𝐿1

1
𝐾= ∑
(1 + 𝑖𝑟)𝑛.𝐿2

(eq. 9)

𝑛=1

where 𝐿1 number of times each renewable component is replaced trough lifetime; 𝐿2 total lifetime of renewable
component; 𝑖𝑟 is the interest rate, here 6 %; For components that lifetime is system’s lifetime, 𝐾 = 0.
𝑃𝑊𝐴(𝑖𝑟, 𝑅) is used to convert maintenance and operation cost to preset cost and can be calculated using (Eq. 10):
𝑃𝑊𝐴(𝑖𝑟, 𝑅) =

(1 + 𝑖𝑟)𝑅 − 1
𝑖𝑟(1 + 𝑖𝑟)𝑅

(eq. 10)

where 𝑅 is the lifetime of the HRES.
•

Power reliability analyses

The resources characteristics (e.g. wind strength, solar irradiation) strongly influence energy production and
because of their intermittency, and despite the fact the HRES is less intermittent than the single-source renewable
system, a power reliability analysis is an important step in the design process and performance assessment (Singh
and Fernandez, 2018). There are several methods to access the reliability of HRES and loss of power supply
probability (LPSP) is the most popular method. LPSP is defined as the probability of an insufficient power supply
occurs and consequently, the load is not attended (Askarzadeh, 2017). Therefore, an LPSP of 0 (0 %) would
happen when the load is fully attended by the HRES and the probability of a loss of power is null, and a LPSP of
1 (100 %) would happen when the load is not attended at all for the HRES (Eteiba et al., 2018). LPSP can be
calculated using Eq. 11 and is applied as one of the constraints in the optimization process. Thus, to assure the
reliability desired for the design, LPSP must be equal or less than a specific 𝐿𝑃𝑆𝑃𝑚𝑎𝑥 . In the results section, some
𝐿𝑃𝑆𝑃𝑚𝑎𝑥 values are tested in the optimization and their effects on the optimization process discussed.
𝐿𝑃𝑆𝑃 =

∑𝑇
𝑡=0 𝐿𝑃𝑆(𝑡)Δ𝑡

(eq. 11)

∑𝑇
𝑡=0 𝑃𝐿𝑜𝑎𝑑 (𝑡)Δ𝑡

where 𝐿𝑃𝑆(𝑡) is the loss of power supply that occurs during a time interval Δ𝑡 and 𝑃𝐿𝑜𝑎𝑑 (𝑡) is the power required
by the load at interval Δ𝑡.
•

Operation strategies

The power output of the system is the only source to supply the load demand and charge the battery bank. If
𝑃𝐿𝑜𝑎𝑑 (𝑡) > 𝑃𝐻𝑅𝐸𝑆 (𝑡) and the battery bank capacity is somewhere between 𝐶𝑏𝑎𝑡 𝑚𝑖𝑛 and 𝐶𝑏𝑎𝑡 𝑚𝑎𝑥 , the battery
bank will supply the load; If 𝑃𝐿𝑜𝑎𝑑 (𝑡) > 𝑃𝐻𝑅𝐸𝑆 (𝑡) but the battery bank capacity is at its minimum, the load will
not be supplied what configures a loss of power supply; If 𝑃𝐻𝑅𝐸𝑆 (𝑡) > 𝑃𝑙𝑜𝑎𝑑 (𝑡) and the battery bank capacity is
somewhere between 𝐶𝑏𝑎𝑡 𝑚𝑖𝑛 and 𝐶𝑏𝑎𝑡 𝑚𝑎𝑥 , the load will be supplied and the battery bank will be charged; If
𝑃𝐻𝑅𝐸𝑆 (𝑡) > 𝑃𝑙𝑜𝑎𝑑 (𝑡) and the battery bank capacity is at 𝐶𝑏𝑎𝑡 𝑚𝑎𝑥 , the load will be supplied but battery bank will
not be charged.

5. Summarized methodology and optimization variables characteristics
A site in Campina Grande-Paraíba, located in the Northeast region of Brazil, is assumed as the installation area
for the system, therefore, wind speed and solar irradiation data for the city are used. The Northeast of Brazil was
declared by the Brazilian Atlas of Wind Energy (2001) as one of the most promising places for wind systems
installation because of its high potential estimated in 75 GW which is larger than the sum of the other four regions
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of the country potential. In addition, the Northeast presents the greater solar potential in the country with 5.52
kWh/m2 per day of solar irradiance (Brazilian Atlas of Solar Energy, 2006). Wind and solar energy are rising
technologies in Brazil, and the wind generation is already responsible for 9.1% of the power generation in the
country. The huge potential for renewable energies such as solar and wind in the region can be understood because
of its geographic location, entirely within the earth’s tropical zone. The region is the third-largest region of five
and occupies 18.2% of the country’s territory with hot and semi-arid climate and vegetation varying from
Caatinga, Atlantic Forest and parts of the Cerrado. Thus, given the stated conditions and project preferences,
photovoltaic and wind were chosen as renewable energy sources of the proposed HRES with a battery bank as
auxiliary and no conventional generation.
A year (2017) of irradiance, wind speed, and load profile from the site was selected as a typical year for the
optimization. For the city of the case study was found that the mean irradiance in the year was 402.31 w.m-2 and
the mean wind speed was 3,51 m.s-1 and 5.01 m.s-1 at the height of the selected wind turbine. The data is presented
in fig. 2 and were obtained from the national institute of metrology (INMET). In the institute website is possible
to download up to a year of data from any of their weather stations and more data can be obtained by email request.
The load profile data was provided by the Companhia Hidrelétrica do São Francisco (Chesf).

Fig. 2: Weather and demand used in the case study

In order to make the optimization as close as the site reality as possible, PV panels, wind generators, and batteries
commonly used in Brazil were considered. Tab. 2 presents the costs considered in the algorithm which were
calculated as estimations made from information obtained from projects that disclosed their cost per KW, quotes
from sellers, and other works in the recent literature. The costs presented were converted to US dollars considering
the value of the dollar in Brazil in December 2018.
Tab. 2: Costs considered

Economic
parameter

Unit

Capital cost

US $/ unit

PV panel
(250 W)

Wind turbine
(2400 W)

Lead-acid battery
(12 V 150 Ah)

725

8810

300

(US $ / kWh for batteries)
Lifespan

years

25

20

5

Interest rate (𝑖𝑟)

%

6

6

6

𝑃𝑊𝐴(𝑖𝑟, 𝑅)

-

0.2330

0.3118

0.7973

Replacement cost

US $/ unit

-

-

300

(US $ / kWh for batteries)

1590

maintenance and
operation

%

1 % initial
cost

3 % initial
cost

0.5 % initial cost

maintenance and
operation

US $/ unit

7.2

88.1

1.5

(US $ / kWh for batteries)
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5.1. Summarized methodology
•

Objective function and constraints

Thereby, the final objective function is presented in (eq. 12), subject to the constraints (eq. 13 – eq. 16):
𝑂𝑏𝑗𝑒𝑐𝑡𝑖𝑣𝑒 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 = 𝑀𝑖𝑛. 𝑁𝑃𝐶(𝑁𝑃𝑉 , 𝑁𝑊𝐺 , 𝑁𝐵𝑎𝑡. )

(eq. 12)

Subject to:
𝑀𝑖𝑛.
𝑀𝑎𝑥.
𝑁𝑃𝑉
≤ 𝑁𝑃𝑉 ≤ 𝑁𝑃𝑉

(eq. 13)

𝑀𝑖𝑛.
𝑁𝑊𝐺

𝑀𝑎𝑥.
𝑁𝑊𝐺

(eq. 14)

𝑀𝑖𝑛.
𝑀𝑎𝑥.
𝑁𝐵𝑎𝑡.
≤ 𝑁𝐵𝑎𝑡. ≤ 𝑁𝐵𝑎𝑡.

(eq. 15)

𝐶𝑏𝑎𝑡 𝑚𝑖𝑛 ≤ 𝐶𝑏𝑎𝑡 (𝑡) ≤ 𝐶𝑏𝑎𝑡 𝑚𝑎𝑥

(eq. 16)

𝐿𝑃𝑆𝑃 ≤ 𝐿𝑃𝑆𝑃𝑚𝑎𝑥

(eq. 17)

≤ 𝑁𝑊𝐺 ≤

𝑀𝑖𝑛.
𝑀𝑖𝑛.
𝑀𝑖𝑛.
Where 𝑁𝑃𝑉 , 𝑁𝑊𝐺 and 𝑁𝑏𝑎𝑡. are the number of PV panels; wind generators and, batteries. 𝑁𝑃𝑉
, 𝑁𝑊𝐺
and 𝑁𝐵𝑎𝑡.
𝑀𝑎𝑥.
𝑀𝑎𝑥.
𝑀𝑎𝑥.
are the lower bounds for the optimization variables; 𝑁𝑃𝑉 , 𝑁𝑊𝐺 And 𝑁𝐵𝑎𝑡. are the upper bounds of the
optimization variables; 𝐶𝑏𝑎𝑡 (𝑡) is the capacity of the batteries bank, 𝐶𝑏𝑎𝑡. 𝑚𝑖𝑛. and 𝐶𝑏𝑎𝑡. 𝑚𝑎𝑥. are lower and upper
capacities of the battery bank; 𝐿𝑃𝑆𝑃𝑚𝑎𝑥 is the defined reliability index and 𝐿𝑃𝑆𝑃 is the calculated loss of power
supply probability.

Briefly, the methodology adopted in this paper is presented in Fig. 3.

Fig. 3: Methodology

6. Results and discussion
In this section, the results are presented and discussed. The methodology was tested steep by steep as the algorithm
was being built and, to avoid misleading results with the function stuck in a local minimum, each simulation was
composed by ten PSO executions and the result for the simulation resulted from the best execution. Since there is
a compromising to make the optimization method closer to the reality of the chosen site, four scenarios were
proposed to analyze the impacts of some aspects on the optimization process. The scenarios are: Single source
systems with different LPSP values, LPSP variation with fixed equipment characteristics, wind turbine tower hub
height variation without cost variation and, wind turbine tower hub height variation with cost variation.
The main goal of the scenarios is to analyze the influence of aspects into the optimization process to provide a
better understanding of it. This knowledge is considered extremely valuable in the decision-making process of
executing a project or improving an optimization method. For all the scenarios, the operation strategy is
applied as defined in section 4 and summarized in section 5; Therefore, the set of constraints and the objective
function are the same for the four scenarios.
5.1. Single source systems with different LPSP values
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In this first scenario, the costs of PV-battery and Wind-battery optimal systems are analyzed considering different
values for the reliability index. In order to have the optimization algorithm work to provide a PV-battery system,
𝑀𝑖𝑛.
𝑀𝑎𝑥.
the constraint of the number of wind generators (𝑁𝑊𝐺 ) was used. Its lower (𝑁𝑊𝐺
) and upper bound (𝑁𝑊𝐺
) were
set to zero. The same thing was done to the constraint of the number of PV panels (𝑁𝑃𝑉 ) to use the algorithm to
size a Wind-battery system. Thus, the system is configured only as photovoltaic-battery first and then wind-battery
for different levels of loss of power supply probability (LPSP). The tower hub height considered in the simulations
is 15 meters which is within the recommended height of installation range recommended in the manual from the
manufacture.
Tab. 3: Results for scenario 1

Photovoltaic-battery system

Wind-battery system

LPSP ≤

Number of
solar panels

Bank of
batteries
capacity

Total cost
[US $]

Number of
wind
turbines

Bank of
batteries
capacity

Total cost
[US $]

15%

49

51753 = 29
units

44,147.01

4

14720 = 8
units

40,307.84

10%

53

58893 = 33
units

48,231.87

4

53106 = 30
units

46,641.53

5%

61

64164 = 36
units

54,915.10

5

79869 = 45
units

60,527.18

1%

75

110118 = 62
units

72,671.16

6

276383 = 154
units

102,421.75

The results show a comparison between single-source systems for five different levels of LPSP. Going from a
system that is 75% reliable to a system that is 99% reliable. Tab. 3 shows that the Photovoltaic-battery
configuration presented lower costs for most of the reliability levels considered and, for the less reliable index
(LPSP ≤ 15%), the Wind-battery system presented the lower cost.
Fig. 4 shows a graph with the costs and land occupied for the system for each of the tested LPSP values. 3/4 of
an acre is used for a 1 MW wind turbine, therefore here a quarter of it is used for each wind turbine (758.7 m2),
and the total area of the panel plus 10% for installation, is considered for each photovoltaic panel (2 m2). The area
for storage is not considered. The results show that Photovoltaic-battery and Wind-battery systems with the same
reliability occupy different extensions of land and its cost and availability could be factors that influence the
project.
The results for the first scenario show financial advantages for each of the configurations depending on the
considered LPSP and available area. This first scenario will also serve as a comparison in the cost analyses of the
three following scenarios.
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Fig. 4: Area and costs for the systems for each LSPS considered

5.2. LPSP variation with fixed equipment characteristics
In this scenario, the lower bound of the optimization variables continues set to 0 but the upper bounds of the three
variables were set to 300, thus the number of wind turbines, batteries and, photovoltaic panel for each case is
decided by the optimization. Different levels of reliability are considered from 75% to 99% of reliability. The
results are presented in Tab. 4.
Tab. 4: Results for scenario 2

Component

LPSP ≤
15%

LPSP ≤
12%

LPSP ≤
10%

LPSP ≤
8%

LPSP ≤
5%

LPSP ≤
3%

LPSP ≤
1%

Number of
wind
turbines

3

2

3

4

4

1

-

Number of
solar panels

7

23

14

7

12

54

75

Bank of
batteries
capacity

19927 =
11 units

26780 =
15 units

25510 =
14 units

32278 =
18 units

54025 =
30 units

57439 =
32 units

110118 =
62 units

Total cost
[US $]

36,784.06

40,072.07

42,792.08

48,291.73

55,513.43

58,188.41

72,671.16

The results for this scenario showed firstly that HRES configuration presents a smaller cost when compared with
Photovoltaic-battery and Wind-battery systems presented in scenario 1. The relationship between the system’s
reliability and cost can be also observed. As expected, for a system that has high reliability (99% of reliability or
LPSP ≤ 1%), the system’s cost is 70% higher than the cost for a system with an LPSP of 15%. This result can be
useful as decision-making tool to considering grid-connection (if available) or addition of a complementary source
such as diesel generators.
5.3. Wind turbine hub height variation without cost variation
In this scenario, the height of the wind turbine varies between 15 m and 35 m, covering the range for installation
suggested in the manual. By varying the installation height, a higher wind speed affects the wind turbine blades
and consequently more power is generated. However, choosing to use higher towers considerably increases the
costs of a project depending on the chosen hub height, the site characteristics and, the wind turbine itself.
Installation height is also limited by safety settings provided by the equipment manufacturer.
Therefore, to evaluate the installation wind turbine height effects, scenarios 3 and 4 were constructed. The
optimization was performed for both scenarios considering an LPSP value less than or equal to 5%. Scenario 3
considers only the effects of increasing the wind turbine hub height and scenario 4 considers the costs effects of
increasing the height of the wind turbine. Tab. 5 shows the results for this scenario.
Tab. 5: Results for scenario 3

Component

15 m

20 m

25 m

30 m

35 m

Number of wind turbines

2

3

4

3

3

Number of solar panels

35

18

-

9

4

Bank of batteries capacity

42228 = 24
units

35584 = 20
units

37757 = 21
units

29243 = 16
units

33472 = 19
units

Total cost [US $]

51,506.26

47,361.04

44,108.94

39,774.57

36,838.91

Scenario number three results show that increasing the wind turbine hub height can be very beneficial for lowering
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the costs and an even more interesting option when photovoltaic arrays installation area is limited given the fact
that at higher heights the wind turbines will produce more power. For the height of 25 meters a bigger number of
wind turbines is selected in the optimization and in higher heights than 25 meters a smaller number is chosen.
This happened because at 25 meters some wind speed data values were between the rated speed of the wind turbine
and the cut-off speed. Higher than 25 meters, a large percentage of the wind speed data is bigger than the cut-off
speed, which reduces the power generated by the wind turbines.
5.4. Wind turbine tower height variation with cost variation
In this last scenario, the conditions of the previous scenario are repeated with the addition of the consideration of
increasing installation costs while varying the wind turbine hub height. Here, installation costs (capital cost of the
wind turbines) are increased by 5% each time the installation height increases. Tab. 6 shows the results for scenario
4.
Tab. 6: Results for scenario 4

Component

15 m

20 m

25 m

30 m

35 m

Number of wind turbines

2

2

2

3

3

Number of solar panels

35

30

26

8

4

Bank of batteries capacity

43120 = 24
units

41245 = 23
units

39940 = 22
units

33563 = 19
units

33472 = 19
units

Total cost [US $]

52,435,42

49,439.57

47,269.46

45,442.54

43,941.23

The last scenario presents a more realistic approach to investigate the impacts of tower hub height in the
optimization, given the fact that the hub height affects costs directly. The costs of the systems with higher wind
turbine hub, for example, 35 meters, are approximately 30% higher than the costs for the system with the same
configuration in scenario two. Although the costs can increase, the height of installation is a component that should
be considered in the optimization of systems for lower costs and especially when installation area may be
restricted.

7. Conclusion
A methodology for the optimal sizing of a photovoltaic-wind-battery hybrid renewable energy system for a site
in the city of Campina Grande-PB (Brazil) is presented. The method is based on a techno-economic analyses
realized considering the net present cost as a cost function and the loss of power supply (LPSP) as a reliability
factor. State of charge of the battery bank is the adopted method for the sizing of the battery bank and along with
the LPSP factor used as a constraint for the optimization.
An analysis of four scenarios was developed, in which different conditions were simulated and analyzed. The
results showed that the proposed method could optimize a hybrid renewable energy system under different
constraints and considerations with good performance. The good performance of the algorithm is attributed to the
use of particle swarm optimization, which is well suited to the problem and performs with high speed.
For the case study, the first scenario showed a comparison for two single-source systems: a photovoltaic-battery
system and a wind-battery system. For the different loss of power supply probability (LPSP) presented the windbattery system presented better results (lower costs) for LPSP’s of 15, 10 and 5% and the photovoltaic-battery
system presented lower costs for an LPSP of 1%. The second scenario showed that a hybrid renewable energy
system (HRES) is less costly in comparison with a single-source system. Scenario two also presented the
relationship between the reliability factor and the system’s cost. When considering an off-grid system, reliability
is very important because the power generated by the system and supplied by the battery bank are the only sources
available to supply the load demand. Therefore, it is important to balance the reliability required from the load
characteristics (that is, the nature of the load) with the system’s components in the system’s configuration
steep. Scenarios three and four presented the variation of the wind turbine hub height and its effects on the
optimization.
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Abstract
This project developed a photovoltaics (PV) power hub for a remote village in Burkina Faso consisting of (1) a 1.5
kW array providing internet connection and WiFi hotspot, cell phone charging, office services (photocopy,
scan/print, computer), and cafeteria (fridge, coffee machine) and (2) a separate 5.0 kW array with no batteries for a
novel PV application: the grinding and milling of flour and shea nuts, as well as the production of shea paste by the
village women’s co-operative. Shea “butter” – the paste mixed with water - is used in soap and cosmetic manufacture
worldwide and is one of the major cash crops of the region. From June each year, the women work many hours per
day to collect the nuts, and then to de-shell, roast, dry and mill them. Traditionally these time-consuming tasks are
done by hand and often last until the following February. The largest uncertainty in designing the system was in
estimating the usage of the milling equipment, so the project includes an internet-gateway to provide data on PV
production and energy usage to be analyzed by researchers and students at the University of Ouagadougou to improve
the design of future systems.
Keywords: remote power systems, photovoltaics, shea butter, women’s co-operative, rural development

1.

Introduction

The non-profit organization The Strongest Oak Foundation (TSO: http://www.thestrongestoak.org/) has been
working in Burkina Faso for four years providing photovoltaic (PV) powered lighting for schools and teachers’
residences in the municipality of Pa, an agricultural district located three hours west of the capital city, Ouagadougou.
The co-founders of TSO’s local non-profit partner, Association Monde Meilleur (AMM), all originate from Pa but
live and work elsewhere in the country.
Burkina Faso has a severe energy challenge in that around 14 million people (95% of the country’s rural population),
are not connected to the national grid, Mona-Girona et al. (2016). Diesel generators are commonly used to supply
power to small businesses in rural areas, but the high cost of diesel fuel and the CO2 emissions are significant
impediments to mass adoption. Several solar micro-grid projects have been built or are underway, e.g. Bensch et al.
(2018), but they typically require large capital investment, have very long-term paybacks, and do not provide power
in remote regions. Decentralized, containerized systems for remote power represent an emerging opportunity in
Africa and the global market is projected to grow by 8% per year to $US500 million by 2025
(https://globenewswire.com/news-release/2019/02/20/1738265/0/en/Containerized-Solar-Generators-IndustryGlobal-Market-to-Touch-Revenue-of-Over-US-500-Mn-by-2025-QY-Research-Inc.html).
TSO and its partners’ vision is to create a smart network of Power Hubs across Burkina and West Africa that convert
clean, solar energy into sustainable village wealth, as well as generate an economically-viable return on capital within
a 10-year payback period. The low capital/equipment costs and multiple potential revenue streams offered by the
Power Hub will be attractive to not only government agencies, large NGOs, and corporate social responsibility
initiatives of large international enterprises, but also to traditional capital providers like banks and social venture
capitalists. This enables the Power Hub project to potentially scale rapidly in the near future, with the right partners
alongside.
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In 2015, AMM invited TSO to partner with local stakeholders to develop PV systems for schools and teachers’
residences in the Pa district by maximizing the use of local contractors and TSO-sponsored youth interns (“Oaks”).
In the following three years, five villages were provided with solar lighting and power. In October 2017, TSO
conducted site inspections of the five solar installations. During the visit, TSO solicited input from local stakeholders,
including the Sougrinooma women’s cooperative and the University of Ouagadougou, to explore how the district
might benefit further through the deployment of a custom-built, containerized PV system. In May 2018, a needs
assessment was conducted by TSO and the University of Ouagadougou to explore the viability of a launching a
groundbreaking project for economic development and women’s empowerment in Pa village: the Power Hub, which
was designed to help a local shea butter co-operative to automate some of their production processes, increase
productivity, and generate higher incomes. Containerized PV systems from several global suppliers were considered
for the project, but all were determined by TSO to be either too expensive, or not sturdy enough to meet the rugged
environmental requirements of Pa district in terms of extreme heat, dust, wind, and periods of intense rain.
In October 2018, fabrication of a 6.5 kW, containerized, prototype solar hub commenced in Ouagadougou. In
December 2018, the 20-ft. container was delivered and installed in Pa village, close to the main road. Solar-powered
shea and flour processing machines were installed in January 2019 and the women’s cooperative have been
processing their nut and grain supplies nearly every day since the Power Hub’s launch on January 16.
Shea nut collecting and processing is a well-researched activity in Africa, eg Elias (2015) and Rousseau et al. (2015).
It is a major cash crop in much of Burkina Faso and is often managed by local women’s co-operatives such as
Sougrinooma in Pa. The season usually starts in June with the collection of the nuts from trees surrounding the
village. The nuts are then cooked for about 2 hours followed by further drying in the sun. The shell is then removed
by hand and the flesh dried again in the sun. The dried flesh is then ground to a fine paste, also by hand, which is
the most time-demanding part of the process. Water is added to the paste to make Shea butter which is then sold.
Shea butter production usually lasts until February the following year and the women typically work 10 hours a day
or more in collecting and processing during this period. This is time taken away from their other responsibilites of
child raising, cooking, etc. In Pa, the cooking is by burning scarce timber and is an important element in deforestation
in the region. TSO and its partners intend, at some point in the future, to develop a solar cooker to replace burning
timber.
The co-operative sometimes supplements its supply by purchasing nuts and would do this more often if faster
processing was available. The co-operative has recently extended its activities to include soap production which
brings a bigger income.
Other shea production units in Burkina Faso are mechanized. For example, the Yona co-operative supported by the
Semafo Foundation (https://fondationsemafo.org/cause-view/karite-butter-production/?lang=en), which is about 50
km from Pa, uses a total diesel power of 25 kW for grinding, milling and paste making. Other means of producing
shea butter are described by Yonas et al. (2015). As far as the authors are aware, no PV-powered system has been
used for shea production. The aim of the present project is to combine the PV-power to lessen the most labourintensive loads of shea butter production with a power hub for the more common uses of cell phone charging,
computer use, refrigeration, coffee making etc.
TSO engaged Seine Tech (www.seinetech.com,
www.solarmilling.com) a Catalonia-based company with experience in solar milling to provide the milling machine,
grinder, and paste maker. This was the first use of these machines for shea butter production.
The remainder of this paper is organized as follows. Section 2 describes the system design and construction. The
next section describes the operation of the system over its first five months, and Section 4 discusses our investigations
of the impact of the system on the village. The final section sums up the experiences with the project and describes
further plans, as well as listing the conclusions.

2.

Description of the System

Figure 1 shows the topology of the Power Hub and Figure 2 is a photograph of the system. For simplicity, the smaller
PV system, labeled Section 1 in Figure 1, was kept separate from the solar milling system, Section 2. The power
from Section 1 is used for cafe services (coffee and refrigerated beverages), photocopying and other office services,
WIFI hotspot, and cellphone battery recharge. The main components of Section 1 are: a 6×250W Horonya PV array
feeding a Schneider MPPT 66-150 charge controller rated at 2.5 kW. This connects to a 24V battery and a Schneider
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Conext SW 2524 2.5 kW inverter. Section 2 comprises 20× 250 W Horonya PV modules feeding three frequency
controllers followed by a grinder, a paste maker, and a grain mill. For system monitoring and performance evaluation,
a communication box connects both sections with a Cachelan internet gateway and modem,
(http://tsop1.solarvu.net/green/solarVuLive.php?ac=tsop1&dr=tso.

Fig. 1: Layout of the PV system. Section 1 is shown in the blue rectangle. Section 2 for the solar milling is in the green rectangle. The
internet gateway is shown on the right.

A possible problem with the separation of the two sections is that there is no alternative use of the PV power provided
by Section 2 if the machines are not used which would lead to significant waste of solar energy. For that reason, it
was considered essential that the system be monitored and that the performance data analyzed to track PV production
and machine usage. Ideally, the individual modules would be controlled by a power conditioner and their individual
performance monitored, partly because the modules, produced in Mali, and easily available in Burkina Faso, are
guaranteed only for five years. Individual control, however, was not economic and the site is unshaded so it was
decided to use a string inverter for Section 1 and Seine Tech’s recommendation of a standard frequency controller
for the machines.

3.

System Operation

The Power Hub was commissioned in January 2019, well in time for the 2019 shea nut season. Nearly 2 MWh of
solar energy has been produced in that time. Figure 3 shows typical data from the gateway with the red blocks
indicating no internet connection, a common problem in developing countries. The lack of internet access through
a Telecom Afrique satellite has been a continuing problem which has not yet been satisfactorily resolved. The
consumption of Section 1 has been steady and near capacity. However, the consumption by Section 2 has been
decreasing slowly each month since January and there is currently a 3-day waiting period for customers to process
their nuts or grains. Two possible reasons for the underperformance of the Primary Load are:
o
The solar mills produce a high quality powder that is good for niche buyers, but the throughput is
extremely slow (10x less than a standard electric mill), and
o
Increasing cloud as the mid-year rainy season is approached. When customers must wait, they are likely
they go elsewhere to process their nuts and grains, or else they revert to manual techniques.
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Fig. 2: Photograph of the PV system showing the solar milling equipment on the shaded concrete floor.

To address the above issues, Solar Milling is developing a new solar mill for grains that is significantly faster than
the current mill used at the Power Hub. The mill is still in development and expected to be ready in the coming
months. In the meantime, TSO plans to alleviate current bottlenecks by acquiring a new electric mill (see Section 5:
Project Development) that will be powered by a grid connection until the solar mills are available for purchase.

Fig. 3: Shea butter production

In addition, TSO is exploring potential designs for the next version of the Power Hub (v2.0) that will add battery
storage capabilities to Section 2 so that the machines can be operated during cloudy days or evenings.
Café sales have exceeded expectations and they represent half the current total revenues. WIFI sales have
underperformed due to technical issues with the satellite telecom supplier and their equipment, which has yet to be
resolved. Lamp sales, battery charging and office services have underperformed. TSO is planning to discontinue the
lamp sales and adjust prices for the latter two services. TSO’s WIFI suppliers and design will be reconsidered in
v2.0. The Hub is currently generating net revenues of CAD$275 per month, which is roughly 33% of the original
budgeted amount. Roughly CAD$800 to $900 per month is required for the Hub to achieve break-even, which
includes a monthly contribution of net profits to a Sinking Fund for future maintenance, repairs, and
depreciation/equipment replacement.to ensure long-term financial sustainability.
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The Hub employs four full-time staff members including the overall Hub Manager, a milling/solar technician, an IT
technician, as well as a night watchmen. 8 part-time personnel – mostly women from the Sougrinooma cooperative
- work at the Hub from time to time in roles such as serving (cafe), cashier, and treasury/bookkeeping
In June 2019, TSO and Sougrinooma launched its first line of finished goods, believed by TSO to be the world’s first
soap produced by a combination of solar milling equipment and manually-driven equipment (such as a stamping
machine below, used for branding the soap), Fig 4. Sougrinooma manufactures three types of soaps – all using shea
butter as a primary ingredient -- for retail sale across Burkina: Green Clay, Honey, and Neem. Neem comes from
a drought-resistant, exotic tree commonly found in Burkina Faso. Locals maintain that neem soap acts as an
antibacterial and that it is an effective treatment for skin rashes, acne, and eczema, as well as effective relief of muscle
tension.
To prepare for the soap launch, Sougrinooma members received training from the Semafo-sponsored Yona
Cooperative. Sougrinooma can now supplement their incomes and capture more of the value chain, rather than selling
just shea butter as a commodity. Figure 4 shows a Sougrinooma woman using a tool to stamp the words “SougriNooma” to the face of each soap bar. Then, each soap bar is packaged and labelled, and then made available for sale
in local shops.
In addition to the Yona soap training, a one-week workshop in Entrepreneurial Thinking was delivered to the
women’s cooperative by two instructors from the University of Ouagadougou. The intent of the training was to
increase the women’s familiarity with key business and marketing concepts, to improve their financial literacy, to
improve efficiencies and productivity within their cooperative, and to inspire individual members to launch new
businesses that could increase their incomes and self-confidence.
Many Sougrinooma cooperative members are illiterate, which meant that TSO and the University of Ouagadougou
had to develop a “train-the-trainer” concept to focus the entrepreneurial training on Sougrinooma’s leaders. In turn,
such leaders would be responsible for training other members outside of the workshop so that the knowledge could
be transferred.
Transfer of ownership of the Power Hub and its equipment from TSO to Sougrinooma is expected to conclude in
August 2019. TSO’s Burkina partner, AMM, will continue to support and advise Sougrinooma in the management
and oversight of the Hub. The project is governed by a Project Steering Committee consisting of representatives
from Sougrinooma, AMM, and the village. The parties have agreed that net profits from Power Hub activities will
be divided as follows: 50% Sougrinooma, 30% AMM, and 20% towards the Sinking Fund.

Fig. 4: Final steps in the making of shea butter soap

4.

Impact on the Community

In June 2019, TSO collaborated with a Pa resident (the English teacher at the local school) to conduct an Impact
Assessment on the Power Hub project. The Impact Assessment was a follow-up to a comprehensive Needs
Assessment that was completed by TSO and its partners one year prior.
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The Impact Assessment had four major goals:
1.
2.
3.
4.

Demonstrate the impact of the intervention on the target community (Pa)
Demonstrate the value of the intervention to donors and stakeholders.
Aid internal decision-making and continuous improvement
Share learnings with other NGOs who can benefit from our experiences

In addition, TSO’s longer term goal was to evaluate improvements in the self esteem of the women’s cooperative
members, and empower more female leaders in the Pa communiity. Dr. David Wood, a project team member,
reported on his return from a Pa site visit in May 2018 that: “The thing I felt most when we were at the village and
talking to the women was…. they were in the courtyard of the mosque and the row of men were sitting with their
back to the mosque… there was that distinction from the beginning. I found it hard to engage the women…. there is
possibly a need to reinforce their voice so that the decisions are not just made by the men.” The Impact Assessment
intended to evaluate not only if women’s incomes increased, but also their self-confidence—confidence to voice
opinions, start new businesses, and pursue dreams.
Success parameters for the Impact Assessment were defined as follows:
1.
2.
3.
4.
5.
6.
7.

Grains and shea nut are processed using milling equipment
Portable devices are conveniently charged
A women's “house” is made available for women to converge and innovate
Residents have easy access to information and entertainment (based on TV and radio request)
Internet connectivity to residents is increased
Power Hub inspires the creation of social enterprise in Pa
Technological and business expertise is transferred

Based on the success parameters, the impact assessment was designed to evaluate three main concerns;
1.
2.
3.

Is the Power Hub profitable and how profitable is it?
Did the Power Hub impact beneficiary families positively (or negatively)?
Is the Power Hub stimulating entrepreneurial thinking and/or promoting business start-ups?
Table 1: Proposed Impact Assessment

The assessment was originally proposed as a video conferenced interview with an interpreter who spoke English,
French, and the local language (Mossi). However, this was not possible because of time constraint, associated costs,
and intermittent internet connectivity at the location.
Table 1 provides a summary of the planned assessment approach. The strategy was implemented as a survey
conducted with printed copies of the questionnaire shown in Table 2. Forty (40) Pa residents, 29 women and 11
men, were individually interviewed in-person and their responses recorded and forwarded via the internet to Calgary
for analysis. Of the forty respondents, twenty-four were between the ages eighteen to thirty-five i.e. 60% of those
surveyed are thirty-five years old or younger. Major highlights from the survey include:
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Table 2: The Questionnaire

Questions

Yes

No

Q 3: Are you directly employed or involved in running the Power Hub?

46%

54%

Q 5: Are you a member of the Sougrinooma Women's Cooperative?

85%

15%

Q 6: Did you want the Power Hub in your village BEFORE it was constructed?

100%

0%

Q 7: Do you want the Power Hub in your village AFTER it has been built?

100%

0%

*Q8: How has the Power Hub benefited you personally?

75%

25%

Q 9: Have you attended a TSO training course?

57%

43%

Q 11: Have you used what you learned from the course(s) in your day-to-day

60%

40%

Q 12: Were you trained by TSO to train others i.e. Train-the-Trainer?

20%

80%

Q 13: Have TSOs activities helped in increasing your confidence in what you can

80%

20%

10%

90%

Q 15: Do you use the WIFI service from the Power Hub?

10%

90%

Q 18: Has the Power Hub improved your ability to provide an education for your

65%

35%

72.5%

27.5%

52.5%

32.5% (+

activities?

personally achieve?
Q 14: Did you start up a new business because of the Power Hub or training
provided by TSO?

children?
Q 20: Has your time at the Power Hub enabled you able to find new solutions to
old challenges? Do you think of challenges differently?
Q 21: Is the Power Hub delivering on the promises made?

15% Not all
the time)
Q 23: Does the Power Hub make it easier for you to charge your personal

100%

0%

25%

75%

portable devices? E.g. lamps, cell phones etc.
Q 24: Does the Power Hub provide you with consistent and easier access to
information and entertainment?
Responses are categorized by “no benefits” as a “No” and “benefitted” as a “Yes.”

*

1.
2.
3.
4.
5.
6.
7.
8.
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100% of respondents endorsed the Power Hub at inception and currently still favour the project
75% have benefitted financially or otherwise by the project
60% were able to apply the classroom training to their daily activities.
80% of respondents have improved self-esteem
10% started up new businesses as a result of TSO provided training
Low literacy levels and intermittent internet connection contributed to only 10% use of the WIFI service
100% of respondents endorsed the Power Hub at inception and currently still favour the project
65% are better able to provide an education for their children because of wages made at the Power Hub
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9.

Thanks to the Power Hub and training conducted, 72.5% have a new understanding of challenges and have
discovered solutions to old problems
10. The current slow speed of the milling machines and the sporadic internet service are the primary concerns
affecting user adoption.

11. Portable electric device charging is considered a succes.

Fig. 5: Power Hub Impact Categories

40%
35%
30%

Respondents

25%
20%
15%
10%
5%
0%
Number of Power Hub Beneficiaries
0-20 People

20-40 People

40-60 People

60-80 People

>80 People

Fig. 5: Power Hub Beneficiaries

A summary of the “Yes” or “No” category questions from the questionnaire are represented in Table 2. Further
analysis of respondents’ answers provided valuable lessons to the project team. For example, respondents were
asked “How has the Power Hub personally benefited you”? Figure 5 shows thirty percent (30%) acknowledge the
Power Hub contributing to knowledge acquisition, while 20% attribute self-development to the project.
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Respondents were also asked: “Have you used what you learned from the course(s) in your day-to-day activities?“
Sixty percent (60%) of respondents identified course learnings that they were inspired to apply at their jobs and
businesses, or in their day to day activities. Comments included:

•
•
•
•
•

“It helped to have another view of work”
“It helps in our daily business”
“Help organize myself”
“My daily work is now organized” and
“Performance at work”

Another question posed was “ Did you start up a new business because of the Power Hub or training provided by
TSO?” Empowered by the training from TSO and the University of Ouagdougou, four respondents started up new
businesses; two began milling and producing “Sumbala”, a local condiment prepared from Néré (Parkia biglobosa)
seeds or soybeans, while one started a trading business.
Respondents were asked: “Has your time at the Power Hub enabled you to find new solutions to old challenges? Do
you think of challenges differently?” One respondent felt empowered to find solutions for herself as well as others.
“I can work for myself and help others at work . Another respondent cited a change in an approach to work; “In the
past, I did not use to organize my activities, but now my work is different”
Weekly Power Hub income (on an individual basis) varied with approximately forty percent (40%) of the respondents
earning more than CFA 5000 (CAD$11.42) each week. Some respondents were unable to provide an estimate
because they were not in control of their finances, Figure 6.

Fig. 6: Beneficiary Income from the Power Hub

The improvements required by the respondents from the Power Hub include:
1.
2.
3.
4.
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Faster working and more powerful milling machines
Re-evaluation of the solar lantern rental; revenue stream is “slow and not beneficial”
Consider the use of a supplementary energy source for days when solar panels do not generate enough
energy
Unstable and slow internet service (Wi-Fi)

S. Wills et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Despite the suggested improvements, the respondents are requesting more milling machines, another Power Hub,
and additional assistance for the men and women in the community. Improvements like a supplementary energy
source and faster milling machines are currently being implemented.

5.

Project Development

To achieve the original budgeted net revenues, reach profitability, and ensure long term sustainability, TSO is funding
additional equipment:
o 5500 W Dehusker (projected to add between $350 to $600 per month in additional net revenues, which
should bring the project to break even)
o 1500 W electric mill (10 x faster than the original mill)
o Soap press, soap cutter, soap packaging / labelling (which helps the Sougrinooma co-operative convert
its shea commodity into higher margin, finished goods).
Overall, we view the Power Hub as a tremendous success, as it has achieved the major goals of local economic
development, women’s empowerment by inspiring entrepreneurial activities and launching new business, as well as
reducing the workload on the women processing shea nuts. The quality of the butter they produced with this unique
PV-powered system is high and we have demonstrated to our sponsors the ability to carry through important projects
like this one.
Dozens of Sougrinooma women, 12 full and part-time Power Hub employees, and 6 contracting service provider
firms, have directly benefitted from the Project so far. In addition, hundreds of Sougrinooma family members,
clients, suppliers, and other villager stakeholders have benefitted indirectly from Power Hub activities. Perhaps most
compelling, the Power Hub has become a community gathering point, especially for women. It has proven to provide
a safe and supportive environment for women to learn from each other, socialize, share new ideas, and fulfill dreams.
Once the transfer of ownership is complete and the abovelisted equipment has been purchased and installed, TSO
intends to re-engage its partners to consolidate the lessons learnt from this first installation and then to commence
designs for launching the next version of the Power Hub in early 2020. The location has yet to be determined. Upon
validation of Power Hub v2.0, TSO plans to replicate the solution, in partnership with others, across Burkina Faso
and beyond. The future is bright for off-grid African communities, given the projected emergence of containerized
solar generator solutions like the Power Hub.
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Abstract
Solar thermal cooking technology is an ideal solution to numerous global challenges. Solar cooking allows
people to breathe cleaner air, reduces carbon dioxide emissions, conquers waterborne diseases,
preserves habitats, increases safety and opportunities for women and children, and protects
biodiversity. Since human health, quality of life, and environments are affected by cooking fuel
choices, solar cooking offers a solution to the difficult choices many families make every day: whether to
buy fuel, or to buy food and meet other family needs. The sun’s free energy is a viable solution for all who
live where the sun shines. Solar Cookers International (SCI) connects collaborators in over
135 countries, with a mission to improve human and environmental health by supporting the expansion of
effective carbon-free solar cooking in world regions of greatest need through advocacy, research, and
strengthening the capacity of the global solar cooking movement.

Keywords: solar, solar cookers, solar cooking, energy, adoption, testing standards, advocacy, research,
building capacity

1. Introduction
Solar thermal cooking technology is an ideal solution to numerous global challenges. Solar cooking allows
people to breathe cleaner air, reduces carbon dioxide and black carbon emissions, conquers waterborne
diseases, preserves habitats, increases safety and opportunities for women and children, and protects
biodiversity. Since human health, quality of life, and environments are affected by cooking fuel
choices, solar cooking offers a solution to the difficult choices many families make every day: whether to
buy fuel, or to buy food and meet other family needs. The sun’s free energy makes solar cooking a viable
clean and sustainable cooking solution for all who live where the sun shines.
A solar cooker is a device which uses the energy of direct sunlight to heat, cook food or pasteurize water.
The three most common types of solar cookers are box ovens, parabolic concentrators, and reflective-panel
cookers. Solar cookers use only solar energy for fuel, and hence have no ongoing costs, environmentally or
economically.
Solar Cookers International (SCI) connects collaborators in over 135 countries, with a mission to improve
human and environmental health by supporting the expansion of effective carbon-free solar cooking in world
regions of greatest need through advocacy, research, and strengthening the capacity of the global solar
cooking movement.
SCI has identified more than 3.3 million solar cookers worldwide, and estimates that those solar cookers
have directly, positively impacted over 11.8 million people. Based on post solar cooker distribution survey
data from SCI collaborator Friends of The Old (FOTO), it is estimated that one solar cooker can save one ton
of wood in a year. Using the California Air Resources Board Greenhouse Gas Inventory figure of 1.44
tonnes of CO2 emitted per ton of wood, SCI estimates use of those 3.3 million solar cookers will prevent
carbon dioxide emissions by 23 million metric tons over the life of the solar cookers. According to the
United States Environmental Protection Agency’s Greenhouse Gas Equivalencies Calculator, this is the
equivalent of not driving over 56 billion miles or not burning over 25 billion pounds of coal.
Solar cookers are especially beneficial in areas where wood, charcoal, and animal dung are traditionally used
as fuel. As reported (Martinez-Alier, 1995) it is estimated that in Asia, the Middle East, and Africa about 400
million tons of dung are burned per year and each ton implies the loss of 50 kg of cereal yield. When animal
dung can be used as fertilizer instead of fuel, cereal crop production can increase by 20 billion tons per

© 2019. The Authors. Published by International Solar Energy Society
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year. Using solar cookers reduces the need to burn dung for cooking, making possible an increase in the
cereal yield in many countries.

SCI Global Map of Solar Cookers

Data compiled by Solar Cookers International. Visit www.solarcookers.org to learn more
Government investment in solar cooking solutions has significant economic and environmental benefits.
According to the World Bank and the Institute for Health Metrics and Evaluation, the total global cost of air
pollution is roughly 1.6 trillion USD. Therefore, simple solutions such as solar thermal cooking that reduce
air pollution can save economies billions of dollars.

2. Advocacy
SCI is actively engaged in global discussions regarding scaling energy access, poverty alleviation, human
health, and environmental stewardship. SCI advocates with global leaders to ensure solar cooking is
recognized as a critical solution in achieving climate and health goals. To facilitate the sharing of best
practices and the scaling up of solar cooking, SCI engages a team of Global Advisors who provide subject
matter and regional expertise.
The annual High-Level Political Forum (HLPF) held at the United Nations in New York City each July is
one of SCI’s top advocacy opportunities to promote solar cooking. Since 2015, when the United Nations
established agenda 2030 and the 17 Sustainable Development Goals (SDGs), the HLPF became the
venue where member states deliver their Voluntary National Reviews (VNRs) to report their progress toward
accomplishing the SDGs. Solar cooking is a cross-cutting solution that can make a positive impact on all 17
SDGs; hence, SCI prioritizes advocacy at the HLPF to promote solar cooking among policy makers, to
encourage member states to include solar cooking in their VNRs, and to connect with high-impact partners
that can help scale solar cooking worldwide.
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SCI and collaborator Public-Private Alliance Foundation (PPAF) Executive Director Dr. David Stillman
hosted a shared exhibition space at HLPF 2018 and 2019. The SCI/PPAF exhibition displayed solar cookers,
a test station for SCI’s Performance Evaluation Process (PEP) (in 2018) and showcased the SCI/PPAF
collaborative efforts in Haiti for clean, sustainable solar cooking solutions. SCI’s advocacy team was
interviewed by UN News and other organizations, which helped amplify the messaging about the many
benefits of solar cooking and the importance of SCI testing solar cookers according to ISO standards.

SCI Associate Rose Bazile engaging government leaders about solar cooking’s positive impact on all 17
Sustainable Development Goals (SDGs) at the High-Level Political Forum
at the United Nations in New York.
Photo Credit: Alan Bigelow, Ph.D., SCI Science Director
In addition, SCI’s travel funds supported SCI Global Advisor Dr. Mrs. Janak Palta McGilligan to participate
at HLPF in 2017. She highlighted solar cooking as a critical energy solution based on her decades educating
rural Indian women about the benefits of solar cooking and empowering them with the ability to solar cook.
Local experts, especially women, are crucial in spreading this technology, because they speak the same
language, cook the same foods, understand the culture and available resources, and lead by example.
SCI’s travel funds also made it possible for Dr. Mrs. Janak Palta McGilligan and other SCI Global Advisors
to advocate for solar cooking at The Global Alliance for Clean Cookstoves Conference in New Delhi, India
in 2017. SCI amplifies solar cooking advocates’ voices around the world to leverage expertise and
experience.
Numerous examples of solar cooker innovations and institutional scale solar cooking exist in India. For
example, the 6th SCI World Conference 2017 was held in the state of Gujarat, India at the Muni Seva
Ashram, where solar concentrators are used for air conditioning and a roof-top solar steam cooking system at
the Ashram’s Green Campus school is used to prepare food for students and faculty. Solar cooking is a wellsuited solution for India because its population is large and growing; air pollution is considered hazardous in
some regions; and many people live in rural areas where there are challenges for accessing cooking fuel.

1609

C. Hughes et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

SCI Global Advisor Dr. Mrs. Janak Palta McGilligan.
Photo credit: Charley Cross, SCI Volunteer
SCI also advocated for solar cooking at the United Nations Climate Change Conference in Bonn, Germany
in November 2017 and Katowice, Poland in December 2018. Government leaders, such as those from South
Africa, Papua New Guinea, and Nigeria, examined SCI’s global data on solar cooking, and learned how their
country can increase the adoption of solar cookers.

SCI Press Conference with the World Health Organization at the United Nations Climate Conference,
raising awareness about the importance and effectiveness of solar cooking as a climate change solution.
Photo credit: 2018 United Nations Framework Convention on Climate Change
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SCI joined forces with Angeline Heine-Reimers, Energy Planner for the Republic of the Marshall Islands
(RMI) at the United Nations Climate Change Conference 2018 in Katowice, Poland. Solar cooking is
critically important and relevant in the RMI. Ms. Heine-Reimers spoke about the importance of solar
cooking at SCI’s press conference. She explained, “Climate change is not a future problem, it is impacting
the Marshall Islands right now….The land is disappearing with sea levels rising. We are experiencing
climate change impacts now. For small islands like mine, where you are associated with the land, your
identity is the land. Your culture is the land. If the land disappears, who are you as a person? That’s a very
scary thought to think about because it’s hard to imagine who you are without having your home. That is
why we are addressing climate change through many avenues, including solar cooking.”
Only 4 of the 20 main islands comprising the Marshall Islands have access to electricity, making this an ideal
place to harness solar energy for cooking and purifying water. With an abundance of sunlight and limited
access to electricity, solar cookers represent a clean and simple opportunity to improve the lives of many,
while limiting greenhouse emissions.

SCI Science Director Alan Bigelow, Ph.D., Energy Planner for the Republic of the Marshall Islands
Angeline Heine-Reimers, SCI Executive Director Caitlyn Hughes and SCI Board Treasurer Mike Paparian
advocating about the urgent need for more solar cookers at a United Nations Climate Conference press
conference in 2018.
The Solar Cookers International Board of Directors unanimously agreed to award the SCI Order of
Excellence to the Republic of the Marshall Islands for its commitment to solar cooking, as evidenced by
including solar cooking in its official plan to address climate change. SCI Board Member Dr. Peg Barratt
presented the Order of Excellence in Washington D.C. at the RMI Embassy to Ambassador Gerald Zackios.
Solar Cookers International encourages other countries to follow the Republic of the Marshall Island’s
leadership by including solar cooking in their official policies to address climate change.
Solar cooking is an effective mitigation and adaption solution for countries and communities to address
climate change. Of the 165 Nationally Determined Contributions (NDCs) or plans on how countries will
reduce emissions impacting climate change, 48 of them mention cooking or cookstoves. Somalia and the
Republic of the Marshall Islands specifically mention solar cooking as a solution in their plans. More
government leaders can include solar cooking in their national programs, policies, plans, and budgets to
address climate change and global challenges.
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Nationally Determined Contributions
(NDCs)

132

48

2

No mention of cooking
Mention cooking/cookstoves
Mention solar cooking *180 submitted as of Nov 2018

Countries’ plans to address climate change (NDCs)
and the opportunity for impact of solar cooking, as of November 2018.

3. Research
Solar Cookers International encourages the testing of solar cookers for the benefit of all – manufacturers,
consumers, and decision-makers in government and community-based organizations. SCI developed the
Performance Evaluation Process (PEP), to help everyone chose the best solar cooker for their needs. Just
like the miles-per-gallon performance specification for automobiles, people need to know the standard
cooking power for each solar cooker to make informed decisions. PEP measures the standardized cooking
power (in Watts) of different solar cookers. PEP test stations apply a protocol that harmonizes with
guidelines published by the International Organization for Standardization (ISO). SCI encourages everyone
in the solar cooking sector (manufacturers, customers, project managers, etc.) to utilize this resource to learn,
connect, and implement solar cooking. SCI’s global PEP testing centers empower communities with income
and knowledge and standardize comparison for solar cooker manufacturers on all continents. SCI has testing
centers in Lalitpur, Nepal; New York, USA; California, USA; and Nairobi, Kenya.
In addition to the SCI PEP testing center, SCI’s collaborations in Nepal exemplify best practices in natural
disaster preparedness and solar thermal cooking technology implementation. The opportunity for solar
cooking in Nepal is significant, since 80% of the people use firewood and farm residue for cooking fuel.
Nepalese collaborators have been leading solar cooking workshops for local groups, such as students, women
headed households, people with disabilities, elderly, and more. When communities know about a solution
such as solar cooking and have access to it and training before a disaster strikes, it increases their chances of
being able to effectively utilize it during and after a disaster or crises situation. SCI’s local Nepalese partners
exemplified this best practice before the 7.8 magnitude earthquake in Nepal in 2015.
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Nepalese woman solar cooking. Photo credit: SCI Global Advisor Julie Greene
This woman is one of many who benefited from solar cooking. She lives in sunny Machhegaon, Kathmandu
Valley, Nepal. As part of the 57% of the population in Nepal that lives on less than $2 per day, she earns
about $100 US each month to support her family of five. Her biggest expenses are cooking fuel ($30 a
month) and rice ($30 per month). This widow and breadwinner for a family of five started solar cooking in
February 2014. With the solar cooker, she cuts her monthly fuel costs in half—saving $15 per month which
she can use to buy more food for her family. She was already confidently using this solar cooker technology
to safely cook and pasteurize water before the earthquake struck and was therefore prepared in the aftermath.
Solar cooking is also an effective solution for her and her family to deal with the wood, liquid petroleum gas
(LPG), and kerosene fuel shortages resulting from political tensions and border trade restrictions. Solar
thermal cooking supports fuel independence.

4. Strengthening the Capacity of the Solar Cooking Sector
SCI has over 30 years of experience helping hundreds of collaborators worldwide share best practices to scale
up and meet the cooking-fuel demand of approximately 3 billion people who currently cook over open fires.
SCI is leading the effort to help people adapt to their changing energy-access needs in our rapidly shifting
world and adopt high-impact, financially sound strategies to successfully implement solar cooking.
SCI’s collaboration in Haiti is one such example. Haiti has a tremendous solar resource and is taking
advantage of it. SCI is collaborating with multiple organizations, such as the Public Private Alliance
Foundation, Solar C3ITIES, Solar Household Energy, Solavore, and several SCI Associates and supporters,
including Rose Bazile, RNC to advance solar cooking. SCI is working with these organizations to encourage
growing their social entrepreneurship from their home base and to develop curriculum for teaching clean,
sustainable cooking technologies. SCI has provided input on a solar cooking course being taught at the
Université Notre Dame D’Haiti UDERS De Hinche, Haiti. Solar Cookers International manages the world’s
largest online database of solar cooking information, the Solar Cooking Wiki (www.solarcooking.org), which
significantly contributed to the content of the course. The course contains topics such as local manufacture,
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best practices, and water pasteurization. With SCI knowledge resources, Ms. Bazile is educating nurses and
doctors at a local hospital while also training local women on solar cooking.
Another such example is Sperancea Gabone, a local and global champion of solar cooking from Tanzania,
where 98% of the wood used is for firewood and charcoal. The average Tanzanian household burns 4 tons of
wood a year for heating and cooking, but solar cooking changes that. Ms. Gabone has taught thousands of
people in her area about solar cooking. She has done multiple trainings and solar cookers distributions to
women in surrounding villages.

Tanzanian women with their locally produced solar box cookers, thanks to Solar Cookers International.
Photo credit: Sperancea Gabone, Macedonia Ministry
The solar cookers are produced locally, with local materials. Communities are empowered with the
knowledge and ownership of how to make and maintain solar cookers. Local production strengthens the
local economy and is more environmentally friendly than transporting large amounts of product over long
distances. This project incorporated complimentary technologies, including retained heat baskets (insulated
baskets to keep food hot) and WAPIs (Water Pasteurization Indicators). WAPIs show visibly when water
has reached pasteurization temperature and is safe to drink.
Ms. Gabone uses the Solar Cooking Adoption and Impact Survey, designed by SCI, to track fuel use and
savings with solar cooking. In the first ten months, thirty women reduced their total fuel usage by 1,955
bundles of wood (24% savings), 566 kilograms of charcoal (28% savings), 486 liters of kerosene (25%
savings), and 694 bags of crop waste (19% savings) with solar cooking. They saved five and a half million
Tanzanian Shillings ($2,438 USD), or 25%, of their fuel costs. The rate of smoke-related health problems,
for themselves and their families, dropped from 77% to 44% with solar cooking. In a second phase, savings
on fuel expenses were as high as 35% in certain months.
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Avg. monthly firewood
use

Fuel Savings for
30 Tanzanian Women with Solar Cookers

34%
savings

With solar cooking

772
bundles

512
bundles
Without solar cooking

SCI supports capacity development for collaborators such as Ms. Gabone to share information, develop best
practices, and strengthen and scale the activities of the solar cooking sector. SCI does this in many ways,
including events, webinars, conference calls, email and print publications, and more. For example, SCI
connected Ms. Gabone to a solar cooking partner in Uganda, who has a financially sustainable and scalable
solar cooking business. This empowers Ms. Gabone and other solar cooking collaborators with knowledge,
opportunities, resources, and connections to scale their solar cooking activities to help meet the demand of 3
billion people cooking over open fires who could benefit from solar cooking.

5. Conclusion
SCI shares a variety of resources to empower its collaborators and government representatives to further
solar cooking. SCI manages the Solar Cooking Wiki, the world’s largest online database of solar cooking
(www.solarcooking.org) with over 1,700 webpages of information and automatically translatable into 37
languages. It includes best practice guides on solar cooking training and project design; a by-country
directory of collaborators and solar cooking history; and up-to-date news and events.
Government leaders and communities can implement solar cooking to achieve sustainable solutions to global
challenges. Solar Cookers International connects government leaders to solar cooking information, resources
and local experts. Haiti, the Republic of the Marshall Islands, India, Nepal, and Tanzania are just a few
examples of how SCI works with local experts to grow this solution through advocacy, research and sector
capacity building. Solar cooking is a viable and effective solution to implement during this critical time for
the environment and world population. To connect with Solar Cookers International directly and learn more
about its work, please visit www.solarcookers.org.
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Abstract

A passive solar heat storage system for cooking is constructed and tested. The system is designed to convert
excess electricity to high temperature heat (about 240 degrees C) and store it for cooking applications at times
when needed. When electrical batteries are full, the Photo Voltaic (PV) power is directed to a heat storage. Wind
and hydro turbines can provide excess electricity in the same manner, through a diversion controller for a
battery. For the AC case, the heat storage can replace dump loads which are used to provide a constant load for
hydro or wind generators. The current tests are made with power from PV panels directly, without batteries,
using a dedicated load controller for the heating elements.
The system is based on oil as both a heat transfer and a storage medium. Care has been taken to make it as
simple as possible, in order for it to be produced and maintained in small work shops. The flow is gravity driven
and a mechanical thermostat valve controls the storage temperature. A prototype system and some cooking tests
are presented. The system is scalable and the main purpose of the prototype system is to replace fire wood with
solar energy for cooking at rural, off-grid locations (schools etc).

Keywords: solar heat storage, solar cooking, heat batteries, PV to heat, dump loading to cooking heat

1. Introduction
The number of people getting access to electricity is increasing, but the grid extension in rural areas of the
African continent will still take time (UNDP, 2018 and IEA, 2017). The slower electrification rate compared
with other regions is generally due to remoteness of locations, lack of infrastructure and non-economical grid
expansions (Chmiel and Bhattacharyya, 2015).
The International Energy Agency has reported in a forecast, that over half of the additional electricity demand
needed to meet the target of universal energy access, is expected to be provided through off-grid systems
(Mandelli et al. 2016a). Others have estimated that 2/3 of those gaining energy access in rural areas will do so
through an off-grid system powered by either hydro, wind, solar or a hybrid system (Mandelli at al. 2016b).
Electrical batteries, charged by Photo Voltaic (PV) panels, can provide power for households for low power
applications (light, refrigeration, cell phone charging etc), solar water heaters can provide hot water but power
for cooking is lacking for off grid households. Rural areas rely heavily on biomass for cooking (UNDP 2018,
Karekezi and Kithyoma, 2002), where wood and charcoal are the most commonly used fuels. The number of
people depending on biomass for cooking is also estimated to increase over the next 25 years (Cuce, 2013 and
Hammond, 2010).
Direct solar cookers, where a cooking device (concentrators, box cookers) is placed in the sun, have not gained
wide spread use. Heat storage technology for cookers is still largely missing, see the reviews by Mawire (2015),
Nkhonjera et al. (2017) and Sharma et al. (2009).
A long term university collaboration between several African universities and the Norwegian University of
Science and Technology has included development and testing of several methods for solar heat storage, such
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that cooking can be made after sunshine hours. Direct collection of solar heat with concentrators (parabolic dish
or troughs) is more energy efficient than indirect collection using PV panels and heating elements (PV
efficiencies are typically 10-15%). However, solar concentrators for delivering useful heat at about 240 degrees
C require solar tracking and a heat transfer loop between the absorber at the focal point and the heat storage.
This involves some precision in the construction of reflectors, solar trackers, controllers and pumps or fans for
both charging and discharging of the heat storage.
An indirect solar heat collection and storage system is presented here, where electrical power is converted and
stored as heat for cooking. The system which is tested is without electrical batteries, but the heat storage can be
just as well interfaced with general off grid power systems, both AC and DC systems. The heat storage then
offers an energy storage option such that excess power, from PV panels or from hydro or wind dump load
controllers, can be accumulated in the form of cooking heat.

2. System
A system has been designed and constructed under the following main requirement specifications:
•

The system should be robust and simple, requiring minimal maintenance and operational concerns.

•

The storage and cooking system should be fully mechanical, without sensors, pumps, motors, batteries,
controllers etc.

•

The system should be affordable and possible to produce locally in small work shops.

•

The system should be operationally safe and without environmental risks.

•

The system should be scalable.

•

The storage system should be possible to interface with PV systems (stand alone or with batteries) as
well as with hydro and wind dump load controllers.

The system is schematically shown in Figure 1 and has three main parts:
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Fig. 1

Schematic layout and picture of the solar heat storage system

Concept
Three tanks are stacked on top of each other. Each tank has an inner tank, with insulation between the inner and
the outer tank. The top tank holds cold oil and is connected to the middle tank which contains heating elements.
The flow from the top to the middle tank is governed by a mechanical thermostat immersed in the hot oil. As the
hot oil temperature reaches a threshold temperature, the thermostat valve opens for cold oil to enter the middle
tank. During the day, the hot oil level in the middle tank rises and keeps the threshold temperature (typically 240
degrees C).
Several applications can be positioned between the middle and the lower tank. The test system has a single
cooker, with about 10 liters capacity. Opening a valve gives a gravity driven hot oil flow through the cooker and
the residual oil ends up in the lower tank. The flow rate determines the power given to the cooking pot. The
prototype system has a cooker attached to the rack, but the cooker could also be located indoors, with oil pipes
through the wall.
At the start of the next day, or during the day if the cooker is in use, the residual oil in the lower tank is hand
pumped to the top tank, and ready to feed the middle tank according to the power on the heating elements.

Heat Storage Unit
The middle tank is the heat storage unit, containing high temperature oil. Palm oil was used in the test system,
but as the palm oil would tend to solidify at low temperatures, in particular after thermal cyclings, a synthetic
heat transfer oil would be preferable. Other edible oils have also been tested for high temperatures by Mawire et
al. (2014).
A constant temperature heat storage is desirable for cooking applications. This can be achieved by using a latent
heat system (Phase Change Material, PCM) and the “Solar Salt” nitrate mixture has a suitable melting point of
220 degrees C. A liquid sensible heat storage method can also be designed to give a constant outlet temperature
if a thermocline can be maintained in the storage. If hot oil is entering at the top of a vertical container, cold oil
will leave at the bottom. With careful operation, the top part remains separated from the cold part by a thermal
front. Hot oil similar to the inlet oil temperature can then be recovered by reversing the flow.
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As it can be difficult to maintain a sharp thermocline layer, and as a pump was to be avoided, we designed a
batch system based on separate storage tanks for the hot and cold oil.

Heating Module
The heating module consist of heating elements inserted into the middle storage tank and a mechanical
thermostat which opens for cold flow at a given pre-set temperature. The mechanical thermostat is based on a
bi-metal spring which expands with the temperature.

The heating elements must be designed according to the available power source. In the present tests, PV panels
were used for powering the heating elements directly. If a battery system is used, with an inverter to provide
constant AC voltage, then a single heating element can be applied, as the voltage level is fixed. For the case with
direct heating from PV panels, several heating elements with a load controller is useful, as the PV voltage will
drop during cloudy periods. Two heating elements were applied in the current tests, and Figure 2 shows the
power arrangements, including also power for an Arduino data logging module. The logging module is not
needed for the operation of the system but was included to monitor the system by logging temperature sensors to
a memory card.
The Power box includes the main switch and Mosfet power switches for the two heating elements, as controlled
by voltage set points in the Controller box. When the power produced from the PV panels pass a certain
threshold value, both heating elements are turned on by the controller board in order to utilize the available
capacity. In the same way, to obtain as much heat collection as possible, one of the heating elements was turned
off when the level dropped below the adjustable threshold voltage value.
6 PV panels were used in the test setup, giving two types of benefits. One is that voltage reaches values such
that standard 220 V heating elements could be used. The second is that the total power from the panels (up to
about 1.8kW) is sufficient to allow for immediate cooking, without the need to wait for hot oil accumulation in
the heat storage tank. The heat storage acts as a buffer, absorbing the excess cooking power in the form of a
rising hot oil level.

Figure 2 PV power module for the heating elements

Cooker Unit
The heat storage tank is designed to supply hot oil for both a cooker and a frying pan. In the current protoype,
only a cooker was installed.
In order to achieve an efficient heat transfer rate, the cooker was designed such that the cooking pan is in contact
with the hot oil coming from the hot oil tank, see Figure 3. This allows also the use of bulky cooking pots. Hot
oil comes from below and flows past the cooking pot from the centre and up some distance on the walls before
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leaving over an overflow and into an annulus draining slot.

Figure 3 Principle and picture of cooker with the flow of hot oil

3. Tests
PV Power on a cloudy day

Power (W)

Some tests were made in both full sun shine and in partly cloudy conditions. Figure 4 shows the recorded power
from the PV panels to the heating elements on a cloudy day. The fact that the power levels were significant even
without full sunshine also illustrated one benefit of using PV panels instead of solar concentrators; a
concentrator would give close to no power in the absence of direct sunshine.

1800
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Time
Figure 4 Recorded power from PV panels on a partly cloudy day

Boiling water
Figure 5 shows the temperature recordings during heating of 10 liters of water to the boiling point. The boiling
point was reached after about 13 minutes. This was made with a high oil flow rate, giving a high heat transfer
rate but also a high temperature of the oil leaving the cooker (about 150 degrees C). 2 liters of water was
likewise brought to cooking in 3.5 minutes, which was faster than an electrical boiler (7 minutes).
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Figure 5 Temperature recordings during heating of 10 liters of water to the boiling point

Cooking rice
Figure 6 shows the recording during cooking of 1 kg rice (about 10 portions). The rice was brought to boiling at
a higher oil flow rate, then the flow rate was adjusted to a minimum to keep the rice just simmering during the
cooking. The oil temperature in the storage tank was about 220 degrees C. During cooking, the oil leaves the
cooker with a temperature close to the boiling point, and ends up in the lower tank with slightly less temperature
due to thermal losses in the pipes and the lower tank.

Figure 6 Temperature recordings during cooking of 1kg rice

About 12 litres of oil was used for the boiling of the rice. The rice was over cooked, but nevertheless did not
stick to the bottom of the pan. The residual 12 liters of oil in the lower tank reduced its temperature from about
80 degrees C to about 45 degrees C during the night period. Figure 7 shows pictures of the cooking. The thermal
picture shows also high temperatures in the gap between the pot and the cooker wall.
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Figure 7 Pictures of cooking 1 kg rice

4. Conclusions
A solar energy system to store and provide solar cooking heat when needed has been built and tested in Arusha,
Tanzania. Palm oil was successfully used as both heat transfer medium and heat storage medium, but a synthetic
heat transfer fluid is expected to have better cycling behaviour. The oil was heated by directly connecting PV
panels to two heating elements in the oil, without the use of electrical batteries. A load controller successfully
routed the PV power to one or two elements according to the sun intensity.
A mechanical thermostat valve is able to control the accumulation of hot oil (about 240 degrees C) in a storage
tank. A gravity driven flow through a cooking unit was sufficient for controlling the time for heating of water
and for coking of rice. The cooker responds very quickly to the change in the hot oil flow rate.
The use of firewood or charcoal for cooking is discouraged in Tanzania, and the presented solar system can
provide a robust and affordable alternative. The system is mechanically simple and should be possible to be
produced and maintained by local workshops. The system is scalable and suitable for implementation at
institutions which have to provide daily cooking for many people (schools, hospitals, restaurants etc).
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Abstract

Solar cooking is an innovative development, harnessing solar energy for use in cooking food and pasteurization of
water to make it safe for drinking; however, commercially available solar cookers are at times prohibitively expensive
for many in the developing world. Furthermore, while open-source solar cooker designs are available, few have been
tested for thermal performance according to international standards. This research represents the first attempt to
investigate the cooking power of open-source solar cooker models in comparison with their commercial analogues.
Testing was performed on two open-source solar cooker designs—Parvati (Pardeshi, n.d.) and Fun Panel (Tan,
n.d.)—according to the ISO-recognized ASAE S580.1 (ASABE, 2013) protocol using Solar Cooker International’s
Performance Evaluation Process, and its results were compared with existing preliminary results for a selection of
commercial solar cookers. The outcomes demonstrated that the Fun Panel cooker outperformed the estimated
standardized cooking power (in Watts) of commercial reflective-panel solar cookers of similar size and design by
15.3%, while the Parvati cooker lagged behind its counterpart by 59.2%. The estimates were derived from
commercial cookers tested to date.
Keywords: Cooking, Renewable

1. Introduction
The United Nations has announced a list of seventeen Sustainable Development Goals in order to combat
socioeconomic issues such as poverty and world hunger; solar cooking encompasses aspects of all seventeen of these
goals and can help combat these issues (“United Nations Sustainable Development Goals,” 2018). A solar cooker is
a device that harnesses solar energy for cooking and pasteurization of water. Such cookers can offer a practical
solution to cooking-fuel challenges faced by those in developing nations; an inexpensive, well-designed cooker can
supplement the cooking energy needs for millions as well as contribute to a reduction in deforestation and the use of
fossil fuels and polluting fuels. The purpose of this study was to examine the viability of low-cost, open-source solar
cooker designs as an alternative to commercial designs for use in emerging markets.

2. Materials & Methods
Both the Parvati and Fun-Panel cookers were constructed from recycled cardboard, aluminum foil, and liquid
adhesive based on provided open-source design dimensions. The cookers were tested according to the ASAE S580.1
protocol automated by the Solar Cookers International (SCI) Performance Evaluation Process (PEP) test station in
Nyack, NY in November of 2018 (Figure 1). Statistical analysis was performed in Microsoft Excel and the
standardized cooking power (W) was determined for each solar cooker.

Fig. 1: Left: Fun-Panel; Center: PEP Test Station; Right: Parvati

© 2019. The Authors. Published by International Solar Energy Society
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2.1. Test Equipment
The SCI standard PEP test station (Bigelow 2017a, Table 1) was used for automated, real-time data acquisition for
wind speed, solar irradiance, geographic position, and ambient and cooking temperatures. Data were stored in a
space-delineated file on an SD card for subsequent post processing. Temperature and solar irradiance are the two
climatic parameters which are associated with the thermal testing of solar cookers. Their accuracy impacts the final
power measurement as per the ASAE S580.1 standard (TR-09.1, 2018; Purohit & Purohit, 2008). Test equipment
was calibrated prior to testing to avoid inaccuracies in the measuring instrument. Data acquisition occurred over the
course of one day. Recorded ambient temperature was lower than the recommended temperatures (between 20 and
35 degrees C) at an average of 17.22 degrees C during the test period.
Tab. 1: Test Equipment Comprising PEP Test Station

Electronics
platform

Weather-proof enclosure contains: Arduino Mega open-source electronics, LCD, and removable
SD card

Temperature

Type K thermocouples for measuring water and ambient temperatures. Typical reported accuracy
of ± 2.2 degree C or ±.75% (whichever is greater)

Wind Speed Anemometer (Adafruit, New York, New York, USA). Accuracy: Worst case 1 meter/s
Solar
Irradiance

SP-215 amplified pyranometer (Apogee Instruments, Inc., Logan, Utah, USA) mounted to a
horizontal, bubble-leveled plane, as suggested by the manufacturer. Sensitivity (4.0mV per W m2),
Calibration Factor (0.25 W m-2 per mV (reciprocal of sensitivity)), Calibration Uncertainty (± 5%)

Additional

Global Positioning System

2.2. Testing Procedure
The test procedure involves multiple steps. First, since the water load for a PEP test is dependent on the cooker’s
intercept area, it is necessary to calculate that area before the test begins. From the cooker’s maximum intercept area
and elevation angle, a trigonometric correction can be applied to determine the intercept area of the solar cooker for
the sun elevation angle on a specific test date and location. Since those values for the solar cookers were unknown,
a photographic approach was used to determine maximum intercept area. After determining the solar cooker
elevation angle using the relationship, elevation angle = arcsin (footprint / hypotenuse) (Bigelow 2017b, Figure 2),
photograph the solar cooker from a reasonable distance (to minimize spatial distortions) along a line parallel to the
solar cooker elevation angle. Then, with a graphics program, such as Microsoft PowerPoint, superimpose and tile
geometric shapes (with areas scaled according to size of cooker) over the entire intercept area and sum the areas of
those shapes to obtain the maximum intercept area. Finally, apply a trigonometric correction for the average sun
elevation angle for the test date.

Fig. 2: Simple diagram of solar cooker demonstrating footprint and hypotenuse

Graniteware was selected as the cookware for the testing process as it is commonly available worldwide and often
used for solar cooking. Feed-through thermocouple probes, each mounted to a hole drilled near the center of a
cookware lid to reduce thermal leakage during a test, were used. A further step required for a PEP test, as
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recommended by the ASAE S580.1 testing standard, was to load 7000 grams of water per square meter intercept
area using a scale to weigh the water load to the nearest gram. A leveling device was used to ensure a level surface
for the test and a consistent tracking time interval, of 20 minutes was set.
The following steps were followed for the testing process:










Position test station with pyranometer wire connector parallel to North / South compass direction.
Level the pyranometer using the bubble level on mount fixture.
Insert thermocouple plugs into sockets and ensure ambient probe is out of direct sunlight.
Insert test probes into pot lids securing with threaded nut.
Setup solar cookers and place test pot bottom in cooker.
Connect electrical power to test station.
Add pre-measured quantities of test water to cookers and cover with pot lids.
Launch the program to automate PEP data acquisition
Adjust cooker every 20 minutes to track the sun.

3. Results
Figures 3,4,5. show the wind speed, solar irradiance, and cooking and ambient temperature recorded during the test
period, respectively. The test was conducted between 11:00 and 13:00 solar time over a period of two hours. In spite
of the ambient temperature being below the recommended testing standard temperature, both cookers showed a
strong rise in temperature. Figure 6. shows the preliminary results for the standardized cooking power of the two
open-source cookers. The results for the Parvati cooker (parabolic) and Fun Panel cooker (reflective-panel) were
found to be 16.4 and 43.5 W, respectively. For comparison, the estimated standardized cooking power for the
selection of commercially available parabolic and reflective-panel cookers of similar size and design that have been
PEP tested to date are 40.2 and 37.7 W, respectively (“View Test Results,” 2017). The estimations were calculated
by linearly extrapolating the standard wattage results relative to intercept area of commercial parabolic and reflectivepanel type cookers.
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Fig. 4: Solar Irradiance Over Testing Time
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4. Discussion & Conclusion
The standardized cooking power for the open-source Fun Panel cooker was higher than that of the selected
commercial solar cookers of similar design and size, indicating its competitiveness. The standardized cooking power
of the Parvati cooker was found to be lower, suggesting that there exists possibility for design improvement.
Moreover, since the testing was conducted in New York in November, when the ambient temperature was lower than
the recommended range of between 20 and 35 degrees C, the preliminary results could have been impacted.
Furthermore, testing of the cookers over at least three days, as recommended by the ASAE S580.1 protocol, would
be necessary to improve the preliminary results of the standardized cooking power. Nevertheless, these preliminary
results of open-source designs according to testing standards prove that they could be an inexpensive alternative to
commercial solar cookers in emerging markets. The authors propose to extend the current study and also conduct
tests on other open-source cookers.
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Abstract

The introduction of renewable energy resources into electrical systems and productive processes is a unique
opportunity for the sustainable development of communities. Productive processes that use solar energy or
PSPs have been conceived to improve the quality of life of rural communities in the Arica & Parinacota region
in northern Chile. In this context, this work presents a novel approach for the incorporation of productive solar
solutions into Microgrid Energy Management Systems (MG-EMS). EMS minimizes overall operational costs
by means of coordinating MGs and PSPs. Therefore, there is a great opportunity in the inclusion of PSPs in
EMS and taking advantage of its benefits. The proposal incorporates the field experience of the research team
regarding solar energy solutions for rural communities in the north of Chile. In this study, multi-zone timevariant PSPs load models are developed based on the ZIP load model approach. The multi-zone ZIP load model
performance is analyzed and compared with a persistence method. The results show the benefits of using more
accurate models to capture the particular behavior of productive solar processes compared with a conventional
approach. The mean absolute percentage error for multi-zone ZIP (9.99 %) is lower than that of the persistence
method (20.41 %) compared with the active power load measured, resulting in the prevalence of the multizone ZIP load model. The improvement of MG-EMS performance will also benefit the power system operation
and planning.
Keywords - Microgrid, Energy Management System, Productive Solar Processes, Communities

Acronyms List
MG

: Microgrid

DER

: Distributed Energy Resources

EMS

: Energy Management System

GHG

: Greenhouse Gases

PSPs

: Productive Solar Processes

RES

: Renewable Energy Sources

MAPE

: Mean Absolute Percentage Error

RMSE

: Root Mean Square Error

Std

: Standard Deviation

Nomenclature
Parameters:
𝑉0

: Nominal voltage

𝑃0

: Nominal active power

𝑃𝑍𝐼𝑃,𝑅𝐸𝑆

: Active power of the electric heating resistances

𝑃𝑍𝐼𝑃,𝐹𝐴𝑁

: Active power of the electric fan

𝑍𝑃𝑅𝐸𝑆

: Constant impedance coefficient of the electric heating resistances
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𝐼𝑃𝑅𝐸𝑆

: Constant current coefficient of the electric heating resistances

𝑃𝑃𝑅𝐸𝑆

: Constant power coefficient of the electric heating resistances

𝑍𝑃𝐹𝐴𝑁

: Constant impedance coefficient of the electric fan

𝐼𝑃𝐹𝐴𝑁

: Constant current coefficient of the electric fan

𝑃𝑃𝐹𝐴𝑁

: Constant power coefficient of the electric fan

Variables:
𝑉(𝑡)

: Current voltage at time t

𝑃𝑍𝐼𝑃 (𝑡)

: ZIP active power consumption at time t

𝑍𝑃 (𝑡)

: Constant impedance coefficient at time t

𝐼𝑃 (𝑡)

: Constant current coefficient at time t

𝑃𝑃 (𝑡)

: Constant power coefficient at time t

𝑃̂ (𝑡)

: Estimated active power consumption at time t

𝑉̂ (𝑡)

: Ratio between current voltage and nominal voltage at time t

𝑃𝑍𝐼𝑃,0 (𝑡)

: Active power consumption of the ancillary services of the PSP at time t

𝛿𝑖 (𝑡)

: Contribution of the ancillary services in entire estimated power consumption at time t

(1 − 𝛿𝑖 (𝑡))

: Contribution of the PSP in entire estimated power consumption at time t

𝛽𝑖 (𝑡)

: Contribution of the electric resistances in the total PSP power consumption at time t

(1 − 𝛽𝑖 (𝑡))

: Contribution of the electric fan in the total PSP power consumption at time t

Ξ1𝑖 (𝑡), Ξ2𝑖 (𝑡),

: Estimated parameters of the total power consumption at time t

Ξ3𝑖 (𝑡), Γ𝑖 (𝑡)

1. Introduction
A microgrid (MG) is a quite appealing alternative for dealing with the challenges of integrating distributed
energy resources (DER) units -including renewable energy sources into power systems (Olivares et al., 2014).
On the other hand, due to decarbonization, the adoption of renewable energies by production processes has
grown in importance in recent years. Nowadays, productive processes are modeled as exogenous loads in MGs
and mainly through conventional models (e.g. estimates with time series) (Derakhshandeh et al. 2015).
However, productive processes are influenced by several variables (e.g. climate, temperature, etc.) and rational
decisions from the operators. Thus, there is still a challenge of capturing their behavior in the models is still a
challenge. The objective is MGs and productive processes to become coordinated by the Energy Management
System (EMS) to achieve an economical and safe operation.
In the specialized literature, there are several investigations regarding the introduction of MGs, particularly in
industrial productive processes. Li et al. (2016) conducted a research on the life cycle of energy use and
greenhouse gases emissions (GHG) of a conventional energy supply system and microgrids over an ammonia
plant located in central Inner Mongolia, China. The life cycle of energy use and GHG emissions of MGs are
assessed and compared to the existing fossil fuel-based energy system. Fang et al. (2018) presented a fuzzy
decision-based approach and a controller design method to address the dispatch of energy in offshore industrial
microgrids consisting of various forms of distributed generators (renewable sources and onsite diesel
generators) and a seawater desalination system.
Previous references mainly focus on industrial processes, however, there is no much evidence on researches
involving small-scale production processes for communities.
Most of the investigations published in the literature have utilized a constant power load model to represent
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electric load behavior. Constant power load models are considered to be independent of either voltage
variations or other exogenous variables.
The conventional constant power model might not be enough to represent the behavior of productive solar
processes (PSPs) on an accurate basis. Such conventional models do not consider the transition between
different operating zones during the running of PSPs, as each zone has its unique characteristics and active
elements.
Nowadays, the widely method used for load modeling is to consider as time-invariant combination of constant
impedance, constant current and constant power, known as ZIP load model (Bokhari et al., 2014; Hatipoglu et
al., 2012; Milanović et al., 2014). However, as load consumption varies with time due to the changes in
consumption behavior, the ZIP coefficients also should also change with time. In this work, multi-zone timevariant PSPs load models have been developed based on the ZIP load model approach. Additionally, PSPs
load models are incorporated into the EMS approach. The contribution of this proposal is tested by using recent
field experiences in Chile. The rest of the paper is structured as follows. In Section 2, a description of the
considered productive solar solutions is presented. The proposed methodology for PSPs integration into MGEMS is outlined in Section 3. Section 4 describes the proposed multi-zone ZIP load model for productive solar
processes. Section 5 presents the simulations and results, and finally, Section 6 provides some conclusions
based on this work.

2. Description of the Considered Productive Solar Solutions for
Communities
Productive processes that use solar energy or PSPs have been conceived to improve the quality of life of the
communities in the Arica & Parinacota region in northern Chile. Each of these productive processes are
described in more detail in the following subsections.
2.1. River shrimp farming through intensive use of solar energy for sustainable development of the town of
Camarones
The purpose is to encourage the farming of river shrimp and trout through intensive use of solar resources
throughout the execution of this project (see Fig. 1). For this, it is necessary to have water of adequate quality
for its use in aquaculture, based on a low energy consumption technology that enables the use of the abundant
local solar radiation both for energetic support and photochemical elimination of arsenic. Additionally, a
profitable, scalable and replicable business model will be developed, enabling the production of river shrimp
and trout in a sustainable manner, therefore boosting the socio-economic development of the towns of
Camarones, Taltape, and Maquita by improving the quality of life of their inhabitants (Ayllu-Solar, 2018a).

Fig. 1: River Shrimp Farming through an Intensive Solar Energy

2.2. Solar Energy for a Camelid Fiber Collection and Processing Centre
This project seeks to open up an opportunity for the inhabitants of the commune of General Lagos to a
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sustainable development and adding value to local livestock activity based on their traditional knowledge
through the intensive use of solar energy (see Fig. 2), also supporting them in the improvement of productive
processes and the enhancement of the livestock traditions and their cultural value (Ayllu-Solar, 2018a).

Fig. 2: Solar Energy for a Camelid Fiber Collection

2.3. Solar Energy Processing of Agricultural Products in Vítor and Chaca Valley
This project seeks to add value to the fruit and vegetable production on the valleys of Vítor and Chaca through
the implementation of a drying processing system that operates with solar energy (see Fig. 3). With this
infrastructure, it is expected that farmers can see their incomes increased and therefore improve their quality
of life (Ayllu-Solar, 2018b).

Fig. 3: Solar Energy Processing of Agricultural Products

It is expected that future microgrids will incorporate several PSPs like the ones described in this section. Thus,
the definition of a Microgrids as an electricity distribution system containing loads and distributed energy
resources that can be operated in a controlled, coordinated way, should consider increasingly the integration
of PSPs in a proper manner.

3. Proposed Methodology for PSPs Integration into MG-EMS
The authors (Palma-Behnke et al., 2013) presented an EMS that supplies conventional loads to the MG. On
the other hand, new solar solutions are a great benefit for communities. Therefore, there is a great opportunity
in the inclusion of PSPs in the EMS and taking advantage of its benefits. The EMS minimizes overall
operational costs while coordinating the MG and PSPs. Since the PSPs described in section 2 are susceptible
to exogenous variables, accurate models for capturing their behavior are required. There are two possible
operation scenarios for the PSP. The first is that the PSP operates autonomously without the need for
obtaining/delivering information to the EMS. The second scenario is that the PSP is subject to EMS
coordination to operate as a whole system. Fig. 4 summarizes the proposed scheme of PSP integration to the
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EMS. This integration allows both MG and PSPs to obtain economic benefits as the overall system is supplied
by the energy coming from the main grid when in low-priced electricity. Otherwise, the demand of the MG
and the PSPs is supplied by local sources (photovoltaic, storage, diesel generator).
Productive Solar Processes

Weather
information

Energy Management System
Forecast

PSP models

DER models

Optimization

Data analysis

Scheduling of
dispatchable units

Microgrid
Local information of
DERs and loads

Power flow
Measurements

PSP

Main Grid

DERs - Loads

Electricity prices

Fig. 4: Proposed Scheme for Productive Solar Processes Integration into the MG-EMS

In the following sections, the proposed scheme for the process described in section 2.3 is explained in detail.

4. Proposed Multi-Zone ZIP Load Model
for Vítor and Chaca Valley
4.1. Time-variant ZIP load model
As load consumption varies with time due to the changes in consumption behavior, the ZIP coefficients also
should also change with time. For example, a set of loads which are turned on at time 𝑡 might not remain on
at time 𝑡 + 𝑛, or a different set of loads should have to be turned on (Hossan et al., 2017). Thus, the timevariant ZIP load model (Hossan et al., 2017; Wang and Wang, 2014) is expressed as follows:
𝑉(𝑡) 2
)
𝑉0

𝑃𝑍𝐼𝑃 (𝑡) = 𝑃0 [𝑍𝑃 (𝑡) (

𝑍𝑃 (𝑡) + 𝐼𝑃 (𝑡) + 𝑃𝑃 (𝑡) = 1

𝑉(𝑡)
) + 𝑃𝑃 (𝑡)]
𝑉0

+ 𝐼𝑃 (𝑡) (

(eq. 1)
(eq. 2)

where 𝑃0 is the nominal power, at nominal voltage 𝑉0 , 𝑉(𝑡) is the actual voltage , the time-dependent
parameters 𝑍𝑃 , 𝐼𝑃 and 𝑃𝑃 represent the constant impedance, constant current and constant power, respectively.
4.2. Multi-zone PSPs load models
The characteristics of PSPs can be changed throughout the day, as they use solar energy to perform the
processes operation. Hence, three zones have been determined depending on the hour of the day and the solar
radiation. Fig. 5 shows the three zones considered for the PSPs.
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Fig. 5: PSPs Operating Zones Depending on Solar Radiation

Each of the three operating zones has different load model that determine the power consumption. In Zones I
and III, a set of electric resistances for heating plus an electric fan are active. In Zone II, there is a electric fan
to maintain the temperature of the productive process. Due to the solar radiation contribution, the electric
resistances are not required for the productive process in Zone II. The constants for the heater and the fan are
found in (Bokhari et al., 2014). The load models of the three zones in Fig. 5 are given by eq. 3 – eq. 5.
•

Zone I

𝑃̂ (𝑡) = 𝑃𝑍𝐼𝑃,0 (𝑡) + 𝑃𝑍𝐼𝑃,𝑅𝐸𝑆 + 𝑃𝑍𝐼𝑃,𝐹𝐴𝑁
•

(eq. 3)

Zone II

𝑃̂ (𝑡) = 𝑃𝑍𝐼𝑃,0 (𝑡) + 𝑃𝑍𝐼𝑃,𝐹𝐴𝑁
•

(eq. 4)

Zone III

𝑃̂ (𝑡) = 𝑃𝑍𝐼𝑃,0 (𝑡) + 𝑃𝑍𝐼𝑃,𝑅𝐸𝑆 + 𝑃𝑍𝐼𝑃,𝐹𝐴𝑁

(eq. 5)

where,

𝑃𝑍𝐼𝑃,0 (𝑡)

active power of the ancillary services of the PSPs [kW]

𝑃𝑍𝐼𝑃,𝑅𝐸𝑆

active power of the electric heating resistances [kW]

𝑃𝑍𝐼𝑃,𝐹𝐴𝑁

active power of electric fan [kW]

4.3. Tuning up of multi-zone PSP model parameters
Once defined the three operating zones of the productive process, the parameters of the corresponding models
shall be identified. Since operating conditions change from one zone to another, and from one time to another,
a set of tuples of parameters (one per hour) was identified for each model of each zone. For instance, Zone II
that goes from 10:00 to 17:00 hours, has a set of nine tuples of parameters. According to equations (3)-(5), the
models for Zones I and III have the same structure whereas the model for Zone II does not have the contribution
𝑉(𝑡)
of the electric resistance. Then it can be defined 𝑉̂ (𝑡) = ( ). Hence, from equation (1), any ZIP model can
𝑉0

be expressed as:

𝑃𝑍𝐼𝑃 (𝑡) = 𝑃0 [𝑍𝑃 (𝑡)𝑉̂ 2 (𝑡) + 𝐼𝑃 (𝑡)𝑉̂ (𝑡) + 𝑃𝑃 (𝑡)]
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Let
𝜆0 (𝑡) = {𝑍𝑃0 (𝑡), 𝐼𝑃0 (𝑡), 𝑃𝑃0 (𝑡)},
𝜆𝑅𝐸𝑆 (𝑡) = {𝑍𝑃𝑅𝐸𝑆 (𝑡), 𝐼𝑃𝑅𝐸𝑆 (𝑡), 𝑃𝑃𝑅𝐸𝑆 (𝑡)},
and
𝜆𝐹𝐴𝑁 (𝑡) =
{𝑍𝑃𝐹𝐴𝑁 (𝑡), 𝐼𝑃𝐹𝐴𝑁 (𝑡), 𝑃𝑃𝐹𝐴𝑁 (𝑡)} denote the set of parameters of the corresponding models
𝑃𝑍𝐼𝑃,0 (𝑉̂ (𝑡), 𝑡; 𝜆0 (𝑡)), 𝑃𝑍𝐼𝑃,𝑅𝐸𝑆 (𝑉̂ (𝑡), 𝑡; 𝜆𝑅𝐸𝑆 (𝑡)), and 𝑃𝑍𝐼𝑃,𝐹𝐴𝑁 (𝑉̂ (𝑡), 𝑡; 𝜆𝐹𝐴𝑁 (𝑡)), where the notation 𝑓(𝑥; 𝑦)
indicates that the function 𝑓() depends on 𝑥 with a set of parameters 𝑦. Let 𝑃̂ (𝑡) be the estimated power at
time 𝑡. 𝑛𝑖 denotes the number of hours of zone 𝑖, 𝑖 = 𝐼, 𝐼𝐼, 𝐼𝐼𝐼. Then, the set of tuples of parameters of each
zone is determined through the solution of the minimization problem (eq. 7), where 𝑍𝑖 is the 𝑖-th zone.

𝑚𝑖𝑛

𝜆0𝑖 (𝑡),𝛿𝑖 (𝑡),𝛽𝑖 (𝑡)

2
𝑖
∑𝑛𝑡=1
(𝑃𝑖 (𝑡) − 𝑃̂𝑖 (𝑡))

(eq. 7)

Subject to:
𝑃̂𝑖 (𝑡) = 𝛿𝑖 (𝑡)𝑃𝑍𝐼𝑃,0𝑖 (𝑉̂ (𝑡), 𝑡; 𝜆0𝑖 (𝑡))
+(1 − 𝛿𝑖 (𝑡)) [𝛽𝑖 (𝑡)𝑃𝑍𝐼𝑃,𝑅𝐸𝑆𝑖 (𝑉̂ (𝑡), 𝑡; 𝜆𝑅𝐸𝑆𝑖 (𝑡)) + (1 − 𝛽𝑖 (𝑡))𝑃𝑍𝐼𝑃,𝐹𝐴𝑁𝑖 (𝑉̂ (𝑡), 𝑡; 𝜆𝐹𝐴𝑁𝑖 (𝑡))]

0 ≤ 𝛿𝑖 (𝑡) ≤ 1
0 ≤ 𝛽𝑖 (𝑡) ≤ 1
𝑍𝑃0𝑖 (𝑡) + 𝐼𝑃0𝑖 (𝑡) + 𝑃𝑃0𝑖 (𝑡) = 1
Note that in (eq. 7) the parameters 𝑃𝑍𝐼𝑃,𝑅𝐸𝑆 (𝑉̂ (𝑡), 𝑡; 𝜆𝑅𝐸𝑆 (𝑡)) and 𝑃𝑍𝐼𝑃,𝐹𝐴𝑁 (𝑉̂ (𝑡), 𝑡; 𝜆𝐹𝐴𝑁 (𝑡)) were not
included as decision variables into the minimization problem. This ought to the fact that these parameters are
known, and only their contribution 𝛽𝑖 (𝑡) to the total power demanded was considered. Furthermore, estimated
power was divided into two components, namely, ancillary services and power demand of the productive
process itself. In (eq. 7), the contribution 𝛿𝑖 (𝑡) of each type of demand was also included as a decision variable
in order to determine which part of the estimated power corresponds to which type of power demand.
In order to solve the minimization problem (eq. 7), the expression for 𝑃̂𝑖 (𝑡) shall be expanded. By performing
the corresponding computations, the estimated power at each time 𝑡 for a zone 𝑖 can be written in a matrix
form (eq. 8), with Ξ1𝑖 (𝑡) = Λ𝑖 (𝑡)𝑍𝑃0𝑖 (𝑡), Ξ2𝑖 (𝑡) = Λ𝑖 (𝑡)𝐼𝑃0𝑖 (𝑡), Ξ3𝑖 (𝑡) = Λ𝑖 (𝑡)𝑃𝑃0𝑖 (𝑡), Γ𝑖 (𝑡) = 𝛿𝑖 (𝑡)𝛽𝑖 (𝑡),
and Λ𝑖 (𝑡) = 𝛿𝑖 (𝑡)𝑃0𝑖 (𝑡). The parameters 𝑎𝑖 (𝑡), 𝑏𝑖 (𝑡), 𝑓𝑖 (𝑡), and 𝛩𝑖 (𝑡) involve products of parameters
𝑃𝑍𝐼𝑃,𝑅𝐸𝑆 (𝑉̂ (𝑡), 𝑡; 𝜆𝑅𝐸𝑆 (𝑡)) and 𝑃𝑍𝐼𝑃,𝐹𝐴𝑁 (𝑉̂ (𝑡), 𝑡; 𝜆𝐹𝐴𝑁 (𝑡)), with the voltage variable 𝑉̂ (𝑡). Since all these
parameters and variables are known, and as these products do not involve the decision variables of the
minimization problem (eq. 7), they can be computed based on historical data and/or on the current
measurement of 𝑉̂ (𝑡). Therefore, they are constant for the minimization problem although these terms are
time-dependent.

1 0
𝑃̂𝑖 (𝑡) = [𝑉̂𝑖2 (𝑡) 𝑉̂𝑖 (𝑡) 1] [0 1
⏟0 0
⏟

Ξ1𝑖 (𝑡)
Ξ2𝑖 (𝑡)
0 𝑎𝑖 (𝑡) −𝑎𝑖 (𝑡)
0
Ξ (𝑡)
0 𝑏𝑖 (𝑡) −𝑏𝑖 (𝑡)
0 ] 3𝑖
+ 𝛩𝑖 (𝑡)
𝛽𝑖 (𝑡)
1
0
0
𝑓𝑖 (𝑡)
𝛤𝑖 (𝑡)
𝐴̅𝑖 (𝑡)
[⏟𝛿𝑖 (𝑡) ]

𝐴𝑖 (𝑡)

Consequently, the minimization problem becomes:

(eq. 8)

𝑥̂𝑖 (𝑡)

2

𝑚𝑖𝑛‖𝑃⃗𝑖 − 𝐴𝑖 𝑥̂𝑖 − 𝛩𝑖 ‖𝑄
Subject to:

𝑥̂𝑖

𝑖

(eq. 9)

Ξ1𝑖 , Ξ2𝑖 , Ξ3𝑖 ≥ 0
0 ≤ 𝛿𝑖 ≤ 1
0 ≤ 𝛽𝑖 ≤ 1
0 ≤ Γ𝑖 ≤ 1
where, with abuse of notation, 𝑃⃗𝑖 = [𝑃𝑖 (1), … , 𝑃𝑖 (𝑛𝑖 )]𝑇 , 𝑥̂𝑖 = [𝑥̂𝑖 (1), … , 𝑥̂𝑖 (𝑛𝑖 )]𝑇 , 𝛩𝑖 =[𝛩𝑖 (1), … , 𝛩𝑖 (𝑛𝑖 )]𝑇 ,
𝐴𝑖 = 𝑑𝑖𝑎𝑔(𝐴𝑖 (1), … , 𝐴𝑖 (𝑛𝑖 )), and 𝑄𝑖 > 0 a positive definite matrix, often a diagonal matrix where all its
elements are greater than zero. The minimization problem (eq. 9) is a quadratic programming problem that can
be solved with any commercial tool available. However, it must be checked whether the Hessian is positive-
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or negative-definite to verify the convexity of the optimization problem. Due to matrix structure 𝐴̅𝑖 (𝑡) in (eq.
8), the resulting Hessian matrix may have both positive and negative eigenvalues. Therefore, a saddle-point is
the optimal solution and thus, adequate algorithms shall be used to obtain a numerical solution of (eq. 9).
Nevertheless, there are several available tools that are capable of dealing with this issue and allow an efficient
finding of saddle points in a finite number of steps (i.e., they have ensured convergence towards the optimal
solution). The application of the proposed method to an actual case study is explained below.

5. Simulation and Results
In this section, actual measurements data from a Huatacondo MG are used for assessing the proposed method.
Simulations are run using the MatLab simulation software (MathWorks, 2016). In order to assess the
performance of the proposed multi-zone ZIP load model, it is compared with the results of a persistence method
considering the data measured a week ago (Coimbra and Pedro, 2013).
We assume that the total consumption of the Huatacondo MG consists of a residential load (ancillary services)
and an industrial load (PSP). According to section 4.2, three operating zones were determined to perform the
parameter estimation and proposal validation.
After solving the optimization problem in (eq. 9), the following results considering a 24-hour period were
obtained with actual active power consumption data. Fig. 6 shows an actual active power load profile (Pmeas),
the resulting load profile by using a multi-zone ZIP load model (Pest), and the load profile by using the
persistence method (Ppers). In addition, we can see that the point-to-point squared error and the absolute error
of the Pest are lower than Ppers errors, except from hour 15 where Ppers errors are lower than Pest. This can
be explained as shown in Fig. 7, where it can be observed that in hour 15, the voltage used for parameter
estimation is lower than the voltage measured. Thus, this variation produces the error to increase in hour 15.
Despite this, Fig. 6 shows that proposed multi-zone ZIP load model can be used for other input data.

Fig. 6: Comparison of Measured Active Power (Pmeas), Estimated Active Power (Pest) and Persistence Method (Ppers),
Squared Error and Absolute Error
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a)

b)

Fig. 7: a) Historic Active Power (Phist) and Measured Active Power (Pmeas), b) Historic Voltage (Vhist) and Measured Voltage
(Vmeas)

Tab. 1 shows prediction errors of the multi-zone ZIP load model and the persistence method, considering the
following performance indexes: mean absolute percentage error (MAPE), root mean square error (RMSE) and
standard deviation (Std). Performance indexes depict that the performance of the multi-zone ZIP load model
is better than the persistence method. For instance, the mean absolute percentage error for multi-zone ZIP (9.99
%) is lower than that of the persistence method (20.41 %) compared with the measured active power load. In
addition, the RMSE for multi-zone ZIP load model (0.63) is much less than that related to the persistence
method (1.14) which results in the prevalence of the multi-zone ZIP load model.
Tab. 1: Prediction Errors

Multi-zone ZIP model

Persistence model

MAPE [%]

9.99

20.41

RMSE

0.63

1.14

Std

0.36

0.99

Finally, Fig. 8 shows the load demand composition found by the estimator. It can be observed that
approximately 56% of total measured consumption corresponds to ancillary services (Anc), while
approximately 44% corresponds to industrial consumption (Ind). It can be noted that around 60% corresponds
to heating (Res) and 40% to ventilation (Fan). These results are according to such productive process
considered where a electric fan was expected to be active in the three zones, while heating resistances were
active only in Zone II.
a)

b)

Fig. 8: a) Total Load Consumption Composition (Ancillary (Anc) plus Industrial (Ind)) and Industrial Load Composition
(Heating (Res) plus Ventilation (Fan))
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6. Conclusions
In this paper, a multi-zone load modeling technique has been developed for PSPs incorporated in an extended
ZIP load model. Due to dynamic behavior of the load consumption, the time-dependent ZIP load model has
been used to develop the PSP load models. The multi-zone ZIP time variant load model has allowed us to
capture and to represent the PSP’s electric load consumption profile. This improvement can impact the
performance of the MG-EMS based on a better forecasting of the load behavior. To show the prevalence of
the proposed method, the multi-zone ZIP load model performance has been analyzed and then compared with
a persistence method. Simulations were performed by using the actual data from a PSP located in the north of
Chile. The results have shown that the proposed load modeling approach can provide accurate results compared
with the conventional models. The mean absolute percentage error for multi-zone ZIP (9.99 %) is lower than
that of the persistence method (20.41 %) compared with the measured active power load which shows the
prevalence of the proposed approach. The improvement of MG-EMS performance will also benefit the power
system operation and planning. Future research work will consider the generalization of the methodology for
several feasible PSPs in the form of a repository of models and propose an online update of estimated
parameters.
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Abstract
In this paper, a method for optimal sizing and performance prediction of a solar pump-pipe-storage system is proposed.
The solar-pumping-system components namely, the pump; solar photovoltaic array; pumping mains and the water
storage are sized in an integrated approach. The method develops a flow-power function, which comprehensively
takes into account the time-step variation of solar irradiance and its effect on the pump system flow-rate and total
dynamic head. The flow-power function expresses the flow output of the solar pumping system as a function of the
time-step variation of the photovoltaic array power output, for a given pump and pipe size. Especially for long
pumping mains, the PV array power required to deliver a specified daily volume of water reduces significantly as the
pumping main pipe diameter is increased. Depending on the relative specific costs of PV array and pipe, an
economically optimum combination of these two system components, which delivers the desired daily volume of
water at the least cost of pumping, can be arrived at. Applying a time-step balance of the hourly pump flow output
with the hourly water demand, also enables a more exact estimation of the required balancing storage, through the
mass-balance-curve approach. The method proves to be a significant improvement to the traditional simplified
approach of sizing solar pumping systems. It can result in significantly reduced unit cost of pumping and reduced cost
of storage. In the present case study, the required PV array power was reduced by 20% and the required water storage
capacity reduced by 50% when compared to their respective values prescribed by the traditional sizing method.
Keywords: solar pumping systems, optimal sizing, dynamic variation, flow-power function, least cost of pumping

1. Introduction
With the advent of solar pump technology, it is now possible to use the sun‘s energy for pumping water for smallscale irrigation, sanitary water supply, live-stock watering and other applications, thereby displacing the need to use
conventional electricity or diesel pumps and thereby improving livelihoods for communities living off-grid. Since the
price of photovoltaic (PV) modules has reduced by 80% and that of petroleum fuel has increased by 250% in the past
decade, Foster and Cota, 2014, solar pumps can now easily be more cost-effective than diesel/gasoline powered
pumps- the conventional technology for off-grid water pumping. In addition, particularly for irrigation and live-stock
watering applications, solar pumping has a natural synergy with water demand; there is more water demand during
the sunny dry season when solar radiation for pumping water is also more available. Zimbabwe receives abundant
sunshine (an annual average of 5.6 to 7.1 kWh/day), which is ubiquitously distributed over the country, Hove et al,
2014, yet 75 % of the rural population in not connected to the grid. The scenario described above situation makes the
country (Zimbabwe) an ideal market for solar pumping.
A solar water pump system is a fairly simple structure and typically consists of a water pump (submersible or surface
pump), control electronics (for protecting the pump and controlling speed of the pump), solar panels and waterconveyance pipes. Most solar water pump systems do not use expensive electro-chemical storage batteries but instead
use water storage tanks for storing energy. However, the sizing and performance prediction of the solar pump-pipe
system is a not-so-straightforward exercise, since the stochastic behaviour of the PV-energy-driving weather elements
(the solar radiation and ambient temperature) as well as the specific empirical response of pump-pipe system
performance to changes of these elements need to be expertly managed. Several simulation programs have been
developed by researchers for the performance prediction of the PV water pumping system based on solar radiation
data of a location which are found to be sufficiently accurate in evaluating the actual performance of solar pumps.
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These combined with optimization sizing techniques developed have resulted in the selection of various components
and refinement of PV pumping technology by the manufacturers (Chandel et al, 2015).
In this study another solar water pumping system optimization method is proposed. The method is based on developing
flow-power functions from the empirically tested solar pump data, which are able to more accurately account for timestep response of pump flow output to variation of meteorological conditions at a given site. This way the designer of
the solar water pumping system is able to predict the time-step flow output of the pump and therefore be able to size
the required system components (PV array, pumping main and water storage) more economically than some
previously used performance prediction models (Benghanem et al, 2018; Khan et al, 2012), and system optimization
models (Hamidat and Benyoucef, 2008; Odeh et al, 2006; Bakelli et al, 2011).

2. Problem Definition
Solar pump manufacturers often provide laboratory measured performance characteristics of the pump such as shown
on Fig.1 for a Lorentz PS21k2 CS-F42-40 solar surface pump (Chandel et al). The pump characteristic curves show
the variation of the pump flow rate (Q) in response to the variation of power supplied by the PV array (Ppv) for a given
(constant) total dynamic head (TDH). In this format, the pump data is not useful enough to enable the prediction of
pump performance, given that the PV power varies with time of the day causing the flow rate to vary, which in turn
cause the total dynamic head to vary depending on the material, diameter and length of the pipe line. Therefore, for
accurate sizing and output prediction of the solar-powered pump-pipe system, a special empirically-driven approach
is required, which takes into account the time-step variation of the response of TDH and flow rate to available solar
radiation availability. The pumping system sizing and performance prediction should take into account the time-step
variation of the flow-rate and total dynamic head, depending on the pumping main diameter and length being
considered. Another advantage of knowing the time-step flow variation is that the water storage reservoir capacity can
be determined more accurately and economically using mass balance, if the diurnal variation of water consumption is
known.

Fig 1: Pump Chart for Lorentz PS21k2 CS-F42-40 solar surface pump

The approach used in this paper is to derive empirical pump-specific functions of the time-step response of operating
flow and head conditions to solar PV array power output (a function of solar irradiance and ambient temperature), for
specified elevation head, pumping distance and pipe specifications. For the purpose of demonstrating the processes of
this approach, a hypothetical case-study solar powered pump-pipe system, whose salient features are given on Tab.1,
is studied. The system is required to pump 250 m3/day of potable water for a rural service centre located in Zimbabwe.
A Lorentz PS21k2 CS-F42-40 has been proposed using a rough selection table from a local Lorentz partner with the
design flow calculated by dividing daily water requirement with location peak sunshine hours. However, the most
cost-effective combination of diameter of PVC pipe, power rating of the PV array and storage size, has to be decided
on. It is also required to find out if the selected pump can deliver daily water requirements. The monthly average water
delivery performance of the system over the year is also required and so is the unit cost of pumping water.
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Tab.1: Description of pump-pipe system

Item
Location
Average daily water demand
Static Head
Pumping distance
Pumping main
Pump Type

Description
Binga, Zimbabwe. Latitude -17.67; Longitude 27.46
250 m3/day
40 m
2000 m
PVC, diameter range 90 mm; 110 mm; 125 mm to 140 mm
Lorentz PS21k2 CS-F42-40 solar surface pump, Maximum PV power = 21 kW

3. Solar Pump Flow-Power Functions
The proposed procedure for deriving the functions that relate the solar pump flow rate to the PV power available is as
outlined below.
Step 1: Deriving Iso-Power Head-Flow (H-Q) Pump Curves
The speed of the solar pump varies as the PV power supply level (voltage) varies. Therefore, as many head-flow (HQ) pump curves as there are levels of power supply can be defined. For each selected PV power supply level on Fig.
1, a pump H-Q curve can be defined by reading corresponding pairs of H and Q values and then fitting a best-fit curve
relating H and Q. The H-Q relationship is of the form:
𝐻𝑝𝑢𝑚𝑝 = 𝑝2 𝑄2 + 𝑝1 𝑄 + 𝑝0

(eq.1)

In eq.1, 𝐻𝑝𝑢𝑚𝑝 [m] is the pump head at a flow rate Q [m3/hr], 𝑝0 , 𝑝1 and 𝑝2 are the pump-specific regression
coefficients given in Tab.2 for corresponding PV power of Fig.1 and Q [m3/hr] is the flow rate. The H-Q curves
(downward sloping curves) are plotted on Fig. 2(a).
Tab.2: H-Q regression coefficients for Lorentz PS21k2 CS-F42-40 pump

PV Power (kW)
𝑝2 [hr2.m-5]
𝑝1 [hr.m-2]
𝑝0 [m]

2
0
-1.00
40

3.4
-0.0064
1.336
59.63

5.2
-0.0011
-1.306
79.9

7
0.0012
-1.562
99.2

9
-0.0027
-1.472
115.2

11
0.0016
-2.099
146.5

13
-0.005
-1.799
160.4

15
0
-3.064
223.6

Step 2: System Resistance Curve
Together with the pump H-Q curves, the system resistance (TDH) is also plotted on Fig. 2(a). The total dynamic head
is given by:
𝑇𝐷𝐻 = 𝐻0 + ℎ𝐿

(eq. 2)

The components of eq.2 i.e. TDH represents the total dynamic head of the pump, 𝐻0 is the static head and ℎ𝐿 (friction
and abrupt losses). For a long pipeline, the abrupt losses tend to be minor and may be neglected, and the friction loss
ℎ𝑓 is conveniently calculated for each flow rate by the Hazen-Williams formula, Walski, 2006, as given in eq. 3.
𝐷 0.63 0.54
𝑉 = 0.85 𝐶 ( )
𝑆
4

(eq. 3)

In eq.3, V [m/s] , is the flow velocity, D[m]is the pipe diameter of the pumping main, Q[m3/s] is the volumetric flow
rate, C is the Hazen-Williams coefficient (C = 110 for the pipes considered in this study) and S is the Slope(ratio of
frictional loss to the length of the pumping main). The total dynamic head 𝑇𝐷𝐻 is also plotted on Fig 2(a) (upward
sloping curves) for a static head of 40 m and pumping distance 2000 m, and for 90, 110, 125 and 140 mm diameter
PVC pipes, respectively. The total dynamic head 𝑇𝐷𝐻 can be expressed in quadratic equation of the form:
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𝑇𝐷𝐻 = 𝐻0 + ℎ1 𝑄 + ℎ2 𝑄2

(eq. 4)

In eq. 4, ℎ1 and ℎ2 are system coefficients and other components have the meaning as defined above. The values of
the system coefficients for the presently studied pipe diameters and pumping distances are all given on Tab.3.
Tab.3: Coefficients 𝐡𝟏 and 𝐡𝟐 for a 2000 m PVC pumping main

Pipe Diameter [mm]
ℎ1 [hr.m-2]
ℎ2 [hr2.m-5]

90
0.381
0.0557

110
0.145
0.021

125
0.081
0.0111
6

250
H-Q 5.2 kW
H-Q 9 kW
H-Q 13 kW
Hsyst 90 mm

200

H-Q 7 kW
H-Q 11 kW
H-Q 15 kW
Hsys 110 mm

5

Pump Cut-off Power [kW]

Total Dynamic Head TDH [m]

140
0.0256
0.0086

150
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0
0
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Fig.2 (a): Pump H-Q curves (downward sloping) and system curves

Static Head [m]
Fig.2 (b): Minimum PV power required to start the pump the

(upward sloping) for 4 different pipe diameters.

(PS21k2 CS-F42-40 solar pump as a function of the static head.

Step 3: Deriving the operation flow-head-power functions of the solar pump
The intersection of the 𝐻𝑝𝑢𝑚𝑝 and 𝑇𝐷𝐻 curves defines the operating flow rate 𝑄𝑜𝑝 and operating head 𝑇𝐷𝐻𝑜𝑝 for the
pump when connected to the respective pipe line diameters of the previously specified length. 𝑄𝑜𝑝 and 𝑇𝐷𝐻𝑜𝑝 can
be read from Fig 2 or they may be obtained analytically as the simultaneous solution of eq.1 and eq. 4 that is:
𝑄𝑜𝑝 = 𝑀𝐴𝑋 [0,

(ℎ1 −𝑝1 )±√(𝑝1 −ℎ1 )2 −4(𝑝2 −ℎ2 )(𝑝0 −𝐻0 )
2(𝑝2 −ℎ2 )

]

𝑇𝐷𝐻𝑜𝑝 = 𝐻0 + ℎ1 𝑄𝑜𝑝 + ℎ2 𝑄𝑜𝑝 2

(eq.5)
(eq.6)

In eq.5 and eq.6, T𝐷𝐻𝑜𝑝 is the total dynamic head at operating point and 𝑄𝑜𝑝 is the operating flow rate. Finally, the
operating flow rate 𝑄𝑜𝑝 is correlated with the PV power, 𝑃𝑃𝑉 , by pairing each 𝑄𝑜𝑝 with the corresponding 𝑃𝑃𝑉 , read
from Fig 2. The 𝑃𝑃𝑉 − 𝑄𝑜𝑝 correlation function is logarithmic and parametric with pipe diameter. It is of the form:
𝑄𝑜𝑝 =𝑞1 ln(𝑃𝑃𝑉 )−𝑞𝑜
𝑄𝑜𝑝 =0

𝑓𝑜𝑟 𝑃𝑃𝑉 ≥𝑃𝑂𝐹𝐹
𝑓𝑜𝑟 𝑃𝑃𝑉 <𝑃𝑂𝐹𝐹

(eq.7)

In eq.7, 𝑃𝑜𝑓𝑓 is the minimum PV power which can make the pump start running. This minimum power is plotted as
a function of the static head in Fig. 2(b) for the Lorentz PS21k2 CS-F42-40 solar pump. Subsequently, the wire-water
operation efficiency of the solar pumping system for each PV power (a function of collected solar radiation, PV solarelectricity conversion efficiency and PV array size) is obtained as in eq. 8 with parameters as described above:
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𝜂𝑝𝑢𝑚𝑝 =

𝜌𝑔𝑄𝑜𝑝 𝑇𝐷𝐻𝑜𝑝
𝑃𝑃𝑉

(eq.8)

4. Modelling the PV Power Output
As shown in the preceding section, the solar pump performance outputs 𝑄𝑜𝑝 , 𝑇𝐷𝐻𝑜𝑝 and 𝜂𝑝𝑢𝑚𝑝_𝑜𝑝 are driven by the
PV power output 𝑃𝑃𝑉 . In turn, 𝑃𝑃𝑉 is dependent on the radiation collected on the plane of the PV array, the PV module’s
solar-electric conversion efficiency and its size and rated efficiency. The output power of the PV module/array of
power rating 𝑃𝑆𝑇𝐶 , under arbitrary environmental conditions, can be written as:
𝑃𝑃𝑉 =

𝜂𝑃𝑉
𝜂𝑆𝑇𝐶

∙

𝐺𝑇
𝐺𝑆𝑇𝐶

∙ 𝑃𝑆𝑇𝐶

(eq.9)

In eq. 9, 𝑃𝑆𝑇𝐶 [Watts] is the rated power of the PV Array at Standard Test Conditions (STC), 𝜂𝑃𝑉 is the operating
efficiency, 𝐺𝑇 represents the irradiance measured on a tilted plane and 𝐺𝑆𝑇𝐶 is the reference irradiance. The operating
efficiency is a function of temperature and is related to other constants by eq. 10
𝜂𝑃𝑉 = 𝐹𝑚 [1 − 𝛽(𝑇𝑐𝑒𝑙𝑙 − 25)]𝜂𝑆𝑇𝐶

(eq.10)

In eq. 10, 𝐹𝑚 is the matching factor, described as a ratio of power output of the PV array under varying operating
conditions to its power output at maximum power point. A value of 0.9 is generally accepted in the PV system industry
(Benghanem et al, 2018). The other parameters are 𝛽 (cell efficiency temperature coefficient), and 𝑇𝑐𝑒𝑙𝑙 (cell
temperature).
From eq. 10, the matching factor is described as the ratio of the power output of the PV array under operating
conditions to its power output at the maximum power point. A value of 0.9 is generally accepted in PV system
(Benghanem et al, 2018). The other parameters are often given on manufactures product data sheets. Since cell
temperature is difficult to monitor under field operation, it is convenient to correlate it with, the ambient temperature,
𝑇𝑎 . The standard formula for relating PV cell temperature with ambient and in-plane solar irradiance (Khan et al,
2012), which ignores the effect of wind speed on cell temperature, is given by eq. 11.
𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎 +

𝐺𝑇
𝐺𝑇,𝑁𝑂𝐶𝑇

(𝑇𝐶,𝑁𝑂𝐶𝑇 − 𝑇𝑎,𝑁𝑂𝐶𝑇 )

(eq.11)

In eq. 11, 𝑇𝐶,𝑁𝑂𝐶𝑇 [oC] is the nominal operating cell temperature, 𝑇𝑎,𝑁𝑂𝐶𝑇 at ambient temperature at NOCT and, 𝐺𝑇,𝑁𝑂𝐶𝑇
is the irradiance at NOCT. The irradiance incident on the plane of the PV array can be estimated by the simplified sky
model justified by Collares-Pereira and Rabl, 1979.
𝐺𝑇 = 𝐺𝑏 𝑅𝑏 + 𝐺𝑑

(eq.12)

In eq.12, 𝐺𝑏 is the beam component of solar irradiance incident on a horizontal surface, 𝑅𝑏 is the ratio of beam radiation
on the tilted plane to that on a horizontal plane and 𝐺𝑑 is the diffuse irradiance on the horizontal surface. Since
instantaneous data of irradiance is not commonly available, it is common practice to use the average irradiance for a
one hour period and evaluate 𝑅𝑏 at the mid-point of the hour. Even the hourly solar data is rarely available, such
that 𝐺𝑇 , 𝐺𝑏 and 𝐺𝑑 have to be evaluated on monthly-average hourly basis. This is done in the following manner.
̅ℎ , the monthly-average daily diffuse
Starting with the monthly-average daily irradiation on a horizontal plane, 𝐻
̅𝑑 , is estimated from a diffuse-ratio-clearness-index correlation suitable for the given location. For
irradiation, 𝐻
Zimbabwe, the following correlation derived by Hove and Göttsche, 1999 is used.
̅𝑑 = 𝐻
̅ℎ (1.0294 − 1.144𝐾
̅ℎ )
𝐻
̅𝑑 = 0.175𝐻
̅ℎ
𝐻

̅ℎ < 0.75
𝑓𝑜𝑟 𝐾

̅ℎ ≥ 0.75
𝑓𝑜𝑟 𝐾
(eq.13).

̅ℎ is the monthly average clearness index . The monthly-average hourly values for hourly global and diffuse
In eq.13, 𝐾
radiation on a horizontal plane, 𝐺̅ℎ and 𝐺̅𝑑 , are then calculated by use the statistical ratios of hourly to daily radiation,
𝑟ℎ and 𝑟𝑑 respectively. The ratios 𝑟ℎ and 𝑟𝑑 are functions of hour angle (ω) and sunset hour angle (ωs), and their
expression have been given by Collares-Pereira and Rabl, 1979:
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𝑟ℎ =

𝐺̅ℎ
𝐺̅
⁄̅ and 𝑟𝑑 = 𝑑⁄̅
𝐻ℎ
𝐻𝑑

(eq.14)

Monthly average global radiation data for locations in Zimbabwe can be extracted from the 0.5° ×
0.5°(𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑒 × 𝑙𝑎𝑡𝑖𝑡𝑢𝑑𝑒) grid database developed by Hove et al, (2014), by applying the technique of bilinear
interpolation. Data for ambient temperature is readily available online as monthly average minimum and maximum
values, e.g. from the online source (https://en.climate-data.org/africa/zimbabwe/matabeleland-north/binga-29995/).
Hourly ambient temperature was generated from monthly average minimum and maximum ambient temperature using
the statistical model developed in Wit, 1978. Tab. 4 lists the monthly average ambient temperature at longitude 27.6°
and latitude -17.67°. The tilt factor, which is the ratio of global radiation on the tilted plane to that on the horizontal
surface, is also listed on Tab.4 for an optimal fixed collector tilt of 23 o (about latitude + 5o).
Tab.4: Monthly Average Climatic Data for Binga, Zimbabwe, longitude 27.46° & latitude -17.67°. Source: Hove and Göttsche, 1999 for
solar radiation data and (En.climate-data.org) for ambient temperature data.
Min. Temperature Max. Temperature Global
Horizontal Diffuse
Horizontal Tilt Factor
Month
(°C)
(°C)
Irradiation (Wh/m2/day)
Irradiation (Wh/m2/day) (at 23o tilt)
January
20.6
30.6
6514
2495
0.90
February
20.2
30.1
6517
2441
0.95
1.01
6526
March
19.6
31.5
1977
April
17.9
31.6
6284
1434
1.12
May
14.2
30.7
5798
1015
1.24
June
11.6
28.6
5162
1010
1.27
July
11.4
28.9
5583
997
1.28
August
14
31.1
6215
1123
1.17
September
18.2
34.4
6710
1597
1.05
October
21.6
36.5
7131
1944
0.96
November
21.6
33.9
6976
2291
0.91
December
20.9
31.3
6797
2437
0.89

5. Sizing of System Components
5.1 Size of PV Array
The size of PV array is obtained by iteratively varying the PV power (𝑃𝑆𝑇𝐶 ) and use eq.7 to determine the hourly PV
power. With hourly values, the flow rate for each hour is then determined from the flow-power functions typified by
eq.9 which when integrated numerically over time gives the daily water volume delivered by the pump. The PV array
power is varied until the monthly-average daily volume of water delivered is just equal to the daily water demand for
the least productive month of the year. Tab.5 demonstrates how the PV array size is determined when the solar pump
is connected with a 140 mm diameter pipe of 2000 m length. The PV array power is altered in small steps until the
required daily pumped volume of water of 250 m3 is obtained. The simulation is done for the month of January, which
is the least productive in terms of average daily water yield over the year at Binga. The last row on Tab. 5 shows the
monthly average sums or averages (in parenthesis) of the solar pumping system performance parameters.
The average PV array efficiency 𝜂̅𝑃𝑉 is obtained as the numerical integral of the hourly PV power over the day divided
by the integral of hourly irradiance multiplied by the PV array area. Similarly the average pump efficiency 𝜂̅𝑝𝑢𝑚𝑝_𝑜𝑝
is the sum of the hydraulic power output ∑ 𝜌𝑔𝑄𝑜𝑝 𝐻𝑜𝑝 divided by∑ 𝑃𝑃𝑉 . The overall average solar-to- water efficiency
𝜂̅𝑜𝑣𝑒𝑟𝑎𝑙𝑙 is then 𝜂̅𝑃𝑉 × 𝜂̅𝑝𝑢𝑚𝑝_𝑜𝑝 . In this particular case, where the pump is connected with a 125 mm diameter pipe,
the required PV array power (that which is required to yield the daily water demand of 250 m 3) is 12720 Watts and
the average overall efficiency is 0.060. The process shown on Tab. 5 was repeated for the rest of pumping main pipe
diameters, and for all the months of the year.

5.1 Selection of pipe diameter
In order to make an objective selection of the pipe size to use in the solar-powered pump-pipe system, it is necessary
to define an appropriate objective-function metric to use for comparison. The comparison metric used in this paper is
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the unit cost of pumping. The unit cost of pumping is calculated as the annualized cost of the sum of capital costs of
the solar PV array; the pipe line and the pump-motor-controller unit, plus the annual maintenance costs, all divided
by the annual volume of water pumped. For each capital asset of the pumping system, the annualized cost is calculated
from eq.15, for a discount rate of 𝑟% and an asset life of 𝑛 years.
𝑐𝑝𝑢𝑚𝑝𝑖𝑛𝑔 = 𝐶𝑐𝑎𝑝𝑒𝑥 ×

𝑟
1−(1+𝑟)−𝑛

+ 𝐶𝑀

(eq.15)

Tab.5: Computation of Solar Pump Performance and Determination of Required PV Array Size

DESIGN DATA
Location and Climate
Location: Longitude 27.46;
Latitude -17.67
Design Month: January
Global Solar Radiation: 6.62
kWh/m2/day
Minimum Ambient Temperature:
20.6℃
Maximum
Ambient
Temperature: 30.6℃
Ta
𝑇
Solar Time 𝐺
[Wh/m2] [℃]
[Hour]
Eqn. (12) Table
5
6.5
95
20.7
7.5
259
21.3
8.5
436
22.6
9.5
602
24.2
10.5
731
26.0
11.5
801
27.8
12.5
801
29.3
13.5
731
30.3
14.5
602
30.6
15.5
436
30.3
16.5
259
29.3
17.5
95
27.8
Sum
or 5850
(26.7)
(average)

Pipe System & Resistance
Static Head: 40 m
Pipe diameter: 125 mm
Pumping Main Length:
2000 m
h1:0.081
h2 : 0.0111
Tc ℃
Eqn.
(11)
23.8
29.7
36.7
43.8
49.8
53.8
55.3
54.0
50.2
44.4
37.7
30.9
(42.5)

ηPV/ηS
TC

Eqn.
(10)
0.90
0.88
0.86
0.83
0.81
0.79
0.79
0.79
0.81
0.83
0.85
0.88
(0.84)

PPV
[Watts]
Eqn. (9)
1096
2910
4755
6363
7517
8087
8032
7372
6182
4598
2813
1064
62163

PV
Array
Parameters
ηSTC: 15.5%
β: 0.0041/ ℃
TNOCT: 46℃
PSTC: 12720 W
Qop
[m3/hr]
Eqn. (7)
0.000
9.500
21.459
28.550
32.607
34.388
34.221
32.132
27.848
20.637
8.676
0.000
250.0

THD
[m]
Eqn.
(6)
40.0
41.8
46.8
51.4
54.4
55.9
55.8
54.1
50.9
46.4
41.5
40.0
(48.25)

Pump
Coefficients
𝑞 = 24.35
𝑞0 = -16.51

ρgQopT
DH
[Watts]
0
1081
2740
3996
4837
5239
5201
4734
3860
2609
982
0
35279

Flow-Power

ηpump
Eqn.
(8)
0.0%
37.2%
57.6%
62.8%
64.4%
64.8%
64.8%
64.2%
62.4%
56.8%
34.9%
0.0%
(47%)

ηoverall
(𝜂𝑝𝑢𝑚𝑝 ×
ηPV)
0.0%
5.1%
7.6%
8.1%
8.1%
8.0%
7.9%
7.9%
7.8%
7.3%
4.6%
0.0%
(6.0%)

In eq.15, r is the discount rate [%], n is the life span of project [years], 𝐶𝑀 represents the maintenance cost, 𝐶𝑐𝑎𝑝𝑒𝑥
is the capital cost of the asset and 𝐶𝑝𝑢𝑚𝑝𝑖𝑛𝑔 𝑖𝑠 𝑡ℎ𝑒 cost of pumping[$/m3]. The annual volume of water pumped for
each PV-pump-pipe design is obtained by computing the monthly-average daily volume pumped as done on Tab.5,
multiply it by the number of days in each month and then summing the monthly delivered volumes over the year. The
PV-pump-pipe design resulting in the lowest cost of pumping calculated as above should be the rational design choice
for the solar pump system. The choice of the PV-pump-pipe design is not obvious since a larger diameter pipe (large
pipe costs) requires a smaller PV array size (small PV array costs). In principle, the size of the pump itself may also
vary for different pipe diameters used to perform a given pumping duty, therefore changing the cost structure of the
PV-pump-pipe system.

5.2 Sizing the water storage capacity required for the solar pumping system
The water storage capacity required for the solar pumping scheme is ordinarily determined by multiplying the average
daily water demand by the days of autonomy (usually 2 to 5 days) required to cater for long cloudy periods. However,
due to the nature of the method used in this study, which allows the monthly-average hourly variation of pumped flow
to be determined, the storage capacity may be determined in a different and more economical way.
Assuming, for instance, a diurnal water draw profile given in Blokker, 2011, and the hourly solar pump flow on Tab.
5, the demand-supply hourly variation is plotted on Fig.3(a). The corresponding cumulative water demand and supply
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can then also be plotted as shown on Fig.3(b). The quantity of water required to be stored in the reservoir for equalising
or balancing fluctuating demand against fluctuating supply (balancing storage) can be worked out by the mass curve
method (Khatib, 2010). It is calculated from Fig.3(b) as the sum of “maximum deficit” plus “maximum surplus”. In
the present case, the required balancing storage is 46 + (250-177) = 119 m3, or 48% of the daily demand. To obtain
the required storage 25% of balancing storage capacity should be added to cater for system breakdowns. This still
gives only 60% of the daily water, demand before the days of autonomy multiplier is factored in.

Flow rate [m3/hour]

30
25
water
withdrawal

20
15
10
5
0

Cumulative water supply and demand [m3]

35

300
250
250

maximum surplus

200
150

177

100
46
50

maximum deficit
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Time of the day [hour]

1 2 3 4 5 6 7 8 9 101112131415161718192021222324
water supply

Time of day [hour]

Fig.3 (a): Hourly net-flows of the Solar Powered Scheme

water withdrawal

Fig.3 (b): Mass Balance curve for the Solar Powered Scheme

6. Results and Discussion
The results for the proposed procedure for PV-pump-pipe design are presented and discussed in this section.
6.1. Flow-Power Functions
As mentioned in Section 3 the flow-power functions within the operating range of the solar pump system is of the
form 𝑄𝑜𝑝 = 𝑞1 𝑙𝑛(𝑃𝑃𝑉 ) − 𝑞0 (eq. 7). The coefficients 𝑞0 and 𝑞1 of eq.7 are given on Tab. 6 and plotted on Fig. 4, for
the case-study system- a system pumping through 2000 m long 90, 110, 125 or 140 mm diameter PVC pipes and
against a static head of 40 m.
Tab. 6: Coefficients of the flow-power function (eq.7)) for the Lorentz PS21k2 CS-F42-40 pump connected to 2000 m PVC pipe length of
different diameters and for 40 m static head

Pipe diameter [mm]
𝑞0
𝑞1

90
-10.90
16.10

110
-14.17
21.27

125
-16.51
24.35

140
-17.43
26.10
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60
Q = 26.10ln(Ppv) - 17.43

Flow rate [m3/hr]

50

Q = 24.35ln(Ppv) - 16.51

40

Q = 21.27ln(Ppv) - 14.17

30

Q = 16.10ln(Ppv) - 10.90

20
10
0
0

2

4

6

8

10

12

14

16

PV power [kW]
90 mm pipe flow-power function
125 mm pipe flow-power function

110 mm pipe flow-power function
140 mm pipe flow-power function

Fig. 4: Flow rate to PV-power response functions for different pipe diameters

6.2. System efficiencies
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The modelled hourly variation of the solar pump system efficiencies for system with 125 mm diameter pipe and 12720
Watts PV array power are shown on Fig. 5 on the average day of January. The PV efficiency of eq.10 is higher in the
early morning and late afternoon, when the ambient and cell temperatures are low, than in the mid-day hours when
ambient and cell temperatures are higher. On the other hand, the pump efficiency is highest during the mid-day hours.
The overall system efficiency is the product of the PV efficiency and pump efficiency. The overall solar pumping
system efficiency increases fairly rapidly from zero in the early morning, peaks in the mid-morning (when the product
of PV efficiency and pump efficiency is highest) and then reduces gradually over most of the day, before falling
rapidly to zero in the late afternoon.

18

Time of day [hour]
pump efficiency

overall efficiency

PV efficiency

Fig.5: Hourly variation of PV efficiency, pump efficiency and overall system efficiency for the month of January (lowest pump yield) at
Binga, Zimbabwe.

6.3. Designed Systems
The relationship between the required PV array power and the diameter of the pipe employed in the solar pump-pipe
system is shown on Fig. 6(a). The PV array power required to deliver the daily average water demand (250 m3/day)
in the least productive month reduces as shown on Fig. 6(a) as the pipe diameter is increased. The required PV array
power almost halves as the pipe diameter is increased from 90 mm to 140 mm. Although each of the systems is
designed to deliver 250 m3/day in January (the least productive month), their cost structures are different, since they
used different PV array and pipe sizes. Further, they deliver slightly different annual volumes of water as shown on
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Fig. 6(b). For an instructive comparison of the systems’ cost effectiveness, the unit cost of pumping is compared. This
is shown of Tab. 7. As shown on Tab. 7, the system with the least unit cost of pumping, which is the preferred system,
is the one that combines a 125 mm diameter pumping main with a 12720 Watt PV array. The unit cost of pumping for
this system is 5.22 cents per m3 of water pumped.
Volume of water delivered [m3/day]

Required PV array power [Watts]

22000
20000
18000
16000
14000

310
300
290
280
270
260
250
240
230
220

Month

12000
90 mm pipe and 21500 W PV array

10000

110 mm pipe and 14940 W PV array

90

100

110

120

130

140

125 mm pipe and 12720 W PV array

Pipe diameter [mm]

140 mm pipe and 11700 W PV array

Fig.6 (a): Required PV array variation with pipe diameter for the

Fig.6 (b): Monthly variation of daily-water delivery for different

study solar pump at 40 m static head and length of 2000m.

pump-piping systems

pump-piping systems
Tab.7: Variation of unit cost of pumping for PV systems designed to deliver a minimum of 250 m 3/day water at static head 40 m and
pumping distance 2000 m.

Item
Pump cost [$]
Pipe cost per m [$/m]
Pipe capital cost for 2000 m [$]
Required PV power [Watts]
PV cost/Watt [$/Watt]
PV capital cost [$]
Pipe O & M (3%) [$/annum]
PV O & M (2%) [$/annum]
Pump O & M (10%) [$/annum]
Pump lifespan [years]
PV lifespan [years]
Pipe lifespan [years]
Annualized cost at 10% discount
rate [$]
Annual water pumped water [m3]
Cost of pumping [$/m3]

90
mm
diameter pipe
13,700
3.00

110
mm
diameter pipe
13,700
3.65

125
mm
diameter pipe
13,700
4.62

140
mm
diameter pipe
13,700
5.81

6,000
21500
1.00

7,300
14940
1.00

9,240
12720
1.00

11,620
11700
1.00

21500
120
430

14940
146
298.8

12720
184.8
254.4

11700
232.4
234

685
15
25
40

685
15
25
40

685
15
25
40

685
15
25
40

6018

5323

5272

5430

97526
6.17

99590
5.35

100958
5.22

101566
5.35

7. Comparing Study Method with Simple Sizing Method
The simple procedure often used for sizing solar pumping systems is compared below with the method used in this
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study. Starting with the known daily water demand (250 m3/day), the required pump flow rate is obtained by dividing
the daily demand by the effective peak sunshine hours, for the month receiving the least tilted-radiation. From Tab.4,
the least tilted-plane irradiation is received for the month of January. The monthly average global horizontal irradiation
is 6.514 kWh/m2/day and the tilt factor is 0.9, resulting in global irradiation on the tilted plane of 5.859 kWh/m 2/day.
Now, only part of this radiation is available above the critical irradiance for pump start-up. This fraction is estimated
here to be 0.95. Therefore, the effective monthly average irradiation available for pump operation is 0.95 x 5.859,
which is 5.566 kWh/m2/day or 5.566 peak sunshine hours. Therefore, the required flow-rate of the pump is 250 m3
divided by 5.566 hours, equals about 45 m3/hr.
Using the 125 mm diameter pipe selected in section 8.3, the Hazen-Williams formula yields a frictional head loss of
about 26 m for a flow-rate of 45 m3/hr over a distance of 2000 m. Therefore, the total dynamic head for a static head
of 40 m is 66 m. From the pump characteristic curve of Fig.1, the nominal PV array power required to deliver 45 m3/hr
at 66 m head is 12.6 kW. To be comparable with the PV array power calculated by our study method, a de-rating
factor that includes both PV module mismatch factor and temperature de-rating, as done in eq.10, has to be
incorporated. A cell temperature of about 52o, which, for example in Tab.5, is the average cell temperature between 9
𝜂
am and 3 pm (when the bulk of the solar energy is produced), eq.10 yields a temperature de-rating factor, 𝑃𝑉⁄𝜂𝑆𝑇𝐶 ,
of about 0.80.Therefore, the PV array power that would have been prescribed using the simple design method is
12.6/0.79 or 15.75 kW.
Compared with the PV array power prescribed by the study method (12.72 kW), the PV array size prescribed by the
simple sizing method is 24% larger. The reason for this discrepancy is that the simple sizing method uses a single
average flow-rate calculated based on average peak sunshine hours, resulting in a commensurate total dynamic head,
which is higher than the variable flow-rates and total dynamic head actually obtaining during pump operation. Another
difference is the balancing storage size, which can be calculated using hourly mass balance with the study method,
but is assumed equal to daily water demand with the simplified method. As shown in section 5.3, the storage capacity
sized using the study method is much smaller (50% smaller) compared to that obtained by the simple sizing method.

8. Conclusion
A method that can be used to optimally size and predict performance of a solar pumping system was demonstrated for
a solar pumping system located in Zimbabwe. For a given pump, the components of the solar pumping system that
need to be carefully sized are the PV array, the pipe diameter and the storage tank. The method considers
comprehensively the time-step variation of solar irradiance and its effect on the pump system flow-rate and total
dynamic head. For a given pumping main pipe diameter, the PV array power that can deliver a required daily volume
of water, under the mentioned dynamic variation of pump operating parameters, can be selected by trial and error.
Especially for fairly long pumping mains, the PV array power required to deliver a specified daily volume of water
reduces significantly as the pumping main pipe diameter is increased. Depending on the relative specific costs of PV
array and pipe, an economically optimum (least unit cost of pumping) combination of these two system components,
which delivers the desired daily volume of water, can be arrived at.
The method is a significant improvement to the commonly used simplified approach of sizing solar pumping systems
as it can result in significantly reduced system size. Using the study method, it is also more possible to predict the
monthly average hourly variation of delivered water as well as its month-to-month variation. With knowledge of the
average hourly variation of volume of water delivered coupled with information on the diurnal water demand, it is
possible to more accurately estimate the required balancing water storage size for the solar pumping scheme, which
turns out to be much smaller than the ordinarily assumed storage capacity.
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Abstract

This study focus on the performance analysis of a building integrated photovoltaic system for residential energy
access. An off-grid 3.8 kWp rooftop PV generator was developed in SolarWatt Park, Alice and was used in the study.
Onsite meteorological and electrical data acquisition systems were set up. The parameters monitored are solar
radiation, generated PV voltage, current, demand and energy consumption of a house. The results of the study which
only involves the PV system performance on March 2019, show a significant amount of solar radiation with total
irradiation of 150.72 kWh/m2, averaging 4.86 kWh/m2/day. The average PV supply rate was 1.67 kW and cumulative
energy of 487.00 kWh, which is equivalent to 15.71 kWh/day. The 3.8 kW 4-plate cooker was observed to be the
dominant energy consumer in the house, responsible for 50% of the 10 kWh daily energy consumption. It also
generates an average morning and evening peaks demand of 1.18 and 1.32 kW, respectively. Based on the findings,
the designed PV system can serve as an alternative energy supply for a single-family house, but the use of an electric
cooking appliance is discouraged for effective and efficient utilisation of the system.
Keywords: Energy access, Off-grid, Solar energy, Rural communities, Sustainable development

1. Introduction
Energy supply in South Africa is dominated by non-renewable energy sources with coal-fired power plants
responsible for more than 90% and accompanied by nuclear power plants with 6% (Krupa and Burch, 2011; Eskom,
2018; Overen et al., 2018). Energy security of the country is in a critical state due to ageing power plants and the
overstrained national grid. Rural communities tend to bear the burden of the derailing energy sector, coupled with
weak investment return; most rural settlements are left un-electrified. Moreover, South Africa experiences a
considerable about of solar radiation with 2264 kWh/m2 global horizontal irradiance per annum, equivalent to 6.2
kWh/m2 daily (SOLARGIS, 2017). In 2010, a pre-feasibility study conducted by Clinton Climate Initiative,
contracted by the South African Department of Energy, found that solar power plants can be deployed in South
Africa and yield approximately 5 GW over a decade. The findings also indicate that solar power in South Africa can
become competitive with coal-fired power, providing clean and secured energy for the country’s growing demand
(Department of Energy South Africa, 2013).
Based on the findings of the pre-feasibility study, the South African government embarked on a radical and exigent
renewable energy practice. The Department of Energy (DoE) and National Treasury entered a memorandum of
agreement with the Development Bank of Southern Africa (DBSA) in 2010 to set up the Independent Power
Producers Procurement Programme (IPPPP). The office of the IPPPP is mandated to oversee the procurement and
monitoring of renewable and non-renewable energy supply to the national grid by private power producers. The
renewable energy includes wind, Photovoltaic (PV), Concentrated Solar Power (CSP) and hydro. The DoE set a
target of 5 GW generation from renewable energy sources by 2019 and an additional combined 7 GW in 2020. In
response to the agenda of the IPPPP, the national utility company set aside 74 GW storage in the national grid for
mix energy generation capacity between 2017 and 2027 with renewable energy sources contributing 15 GW (Eskom,
2017).
Renewable energy was also adopted as a strategy to electrify rural communities. In 2011, the DoE adopted the New
Household Electrification strategy, which took into consideration that only 90% of households in the country can be
connected to the national grid. Alternative energy sources such as solar, wind, biogas or combine (hybrid) will be
required to electrify the remaining households. At the end of 2014, 60,000 Solar House Systems (SHSs) were
installed nationwide with additional 250,000 SHSs targeted by 2025 (Department of Environmental Affairs, 2016).
Singh et al. (2017) designed and implemented a smart embedded rooftop microgrid system. The project which
involves approximately 30 households in a rural community in the Western Cape of South Africa was a pilot study
aimed to offer insights to the national utility company on the business model of SHSs. The rooftop PV system in the
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project was designed such that participants trade excess energy among each other within the microgrid. The
participants were also given the privilege to utilise energy from the national grid when necessary. One of the criteria
for participating in the project is that the household should be energy efficient conscious in terms of appliances used.
For example, all households were recommended to use a gas cooker and solar water heater (Singh, Olwagen and
Moodley, 2019). The iShack SHSs project in the Western Cape of South Africa is a groundbreaking initiative on the
electrification of rural/informal settlements. The ongoing project involves the installation of a 50 Wp solar PV power
generator in voluntary shacks in a un-electrified informal settlement in Enkanini, Stellenbosch. The PV generator
consists of a charge controller, inverter and 12 V 15 Ah battery, sized to provide lighting (CFL), power TV set and
charge occupants’ mobile phones (Sustainability Institute, 2013; Swilling, 2014; Runsten, Fuso Nerini and Tait,
2018). The Mpfuneko Rural Domestic Biogas project is another non-grid rural energy initiative in South Africa. The
project which was initiated in 2013 was designed to construct 55 biogas digesters for cooking for over 200 people in
the community. Although the project was funded by the government, the community was made to adopt and own the
digesters as households were levied a monthly fee while local organisation collects cow dung, feeds and maintain
the digesters (Ierland, 2013).
In accordance with the national imperative of the South African government, a single-family 3.8 kWp PV standalone system was designed and developed in SolarWatt Park in Alice, Eastern Cape, South Africa. The project is a
pilot study of domestic building integrated PV (BIPV) for mass deployment to surrounding rural communities in
Alice. However, this study is focused on the performance of the PV system with respect to local weather conditions;
specifically solar radiation, as well as occupant’s influence.

2. Description of the site and PV system
Alice is located in latitude 32.8° south and longitude 26.8° east at an altitude of 540 m, Eastern Cape, South Africa.
A Google Map of Alice indicating the SolarWatt Park and the house used in the study is given in Figure 1.

Fig. 1: (a) Google Map of Alice; (b) Google Map of SolarWatt Park; (c) a photo of the house used in the study showing the rooftop PV
array

The climate conditions of Alice are characterized with an average dry bulb temperature of 29°C, solar radiation of
606.06 W/m2 and prevailing east wind in the summer season. A relatively mild winter (no snow) with an average dry
bulb temperature of 15°C, solar radiation of 346.17 W/m 2 and westerlies prevailing wind is also experienced (South
Africa Weather Service, 2017; Overen and Meyer, 2019).
SolarWatt Park was considered for the design of the BIPV due to its clear north areas with no sun rays’ obstacles
such as tall trees, mountains and high rise buildings. Hence, the PV array is expected to receive maximum daily solar
radiation for optimum power production. As shown in Figure 1 (c), the PV modules were facing geographical north
and 20° inclination angle. The selected roof angle is not the optimum angle for PV power plant design but was
constrained by the building design. The PV array on the east and west wings of the roof are made up of 20 sets of
190 W PV modules, amounting to a peak power of 3.8 kWp.
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The PV modules were accompanied by a FLEX Max 80 MPPT charge controller, Multiplus 48/5000 inverter, and a
set of eight 6 V M-Solar 3MIL 25S batteries. Like most MPPT charge controllers, the system’s charge controller
ensures optimum battery performance over a long period with three fundamental operation mode; Boost, Equalize,
Float and Sleep mode. On the other hand, the bidirectional inverter of 38 – 66 VDC input voltage, 230 VAC ± 2%
output voltage, 5 kVA and 4 – 4.5 kW output power is used to convert DC power from the charge controller (PV
array or battery) to consumable AC power in the house. The battery bank, down the components chain of the PV
system, is made up of eight sets of batteries connected in series. Based on the batteries rating, they are capable of
delivering 900 Ah with cell voltage above 1.85 V at constant room temperature over 100 hrs discharge period.

3. Research method and instrumentations
A weather station was set up in the SolarWatt Park to continuously monitor the solar radiation, ambient air
temperature, relative humidity, wind speed and direction to interrogate the influence of the outdoor ambient weather
conditions on the PV system performance. The weather station is presented in Figure 2.

Fig. 2: Setup an outdoor weather station for global horizontal irradiance measurement

However, the measured weather parameters were limited to the solar global horizontal irradiance (GHI) in this study;
measured by the Kipp & Zonen CMP 11 pyranometer. As shown in Fig. 2, the CMP 11 pyranometer was mounted
horizontally to capture the direct and diffuse radiations which made up the GHI. It should be noted that the GHI is
not the exact solar radiation incident on the surface of the PV array. Since the point of array pyranometer in the photo
is not on the same angle of inclination with the PV array, the GHI was considered best to describe the influence of
solar radiation on the PV performance. The sensitivity of the CMP 11 used in this study is 8 µV/m -2, a spectral range
of 285 to 2800 nm, and a response time of less than 1.7sec (63%) and 5sec (95%) (Kipp & Zonen, 2015). The weather
station was elevated by 1 m above the roof, providing unobstructed solar radiation for the radiometers.
The electrical performance measurements of the PV system involving the PV array, charge controller, battery and
inverter currents as well as their respective voltages were conducted concurrently with the weather parameters
monitoring. Regarding the voltage, the PV and battery voltages were in the same potential with the charge controller
input voltage. Likewise, the battery voltage is equivalent to the charge controller output and inverter input voltages.
In addition to the current and voltage measurements, the inverter output voltage, power and energy of the PV system,
which serves as the house consumption were monitored. All the sensors and devices used in the measurements were
connected to a DT80 dataTaker, where data are stored and retrieved periodically. The PV systems electrical
parameters data acquisition system are presented in Figure 3
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Fig. 3: The PV systems electrical data acquisition system indicating the voltage scaling devices and other measuring
instruments

The PV array and batteries currents were measured using 80 A shunt resistors with a voltage drop of 50 mV. The
current flowing through the shunt resistor is proportional to the drop voltage, and it is logged using a defined voltage
to current multiplier in the DT80 dataTaker. Meanwhile, voltage measurements were not as straight forward as that
of current. The DT80 dataTaker is designed to directly measure 30 mV to 30 VDC voltage, whereas full-scale open
circuit PV and battery voltages were 120 and 60 V, respectively. Therefore, a voltage scaling device was required to
scale-down the PV and battery voltages. As such, an 80 kΩ potential divider network device was used to scale-down
the PV and battery voltages. The voltage scaling device in the system was configured to receive 120 V (input) and
scale it down to 10 VDC (output) for the dataTaker. It is worth mentioning that the electrical isolation of the input
and output voltages of the above various components was not considered in the design of the voltage scaling devices
since the DT80 dataTaker is equipped with mechanical relays for this purpose.

4. Results and discussion
The occupants’ daily activities with respect to energy consumption were also monitored. It was observed that the
house was occupied by a working-class adult male and, his daughter. During the weekdays (Monday to Friday), both
occupants were observed to leave home by 08h00 as the father goes to work, and the daughter attends school. The
daughter return home by 15h00 and the father by 18h00. On weekends (Saturday and Sunday), they often travel to
spend time with other members of the family who live outside town. It was also observed that no mechanical heating
or cooling system was used in the house during the monitoring period. In the living room and kitchen, 11 and 14 W
CFLs were respectively used. Also, 11 W CFLs were installed in each of the two bedrooms and a 20 W CFL in the
bathroom. Some of the appliances used in the house include a 3.8 kW 4-plate cooker, 130 W refrigerator, 70 W TV
set and 1 kW microwave oven.
The results in this study only cover the PV performance monitoring in March 2019. To this effect, Figure 4 presents
the GHI of the premises over a month and the resultant PV system performance as well as the house demand.
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Fig. 4: Performance of the PV system, solar global horizontal irradiance of the SolarWatt Park and the house demand in March 2019.

As seen in Figure 4, a considerable amount of solar radiation with an average of 389.05 W/m2 between 06h00 and
18h00 daily was obtained on the premises. The PV supply rate as expected, follows the solar radiation trend,
generating maximum power during the same period with an average of 1.67 kW. This indicates a close relationship
between both parameters. According to the configuration of the data acquisition system, a negative battery power
indicates charging, whereas a positive power represents discharging. Therefore, at the early hours (06h00) of the
morning, the batteries went into a deep (bulk) charging mode, drawing a large amount of current from the PV array
and peaking at mid-day. As a result, the batteries daily power distribution mirrored the PV array supply curve, as
shown in Figure 4. Over the monitoring period, the average charging rate of the batteries was 1.32 kW and a discharge
rate of 330 W.
The typical morning and evening domestic demand peaks due to cooking and water heating produced the upward
peaks in the house demand profile. The downward sequential peaks were generated by the thermostat effect of the
refrigerator. With this been said, the house demand profile can be divided into two periods; when electric cooking
was performed (01 – 14 March) and period without electric cooking (15 – 26 March). The average demand of house
during the former period was 382. 51 W, while the supply rate of the PV array and discharge rate of the batteries at
this period were 1.47 kW and 480.07 W, respectively. In the latter period, an average of 204.43 W was demanded
by the house with a reduction of the PV supply by 110 W as well as the batteries by 226.28 W. This implies that the
house demand and batteries which made-up PV load influences the daily PV supply rate alongside the solar
irradiance. Also, the house load determines the discharge rate of the batteries.
Furthermore, the cumulative daily energy generated by the PV array, stored and discharged by the batteries and
consumption of the house was evaluated and presented in Figure 5. From Figure 5, the total monthly irradiation was
150.72 kWh/m2, averaging 4.86 kWh/m2/day. The corresponding PV energy was 487.00 kWh, which equivalent to
15.71 kWh/day. A total of 369.67 kWh was stored by batteries, but only approximately half of the stored energy was
used during the monitoring period. The remaining energy was lost through self-depletion or moved over to the next
month. Moreover, the monthly house consumption was 193.11 kWh, i.e. approximately 6.23 kWh/day. The period
with electric cooking, resulted in cumulative energy of 109.98 kWh, while period without electric cooking, saw the
energy consumption reduced by half; amounting to 57.89 kWh.
Figure 4 was split and grouped into average weekday and weekend profiles under clear and cloudy sky conditions to
further analyse the PV system performance with respect to the occupant’s activities and solar radiation. The selection
of days based on sky conditions was guided by the measured GHI. In other words, days with regular GHI distribution
with peaks greater than 600 W/m2 was considered as clear sky days, while irregular GHI distribution and peaks lesser
than or equal to 600 W/m2 represent cloudy sky days. Based on the above assumptions, typical clear and cloudy skies
GHI of the premises on weekdays and weekends are given in Figure 6.
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Fig. 5: Daily cumulative energy of the PV array, house consumption, batteries stored and discharge as well as solar irradiation during
the monitoring period

Fig. 6: Clear and cloudy skies GHI of the premises on selected weekdays and weekends

Following the assumptions and Figure 4, 04 March with an average GHI of 557.71 W/m2, peaked at 12h00 with
971.00 W/m2 and daily irradiation of 7.25 kWh/m2 was considered as a clear sky weekday. Clear sky weekend which
was represented by 30 March, had an average GHI of 501.99 W/m2, a maximum of GHI of 858 W/m2; peaking at
the same time and a daily total of 6.00 kWh/m2. The GHI observed on both cloudy sky days was approximately half
as compared to clear sky days. Cloudy sky weekday (08 March) and weekend (31 March) respectively had an average
GHI of 123. 59 and 165.8 W/m2, peaking at 15h00 with 351.30 W/m2 and 351.60 W/m2 at 13h00. The total irradiation
on the cloudy sky weekday was 1.55 kWh/m2 while 1.91 kWh/m2 was observed on a cloudy sky weekend. The PV
performance in the above selected days and house demand, as well as energy consumption, are given in Figure 7.
The occupancy of the house on weekdays and weekends is visible in Figures 7 (a) and (d), as only the refrigerator
and lights were operational during the weekends. As observed during the monitoring period, the occupants often turn
on all lights in the house while away during the weekends for security reasons. The average house demand on both
weekends was 207. 17 W. However, with the refrigerator switched on by the thermostat; the average demand was
238.83 W and 86.87 W while it is switched off. The cumulative daily energy on both days was approximately 5kWh.
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Fig. 7: The PV system performance on a typical; (a) clear sky weekend, (b) clear sky weekday, (c) cloudy sky weekday, and (d) cloudy
sky weekend

As indicated earlier, the occupants tend to perform their morning activities between 06h00 and 08h00. By 15h00 to
17h00, the occupants are often indoor after the day’s task, preparing for their evening meals. The 3.8 kW 4 plate
cooker was observed to be the major contributor of the morning and evening peaks demand. On both days, the
average morning peak demand was 1.18 kW and 1.32 kW in the evening, while the whole building daily cumulative
energy was 10 kWh.
As seen in Figure 7, the PV system continuously powers the house load irrespective of the sky condition during the
weekends, but a different circumstance was observed on the weekdays. On the clear sky weekday, a fairly steady PV
supply of 1.93 kW average with a daily generated energy of 24.10 kWh was observed. The house consumed 23%,
and the batteries accumulated 62% of the total generated energy. During peak demand periods (morning and
evening), the PV supply was, however, not sufficient for the house load as the batteries were found to provide the
supplementary supply. The occupants eventually experienced an uninterrupted power supply.
In Figure 7 (c), the PV average supply and daily energy generated were 454.64 W and 5.23 kWh, respectively. The
daily energy required in the house, comparing with the house load in Figure 7 (b), was found to be 7% higher than
the PV energy generated. As a result, extra power from the batteries was required during both peak demand periods.
During the morning peak demand period, the batteries supplied 100% of the 1.14 kWh consumed in the house and
96% of the 1.96 kWh used in the evening peak period. By 16h00, the batteries were fully depleted; leading to the
disconnection of the house from the PV system, as shown in Figure 7 (c).

5. Conclusions
In this study, the performance of a domestic building integrated PV (BIPV) was explored. To this effect, the solar
global horizontal irradiance (GHI) of the premises was monitored to interrogate the performance of the PV system
with respect to the occupants' daily activities. Parameters such as the voltages and currents of the PV array and
batteries as well as the demand and energy consumption of the house were monitored continuously. These parameters
were used to compute the daily supply and cumulative energy of the PV array and batteries, which represented the
PV system performance. The impact of the occupants’ activities on the performance of the system was also taking
into consideration.
The results of the study which only involves the PV performance on March 2019, show a significant amount of solar
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radiation with an average of 389.05 W/m2 and total irradiation was 150.72 kWh/m2. The average PV supply rate was
1.67 kW and cumulative energy of 487.00 kWh. The 3.8 kW 4 plate cooker was observed to be the dominant energy
consumer in the house, responsible for 50% of the 10 kWh daily energy consumption. It also generates an average
morning and evening peaks demand of 1.18 kW and 1.32 kW, respectively. The PV system was also found to
continuously power the house load irrespective of the sky condition during the weekends. However, on a cloudy
weekday, the house load was disconnected from the PV system during the evening demand period due to low battery
power.
The findings of the study show that the location of the BIPV provides sufficient solar radiation, but alternative means
of cooking is encouraged for effective utilisation of the system. Comparing similar projects (Sustainability Institute,
2013; Singh, Olwagen and Moodley, 2019) conducted in the country, the weekend load demand is often targeted.
Therefore, the design system can provide reliable energy access to a single-family house in the surrounding rural
communities in Alice.
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Abstract
Due to the high solar energy radiation in northern Chile photovoltaic systems for electrical energy supply in
off-grid and on-grid applications present attractive energy solutions under technical and economic aspects.
Field experiences made within the last more than 20 years in different projects in small scale applications up
to 35 kWp are shown with focus on project planning, design, reliability of components, capacity building and
necessary support after installation. In general, a very high acceptance for renewable energy projects can be
observed on all levels, from users up to regional and national decision makers, but the number of installations
especially in the private sector is relatively low. Technical results and experiences are shown and main
obstacles for a wider dissemination are discussed such as investment costs and access to reliable and
appropriate information for users.
Keywords: Field experiences, PV on-grid, PV off-grid, small-scale applications

1.

Introduction

The following paper focus on field experiences made by the authors with PV systems for off-grid and on-grid
applications typically in the range of 0,5 – 35 kWpeak. First PV-off grid systems were installed some 25 years
ago for rural electrification such as DC solar home systems and AC PV systems for schools, health centres,
farms and others. PV on-grid systems present a quite new application in Chile; first pilot small-scale
applications for decentralized grid connection were installed some 8 years ago, in 2014 a feed-in law with a
net billing tariff system was established.

2.

Technical description of typical installed PV systems

Northern Chile, especially the desert and high Altiplano regions present a very high solar energy potential
throughout the whole year with relatively little seasonal changes; the mean daily global radiation in these areas
is Hday, mean = 6,9 kWh/m2day (Molina, 2014).

2.1

Stand-alone off-grid applications

PV off-grid systems present technical and economic viable solutions for energy supply in remote areas,
compared for example with conventional systems such as Diesel operated generators. The typical small-scale
DC applications for basic electricity supply and rural electrification started some 30 years ago, focus for offgrid systems in this paper are photovoltaic systems with AC electricity supply, There is a wide range of
applications with an installed peak power varying from 1 kWp to approximately 50 kWp, for example for rural
schools, health centres, communication systems and others. As an example, Figure 1 shows the basic diagram
for a 34 kWpeak off grid system with a storage system, charge regulators, three phase inverter and a genset
backup for electricity supply of a waste water treatment plant in a remote area.
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Bi-directional inverter
3 x 3 kW, 48 V/ 380-220V

380 V
2 x 3,4 kVA
L1
L2

Charge
regulators

Solar generator
33,84 kWp

L3

Softstart

M, 3~

20 UV lamp
220 V

Circuit breaker
and fuse

20 UV lamp
220 V

Battery
48 V, Cnom = 4600 Ah

20 UV lamp
220 V, others

Back up Diesel genset,
10 kVA, 3 ~

Fig.1: Basic diagram for a 34 kWp PV off-grid system with a storage system and genset backup

The system design was relatively simple due to the fact that the load was easily to determine and also relatively
constant over the years of operation. In this case, a daily electrical energy consumption of Eel.,day = 100 kWh/day
was calculated in order to operate a total of 60 UV lamps in 24-hour operation and two three phase waste water
pumps with an electrical power of 3 kW each, operating periodically during day and night. The solar generator
consists of 144 solar modules (72 cell modules, Si poly crystalline) with a peak power of Pp = 235 Wp,
organized in 12 subarrays (each subarray with 3 modules in series connection and 4 strings), each subarray
was connected to a MPPT charge controller.
In order to assure a long system life time, the selected battery is a OPzV lead acid gel battery with a system
voltage of 48 V and a nominal capacity of Cnom. = 4.600 Ah, see Figure 2. A Diesel generator has been installed
as a backup unit, which is connected directly to the three-phase bi-directional inverter, but has not been used
so far.

Fig. 2: Principal components of 34 kWp PV off-grid system (Putre, northern Chile)
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A monitoring system was installed in order to observe the system performance, most important the battery
performance and the real consumption data; the following Figure 3 shows the daily electrical energy
consumption and the minimum daily battery voltage, in this case during a period of 4 months in the critical
winter months with lower solar radiation from May to August.
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Fig. 3: Daily consumption and daily min. battery voltage of 34 kWp PV off-grid system (Putre, Arica and Parinacota Region)

2.2

PV-grid connected systems

PV-grid connected systems present a relatively new application in Chile. A feed-in law with a net billing tariff
system was introduced in 2014 (SEC, 2019), but so far, this did not lead to a widespread use especially for
small and medium-scale systems in northern Chile. Due to the existing tariff system, most interesting
applications can be identified in agriculture and industry; the systems focus on self-use, only excess energy is
injected to the grid. A standard three phase PV installation with a peak power of 25 kWp is shown in Figures
4 and 5, in this case for a 12 hectares farm with the main electrical energy demand for irrigation. The used
inverter makes installation on the DC side relatively simple: a DC power switch is integrated as well as fuses,
so that the different PV strings can be connected directly to the inverter DC inputs.

3

kWh meter
Inverter
Fronius ECO
25 kW

Grid
kWh

16 modules
in series
connection

Solar generator
25,6 kWp
5 strings,
80 modules in total
JA Solar, 320 Wp

Fig. 4: Basic diagram for a 25 kWp PV on-grid system
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Fig. 5: Principal components of 25 kWp PV on-grid system (Arica, northern Chile)

Since installation, the system is working well, but main disadvantage of this classical PV grid connected system
is the fact that the solar grid inverter switches off in case of a grid failure without electrical energy supply for
the user. Therefore, the integration of a storage system with a hybrid inverter presents a very interesting
alternative in two aspects: self-consumption increases and mainly, the solar system continues operating in offgrid mode in case of grid disconnection. A first pilot project was carried out in Arica with a 5 kWp installation
for a 4 hectares farm. (Antúnez et al., 2016).
In a first step, an energy audit has been done before installation in order to obtain precise data about the
electrical energy demand. Electrical energy demand is given by two water pumps for irrigation (2 HP each
with a total daily operating of 7 hours), refrigeration, illumination and typical household appliances. The
consumption was measured and registered as 10-minute values during a total period of 3 months. The daily
electrical energy consumption varies between 15 – 20 kWh/day. Figure 6 shows a typical daily load profile
with a total electrical energy consumption of Eel. = 19 kWh/day. The operation of the two irrigation pumps
can clearly be identified, as well as the on-off cycles of the refrigerator during the whole day. Another
interesting aspect to mention is the stand-by consumption of all electronic devices connected; a constant standby consumption of Pel,standby = 60 W can be observed.

Daily profile of electrical power consumption
18.12.2013
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14:00

12:00

10:00

8:00

6:00

4:00

2:00

0

0:00

Watt

2000

Fig. 6: Typical daily load profile of 4-hectare farm (Arica, Arica and Parinacota Region)
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These measurements on site not only give precise information about the electrical energy consumption and
daily load profiles, but also help to improve the load management. In order to increase self-consumption, the
adaption between solar electricity generation and consumption can be improved significantly by changing the
irrigation schedule during the day, that means, concentrate major consumption during sunshine hours, in this
case. starting irrigation later in the morning and earlier in the afternoon. Considering the measured load data,
the system design gave results, presented in Table 1:
Table 1: Main system parameter, grid connected PV system with storage

Parameter
Typical daily electrical energy consumption
Solar generator peak power
Hybrid inverter with integrated system manager and charge unit
Battery
System voltage DC

Value
15 – 20 kWh/day
5 kWp
5 kW
Lead acid, gel, OPzV, C100 = 1.100 Ah
24 V

As mentioned before, the hybrid inverter operates in two different modes. In normal operation, the electric grid
is connected, priority lies on self-consumption, only the solar surplus energy is injected to the grid. The battery
use in on-grid mode can be programmed and limited by defining the battery’s depth of discharge. In back-up
mode, the grid is disconnected and the system works in off-grid mode; the batteries can be recharged by the
solar generator and the battery’s depth of discharge also can be programmed and limited. The basic functional
diagram and the installed system are shown in Figures 7 and 8.

kWh meter

Hybrid inverter, 5 kW
AC Grid
AC Local

Solar generator
5.000 Wp

System / Battery
Manager

Grid
DC circuit breaker
and fuse
Local consumption
15-20 kWh/día
Battery
24 V, C100 = 1.100 Ah

Fig. 7: Basic diagram for a 5 kWp PV on-grid system with battery storage

A monitoring system, including a calibrated solar cell for irradiance measurement was installed in order to
obtain reliable data about the system`s performance. The inverter in these applications assumes additional
functions such as a battery and system management. In this pilot installation, the installed OPzV battery has a
relatively high capacity and can be reduced in future installations for a lower investment cost. The battery has
demonstrated an excellent performance, the measured battery efficiency (Eout/Ein) was calculated to ƞBat = 87
% (Antúnez et al., 2016).
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Fig. 8: Principal components of 5 kWp PV on-grid system with storage (Azapa, Arica and Parinacota Region)

The installed solar generator has a peak power of Ppeak = 5 kWp and is composed of a total of 20 solar modules
with a peak power of 250 Wp each, organized in two strings with 10 solar modules in series connection. The
monitoring systems measures, among other parameters, the solar irradiance and generated DC power. Figure
9 presents the relation between solar irradiance and generated solar electrical power, measured over several
months from June to October 2015. The measured curve can be approximately described as a linear relation
between solar generator power and solar irradiance using a correction factor FCp which considers the power
degradation in relation to the solar cell temperature. Due to the increasing solar cell temperature at higher
irradiances the measured electrical power with a solar irradiance of 1.000 W/m2 is Pel. = 4.200 W. The
correction factor is FCp = 0,84.

Psg,cc ≈ FCp ∙

Pp

∙ S

1.000 W/m2

(eq. 1)

DC electrical power in Watt

DC solar generator electrical power vs. solar irradiance, 5kW peak
June - October 2015
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Fig. 9: Relation between solar irradiance and generated solar electrical power (5 kWp PV grid connected system)
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Figure 10 shows an example of daily profiles of solar generation, consumption on site and export of electricity
to the grid. The solar generated electricity (red curve) first recharges the battery in the morning. In this example,
there is a relatively low electrical energy consumption during the whole day (blue curve) with battery support
in the evening and during night. Due to the low demand on this day, electricity is injected to the grid during
the day (green curve).

Solar generation, consumption and export
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0
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Solar generation DC

Fig. 10: Solar generation and electric power of the inverter (5 kWp PV connected system)

Due to the fact that the battery is operating also in normal grid operation and due to the battery’s capacity of
C100 = 1.100 Ah the self-consumption rate is quite high in this pilot installation. The energy balance over the
whole year 2015 is shown in Figure 11. The blue curve represents the solar generation in AC at the inverter
output, the two columns (green and red) show the total electrical energy consumption on site. The selfconsumption rate is 89% (average value over the year), that means only 11 % of total yearly energy demands
is covered by the grid.

Energy balance year 2015
Solar generation, self consumption and importation
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Fig. 11: Solar generation inverter AC, self-use and grid importation

1668

R. Schmidt et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

3.

Field experiences and lessons learned

Within the last 20 years a total of approximately 100 small scale systems with a total peak power of about 150
kWp, DC and AC off-grid and on-grid systems, have been installed by the authors in different kind of projects.
The projects and installations were carried out with international counterparts, such as UNDP, national
counterparts mainly the Agricultural Research Institute INIA, public institutions such as CORFO, the local
electric utility EMELARI in Arica and private users. Lessons learned and the main field experiences are
pointed out in the following chapters.

3.1

Project planning and design

Generally spoken, the design of a small- or medium scale PV system is not complicated, but the following
aspects should be considered carefully during planning and design:
•
•
•

Determination of the electrical energy demand, especially in off-grid systems
User participation
Product quality

Most critical parameter in designing a PV off-grid system is the determination of the electrical energy demand,
especially in systems with AC electricity supply. This aspect is not so critical in PV on-grid systems due to the
fact that in grid connected systems the user normally is already connected to the grid and data about the
electrical energy consumption are available for example in the electricity bill; the on-grid user normally gets
information about his electrical energy consumption over the last 12 months, which is a quite good planning
guide.
In the case of off-grid systems the data base is quite poor in many cases, therefore it is recommended to carry
out an energy audit on site and calculate or, in many cases, estimate the actual and the future electrical energy
demand. In all observed cases of PV off-grid systems with AC electricity supply the demand increased
significantly within the first years of operation, which should be considered in the system design. Oversizing
the PV system compared to the actual electrical energy demand is helpful, but also an effective user´s training
about system operation and use of energy efficient appliances is absolutely necessary.
Another aspect, worth to be mentioned, is the importance of a strong user’s participation in project planning.
The users normally have some basic information about photovoltaic applications but matching the user´s
expectations and the possible technical solutions often result a difficult task and needs a lot of conversation
and time. During planning, the user should receive at least clear information about the following aspects:
•
•
•
•
•

System’s capacity and performance
Benefits, but also limitations and possible restrictions
Details about the initial investment cost and estimated pay-back period
Necessary user’s activities for adequate operation and maintenance
Guideline in case of system failures

Best approach are several visits on site, discussions and information with the potential user. And finally,
choosing high quality products are essential and should be selected carefully during the design phase.

3.2

Reliability of components

3.2.1

PV modules

All installed PV projects were equipped with mono- and poly-crystalline Si modules. Electrical failures on
these modules cannot be reported, only failures of one of the internal bypass diodes have been seen on two 12
Volt modules which were installed in 2005 for rural electrification projects, see Table 2. First modules which
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have been installed in 1998 are still operating. As an example, Figure 13 shows the IV curve of one of these
modules, a 50 Wp Siemens SM 50 mono crystalline Si module, which is shown in Figure 12. This module was
measured in 2019 after more than almost 20 years of operation.
The history of this module is well known; the first six years of operation it was installed in a solar pumping
system, in the following years it was used operating 12 Volt ventilators in a solar dryer equipment. The 12
Volt ventilators were connected directly to the solar module, that means, the module was operating the whole
day.
Figure 13 shows the measured IV curve and calculated power curve under real test conditions and the
calculated STC IV curve and STC power curve. The module is still operating within the specifications with an
actual peak power of 44,8 W, equivalent to 89 % of its initial peak power in 1998.

Fig. 12: SM 50 module from 1998 on the left, compared with an actual 250 Wp module from 2018
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Fig. 13: Measured IV curve under real test conditions and STC curve
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3.2.2

Charge regulators and inverters

In general, PV systems and components can be characterized for their very high reliability and lifetime.
Regarding product quality, the situation with PV off-grid systems is more complicated than on-grid systems.
The feed-in law for on-grid systems only allow the installation of certified solar modules and inverters (SEC,
2019).
For PV off-grid system there is a widespread market of solar modules, charge regulators, inverters, batteries
and information about product quality often is quite poor.
The following Table 2 shows registered failures of electronic components such as charge regulators and
inverters. Form a total of 90 solar charge regulators two failures have been observed; in the case of off-grid
inverters a total of 24 inverters have been installed with one registered failure and finally, one on-grid inverter
failed from a total of 13 installed devices. In all cases, hardware failures have been observed, normally after
installation or within the first days of operation; these devices were sent back to the supplier for repair; in the
case of the on-grid inverter, this device was repaired on site in cooperation with the supplier by replacing the
main AC electronic board. The failure rate of electronic components is low, nevertheless, it must be considered
that failures might happen.

Table 2: Number of installed components and registered failures

PV Modules

Charge regulators

Inverters off-grid

Inverters on-grid

Installation > year 2002

Installation > year 2012

Installed

150 kW peak

90

24

13

Failure

2 modules (bypass diode)

2

1

1

As a main conclusion, as mentioned also in other publications (Feron, 2016) eventual electronic device failures
can occur and should be taken into account, that means, the supplier’s back up is absolutely necessary and
spare parts or equipment should be available within 1-2 days.

3.2.3

Batteries

So far, all reported installed PV systems with storage use lead acid solar Gel or AGM batteries, maintenancefree solar 12 Volt grid plate batteries or 2 Volt OPzV Gel cell batteries for larger systems. The battery’s quality
is a decisive factor for a long-run system operation. Problems with the battery performance are not seen
immediately but often occur after several months of operation. It is highly recommended select a suitable
battery according to the life cycle curves and the provider or manufacturer should provide this information.
Unfortunately, many suppliers, especially for grid plate solar batteries, do not publish this information. These
curves are measured on a laboratory level and real conditions in the field are different, but so far, these life
cycle curves are the best quality indicator in order to choose a good battery.
The following Table 3 recommends how to select a good battery, define adequate levels for depth of discharge,
DOD and expected lifetimes.
Table 3: Recommended battery parameters

Parameter
Max. depth of discharge, DOD
Min. life cycles
Lifetime

Grid plate solar batteries
20 – 30 %
2.200 cycles
> 6 years

OPzV batteries
30 – 40 %
4.500 cycles
> 12 years
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3.3

Deep discharge control of the battery

A good working deep discharge control of the battery is another important parameter in PV off-grid systems,
especially using inverters and AC electricity supply. As in most installations the inverter is connected to the
battery (not connected to the charge regulator) the inverter has to assume the function of deep discharge control.
All inverters control the DC input voltage level but the cut-off voltage level is very low; typical inverter fabric
settings of this value are for example 10,5 V in a 12 Volt system, 21 V in a 24 Volt system and 42 V in a 48
Volt system, that means, at this voltage cut-off level the battery is completely discharged, there is no protection
against the battery’s deep discharge. An inverter should be selected which permits to change and adapt this
value during installation and setup. Recommendable values for deep discharge control and cut-off are 11,4 V
in a 12 Volt system, 22,8 V in a 24 Volt system and 45,6 V in a 48 Volt system. Another possibility for the
deep discharge control uses the load output of the charge regulator in combination with a remote control input
of the inverter.

3.4

Monitoring

PV on-grid systems normally have an integrated monitoring system which allows precise data analysis on-line.
On the other hand, the situation with PV off-grid systems, installed in remote areas, is different. The user, in
many cases, does not have information about the system’s performance and normally is not so familiar with
technical parameters such as electrical power, energy, charging state of the battery, etc. Therefore, it is very
useful to implement a basic monitoring system in off-grid applications, at least, install a kWh meter at the
inverter’s output in order to control the electrical energy consumption and second, use a battery voltage meter
or a simple battery monitor to inform the user about the actual battery’s charging state.
A simple but very useful is a simple three LED indicator with green, yellow and red LED’s, such as a traffic
light, which helps the user to get a rough but sufficient information about the actual system´s performance and,
if necessary, reduce the electrical energy consumption in order to avoid a shortage in electricity supply.

3.5

Training and support after installation

More and more people, users, installers, technicians, engineers, project planner, product suppliers,
professionals in the public sector etc. are involved in solar energy activities. An adequate training on all levels
is absolutely necessary, but experiences indicate clearly a widespread gap on this, not only in Chile but also in
many other countries (Feron, 2016). Capacity building activities on all levels are essential for successful
projects (IEA, 2003). Training workshops exist but, in many cases, do not accomplish the planned goals.
Efficient training, in general, needs qualified personal, needs time and cannot be done successfully in a 4-hour
workshop.
Regarding the user level, solar energy is something new for most of the users; a short introduction and user
training by the installer is not enough to assure a good and sustainable system operation and maintenance.
Experiences in the field clearly show that user support and training after installation is very helpful, for example
regular site visits, several short training activities after installation at least during the first year of operation.

3.6

Main obstacles in dissemination

Compared with other countries worldwide, Chile is an emerging country regarding solar energy use. Though
a very high acceptance of renewable energy can be observed in society in general, there is so far a very small
private market for decentralized PV on-grid and off-grid systems. As main obstacles for a wider dissemination
two aspects can be mentioned: lack of information and still high investment costs.
Regarding information, it is so far quite difficult for a potential user to get adequate information about solar
energy applications, performance of typical systems, involved costs and obtain technical advisory. In the case
of product suppliers many new solar companies and suppliers have been established within the last few years.
Only a very small number of companies so far present a necessary technical skill to orientate potential users.

1672

R. Schmidt et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Second, the economic evaluation of PV solar energy projects is positive and the specific electricity costs for
both, on-grid and off-grid PV solutions can easily compete with conventional energy supply, but the initial
investment cost present the main obstacle. The costs for solar modules have decreased significantly worldwide
and also on a national level, but for farmers, residential users, small or medium size companies or others it is
still a quite high barrier to invest in solar energy. Investment and installation costs vary significantly due to
number of installations and region. Mean values for investment and installation cost (without tax) for on grid
systems without storage are approximately 2.100 US$/kWp for a system size between 1 – 5 kWp, 1.900
US$/kWp for a system size between 5 – 10 kWp and 1.600 US$/kWp for a system size between 10 – 30 kWp
(Fuchs and Almonacid, 2018).
Another aspect regarding investment in solar energy for a small or medium scale application refers to priorities
which the different potential users might have; a farmer, for example, has to decide among different priorities
on his farm (water pumping, irrigation and others) in which area to invest, energy supply often does not get
the highest priority.

3.7

Conclusions

A detailed planning phase is helpful including a strong user participation in order to select the best system
configuration and match the user`s expectations with technical and economic viable solutions. PV modules
present in general a very high quality level and long lifetime, electronic device failures are low but might
happen; the supplier’s back up is therefore absolutely necessary. Batteries are the most critical components in
PV systems; the use of high quality batteries is essential with long life cycles and an adequate deep discharge
control of the battery must be implemented. Training measures on all levels should be strengthened and user
support after installation is highly recommended in order to achieve sustainable system operation. Small and
medium scale PV systems for on-grid and off-grid applications present a very high potential in northern Chile,
but lack of information and high investment costs are still the main obstacles in dissemination.
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Abstract
The combined use of renewable energy technologies and alternative energy technologies is a promising approach
to reduce global warming effects in the world. In this paper, the so called “STAF (Solar Thermally Activated
Façade)” panels are used in combination with a heat pump or with biomass sources to obtain heat, electricity and
hydrogen. On the basis of the Rankine thermodynamic cycle we could obtain hydrogen from water with
electrolysis and CuCl thermochemical cycle. Furthermore, this study shows numerical and experimental analysis
of façade STAF panels which have a transparent cover in order to improve the efficiency of harvesting solar
energy. Furthermore, this study shows a numerical analysis of the thermal behavior and efficiency of STAF panels
with and without a transparent cover. A comprehensive life cycle analysis is also a part of this article.
Keywords: solar energy, façade panels, numerical analysis, LCA analysis

1. Introduction
The production of electricity and heat from renewable sources is becoming more efficient and economically
viable. Given current environmental problems, the utilization of renewable energy sources is becoming desirable.
The demand for thermal energy accounts for more than half of all the world's total energy needs. We currently
generate most of that heat from hydrocarbons and their derivatives. Some small amounts are produced through
renewable energy sources throughout the world. In the future, it is expected that the production of heat from
renewable sources will significantly exceed the current level. For this purpose, all types of renewable energy
sources should be taken into account. Particularly interesting is the use of solar energy with solar collectors, which
have a yield of over 60% (Chen et al., 2012). Currently, there are several solar thermal generation systems, such
as plate collectors, vacuum collectors, hot-air collectors and collectors, with which solar and thermal energy can
be simultaneously obtained. In the foreground, there are also solar panels, which can be used to cover the facades
of houses. In this way, they could acquire a good portion of the energy required for home and industrial heating.
The so called “Solar Thermally Activated Façade (STAF)” panel, which was developed in the course of the
Interreg project “ABS-Network SIAT 125”, has integrated fluid pipes at the exterior as well as at the interior metal
sheet. Fig. 1 shows a schematic of the STAF panel with its formed aluminium sheets (absorbers) by using Roll
Bonding technology (Avsec at al., 2018).

Fig. 1: Schematic of the Solar Thermally Activated Façade Panel

With this special sheet metal forming technique two metal sheets were combined to one steel plate whereby the
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fluid pipes are produced by inflation (one side or double side inflation). In case of the “one side inflation” method
only one metal sheet is deformed whereas an equilateral deformation is realized in the “double side inflation”
method. The exterior metal plate acts as an absorber of a solar thermal collector for conversion of solar energy
into hot water whereas the interior metal plate can be used for heating and cooling of the interior space. Depending
on the application and seasonal influences, a through the pipes flowing fluid enables the thermal use of solar
energy (energy harvesting) on the exterior surface. In addition, the fluid is able to manage the thermal conditioning
(heating and cooling) of the rooms on the interior surface. The insulator located between represents the thermal
building envelope and should keep heat losses as low as possible. Due to this sophisticated revision of sandwich
panels the field of application can be extended to office buildings, residential buildings, public buildings such as
for education, culture, health etc.

2. Numerical analysis
In order to determine the temperature increase of the fluid in the exterior absorber of the STAF panel, the
Computational Fluid Dynamics (CFD) method is used. Therefore, this study uses an already proved three
dimensional CFD model which is extended by a simple transparent glass cover and an air gap (closed air-cavity)
of 40 mm between the glass cover and exterior absorber. More information about the past CFD analysis, the model
development and all the simulation model details and the CFD code can be found in the study of (Brandl et al.
2018). Generally, a pressure-based solver was used and the simulations were performed for steady state
conditions. The widely used k-e realizable turbulence model with enhanced wall trematment was used, the gravity
force was considered as well as the incompressible ideal gas law for the involved fluid in order to take into account
the natural convection and buoyancy effects. With the help of the CFD simulations in this study, the fluid outlet
temperatures and efficiency of a 3.5 x 1.0 m STAF panel is obtained, that is integrated in a Rankine process
combined with the heat pump or fuel cell. Fig. 2 shows some details about the CFD model and the absorber
geometry which is used in the analysis.

Fig. 2: Illustration of the CFD model of the covered and uncovered STAF panel

Generally, the exterior absorber consists of four connected single aluminum absorber sheets with a fluid pipe
design which was suggested by the absorber producer (Talum d.d). Both, the covered as well as the uncovered
STAF panel have the same pipe design, absorber sheet dimensions (1750 x 500 x 2.05 mm) and fluid pipe profile.
All absorber which are based on Roll Bonding technology have a solar painting with a solar radiation absorptivity
of 95 % and a long-wave emissivity of 86 %. For the glass cover a solar transmissivity of 90 % was assumed in
the simulations. Since the STAF panel is symmetrical and has two fluid in- and outlets only one half of the panel
needs to be modelled and calculated by definition of a model symmetry. The CFD mesh of the uncovered STAF
panel contains 9.69 million polyhedral cells, the model of the covered STAF panel consists of 19.94 million
polyhedral and hexahedron cells.
In order to determine the efficiency characteristics a parameter analysis is performed by varying exterior at
least one of the following boundary conditions: temperature 𝑡𝑒𝑥𝑡 , solar radiation 𝐼𝑆𝑜𝑙 , solar angle 𝛼𝑆𝑜𝑙 , fluid flow
̇
rate 𝑉𝑓𝑙𝑢𝑖𝑑
and inlet temperature 𝑡𝑓𝑙𝑢𝑖𝑑,𝑖𝑛 or the effect of wind in form of an exterior heat transfer coefficient 𝛼𝑒𝑥𝑡 .
The result of each scenario in the CFD analysis is a simulated fluid outlet temperature 𝑡𝑓𝑙𝑢𝑖𝑑,𝑜𝑢𝑡 , as well as the
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resulting thermal output 𝑞̇ 𝑓𝑙𝑢𝑖𝑑 and efficiency 𝜂 which is defined according to the following equations.
̇
𝑞̇ 𝑓𝑙𝑢𝑖𝑑 = 𝑉𝑓𝑙𝑢𝑖𝑑
⋅ 𝜌𝑓𝑙𝑢𝑖𝑑 ⋅ 𝑐𝑝,𝑓𝑙𝑢𝑖𝑑 ⋅ Δ𝑇

(eq. 1)

Δ𝑇 = 𝑡𝑓𝑙𝑢𝑖𝑑,𝑜𝑢𝑡 − 𝑡𝑓𝑙𝑢𝑖𝑑,𝑖𝑛

(eq. 2)

𝜂=

𝑞̇ 𝑓𝑙𝑢𝑖𝑑

(eq. 3)

𝐼𝑆𝑜𝑙 ⋅cos(𝛼𝑆𝑜𝑙 )

In this analysis water is used as fluid with a density of 998.2 kg/m³ and a specific heat capacity of 4182 J/kgK.
The assumed boundary conditions as well as the simulation results are summarized in the following Table 1.
Table 1: boundary conditions and results of the CFD parameter analysis for a covered and non-covered STAF panel
𝑰𝑺𝒐𝒍

𝜶𝑺𝒐𝒍

𝜶𝒆𝒙𝒕

𝒕𝒆𝒙𝒕

𝒕𝒇𝒍𝒖𝒊𝒅,𝒊𝒏

𝑽̇𝒇𝒍𝒖𝒊𝒅

𝒕𝒇𝒍𝒖𝒊𝒅,𝒐𝒖𝒕

∆𝑻

𝒒̇ 𝒇𝒍𝒖𝒊𝒅

𝜼

W/m²

°

W/m²K

°C

°C

l/h

°C

K

W/m²

-

STAF-uncovered-001

1000

45

25

30

20

100

38.7

18.7

621

0.88

STAF-uncovered-002

1000

45

25

30

10

100

34.6

24.6

818

1.16

STAF-uncovered-003

1000

45

25

30

30

100

42.7

12.7

422

0.60

STAF-uncovered-004

1000

45

25

30

40

100

46.7

6.7

223

0.31

STAF-uncovered-005

1000

45

25

30

50

100

50.6

0.6

21

0.03

STAF-uncovered-006

500

45

25

30

30

100

36.4

6.4

211

0.60

STAF-uncovered-007

500

45

25

20

30

100

30.5

0.5

17

0.05

STAF-uncovered-008

1000

45

25

20

30

100

36.9

6.9

229

0.32

STAF-uncovered-009

500

20

25

-10

20

100

11.4

-8.6

-284

-

STAF-covered-001

1000

45

25

30

20

100

38.0

18.0

597

0.84

STAF-covered-002

1000

45

25

30

20

80

42.0

22.0

583

0.82

STAF-covered-003

1000

45

25

30

20

60

48.2

28.2

560

0.79

STAF-covered-004

1000

45

25

30

20

50

52.7

32.7

542

0.77

STAF-covered-005

1000

45

25

10

20

100

34.8

14.8

492

0.70

STAF-covered-006

1000

45

25

-10

20

100

31.8

11.8

390

0.55

STAF-covered-007

1000

45

25

30

10

100

29.7

19.7

652

0.92

STAF-covered-008

1000

45

25

30

40

100

54.4

14.4

478

0.68

STAF-covered-009

1000

45

25

30

60

100

70.3

10.3

343

0.48

STAF-covered-010

1000

30

25

30

20

100

42.1

22.1

731

0.84

STAF-covered-011

1000

60

25

30

20

100

32.3

12.3

407

0.81

STAF-covered-012

1000

30

25

30

40

100

58.4

18.4

610

0.70

STAF-covered-013

1000

60

25

30

40

100

48.8

8.8

292

0.58

STAF-covered-014

1000

45

100

30

20

100

37.7

17.7

586

0.83

STAF-covered-015

1000

45

5

30

20

100

38.9

18.9

626

0.89

STAF-covered-016

500

45

25

30

20

100

29.9

9.9

328

0.93

STAF-covered-017

250

45

25

30

20

100

25.7

5.7

189

1.07

STAF-covered-018

1000

0

25

30

20

100

45.6

25.6

847

0.85

STAF-covered-019

1000

45

25

30

80

100

85.8

5.8

192

0.27

STAF-covered-020

1000

45

25

30

90

100

93.3

3.3

110

0.16

STAF-covered-021

1000

45

25

30

95

100

97.0

2.0

68

0.10

STAF-covered-022

500

20

25

-10

20

100

26.6

6.6

220

0.47

𝑪𝒂𝒔𝒆
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Fig. 3 and 4 show a comparison of the temperature contours between covered and uncovered STAF panel at
different climate conditions. While at hot climate conditions the performance is very similar (slightly better for
uncovered STAF panel) the uncovered STAF panels cannot keep up with the covered panels for intermediate and
especially at cold climate conditions (Fig. 4). While the temperature is heated up from 20 °C to 26.6 °C inside the
covered STAF panel, the fluid is cooled down to 11.4 °C in the uncovered STAF panel.

Fig. 3: Comparison of the absorber´s temperature contours between covered and uncovered STAF panel at hot climate conditions.

Fig. 4: Comparison of the absorber´s temperature contours between covered and uncovered STAF panel at cold climate
conditions.

With the help of the results from Table 1 an efficiency curve is created according to the definition of the
collector efficiency curve which can be found in literature (Duffie, J. & Beckman, 1991). The following equation
shows the mathematical description of the collector efficiency curve, 𝐶0 is the Solar conversion coefficient, 𝐶1 is
the coefficient for the convective thermal losses and 𝐶2 the coefficient for the radiative thermal losses. 𝐼𝑆𝑜𝑙,𝑝 is the
Solar radiation perpendicular to the absorber surface of the solar thermal collector, 𝑡𝑠𝑢𝑟𝑓,𝑎𝑣𝑔 is the surface
averaged temperature of the absorber.
𝜂 = 𝐶0 − 𝐶1 ⋅

𝑡𝑠𝑢𝑟𝑓,𝑎𝑣𝑔 −𝑡𝑒𝑥𝑡
𝐼𝑆𝑜𝑙,𝑝

2

− 𝐶2 ⋅

(𝑡𝑠𝑢𝑟𝑓,𝑎𝑣𝑔 −𝑡𝑒𝑥𝑡)
𝐼𝑆𝑜𝑙,𝑝

(eq. 4)

Fig. 5 shows the resulting collector efficiency curves for the covered as well as the uncovered STAF Panel in
comparison with efficiency curves from (high efficient) solar thermal collectors which are available on the market
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(SPF, 2019). Again you can see that the efficiency of the uncovered STAF (red, dotted line) panel is very good at
high exterior temperatures but rapidly decreases with exterior temperatures. In this state the STAF panel with
(the simple) glass cover (green, dotted line) cannot keep up with the efficiency of such solar thermal collectors
(black and green, dashed lines) which have special solar glasses and selective solar coatings but with some
material and constructive improvements it might be possible to come close to such efficiencies.

Fig. 5: Comparison of the collector efficiency curve between covered and uncovered STAF panels.

3. The application of STAF panels
The main idea of the presented article is the use solar energy and biomass (wood chips) to produce cheap hydrogen.
In the article we combined two processes for hydrogen production, electrolysis and thermochemical CuCl cycle.
The working Rankine cycle (RC) system combined with the CuCl process (Avsec and Novosel, 2016) and
electrolysis system is presented in Fig. 6. Apart from hydrogen production in the process, we can also use waste
heat from the Rankine process for district low-temperature heating of buildings and houses. All necessary data to
calculate thermodynamic efficiency are presented in Table 2. This relatively small cogeneration unit was built for
the case of Posavje region. The idea of the presented work is primarily to exploit solar energy for hydrogen
production. The big amounts of solar energy are available especially in the summer, spring and autumn period.
To this end, we have used a model of covered STAF panels (Table 1), where we could obtain approx. 20 °C of
temperature increase. Additional heat fort he process we obtain from woof cheaps. With help of solar calculation
software found on the web page, http://re.jrc.ec.europa.eu/pvgis/apps4/pvest.php, we have calculated the average
amount of solar hours. For STAF panels integrated in building for Posavje region we calculated 1060 effective
solar hours for solar angle 450and 716 effective solar hours for for solar angle 900.
Table 2: Results of the Rankine system calculation
Rankine system and CuCl system
State

Pressure [bar]

Enthalpy [kJ/kg]

1
2
3s
3
4
5

300
300
0.06
0.06
0.06
300

3883.43
3599.4
1972.8
2135.46
151.5
186.765

Parameter

Value

𝑊̇𝑡
𝜂𝑡
𝑚̇
𝑄̇𝑐
𝑚̇𝑤
𝑊̇𝑝
𝜂𝑝
𝑄̇𝑎𝑑𝑑
𝑊̇𝐶𝑢𝐶𝑙

10 MW
0.9
6.831 kg/s
–13.552 MW
403.346 kg/s, Δ𝑇 = 8 K
240.9 kW
0.85
25.252 MW
1.94 MW
Fig. 6: STAF panels in combination with Rankine cycle

Fig. 7 shows production of hydrogen per day with the RC system, electrolysis and CuCl system. On the basis of
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Production of hydrogen
(kg/day)

thermodynamic calculation we could determine the amount of hydrogen produced by CuCl process and by
electrolysis per day. As can be seen from Fig. 7, the total production of hydrogen is 3931.5 kg/day, the ratio
between the hydrogen obtained by electrolysis and the CuCl process is more than 5.
4500
4000
3500
3000
2500
2000
1500
1000
500
0
CuCl system

Electrolysis

Sum

Fig. 7: The amount of produced hydrogen

4. LCA analysis
LCA (life cycle analysis) is a tool for assessing the energy and environmental profile of a product or technology
from design to recycling. It provides global guidance and criteria based on which decisions are made on further
product development and which accompany the product or technology throughout the life cycle. LCA covers the
entire energy and environmental aspect from production, transport, installation, lifetime and decommissioning of
a product. LCA is a methodology, which includes four life cycle phases in a comprehensive and transparent way,
on the basis of facts and expertise and in conformity with (ISO, 14040) standard. These phases are: study goal
and scope definition, data acquisition, modelling and interpretation of results. As regards new process and product
development, relationship between processes, product characteristics and environmental impacts have to be taken
into consideration for each product. The international (ISO, 14025) standard was introduced to ensure comparable
environmental efficiency among products.
The LCA of STAF panels comprises several phases, whereby each phase covers input output data on materials,
energies and environmental impact factors. Some other authors developed LCA in a similar way (Springer, 2018),
(Millera et al., 2019) and (Kim et al., 2019). In the STAF panel production phase, the LCA includes extraction,
production and transformation of raw materials required for the manufacture of a STAF panel first as a semifinished product, then as a product and finally an end product. The phase of an LCA involving STAF panel
production comprises three steps: material production, product manufacturing, packaging and distribution. The
phase of an LCA involving the STAF panel application includes installation, use and maintenance of a STAF
panel. The phase of an LCA involving recycling and waste management includes energy consumption for STAF
panel recycling and waste management. The environmental factor assessing the environmental burden
accompanies all life cycle stages. The LCA model of a STAF panel comprises input output data and system
boundary. The input data relates to the data on raw materials, energy and hazardous waste used for STAF panel
manufacture. The output data relates to air emissions, aqueous waste, solid waste, energy, recycled material and
other products. The air emission data includes the data on produced or reduced greenhouse gases of the STAF
panel life cycle. Aqueous waste affect water management due to its discharge into the environment and the related
environmental impacts in the STAF panel life cycle. Solid waste is waste generated in the STAF panel life cycle
without the possibility of recycling. Energy on the output data side constitutes the STAF panel energy life cycle
and is the ratio between the energy invested, required for the STAF panel production, and energy generated by
the STAF panel in its life cycle. Recycled material is material that can be reprocessed or reused in any other way
and has been used in the STAF panel life cycle. Other products are undefined products, occurring in the STAF
panel life cycle. A schematic arrangement of the STAF panel LCA model is presented in Fig. 8.
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Fig. 8: Schematic arrangement of STAF panel LCA model

The quality of an LCA largely depends on accuracy and precision of data and databases used. As a result of
technological progress and increasingly stringent environmental regulations, the data and databases are constantly
subject to changes and updates. The data from various databases differs, because it is subject to various regional
environmental regulations. The source of primary data in the LCA of a STAF panel was the data provided by the
STAF panel manufacturer, i.e. (Talum d. d.). We used as a secondary source of data the databases created by
private or academic database developers, such as: (Ecoinvent Database), (Eurostat), data from scientific literature
(Gielen and Dril), (Farjana et al., 2019), (Palazzo and Geyer, 2019) and (Liu et al., 2017). Data from technical
literature (U.S. Energy, 2007), (Calculation of fuel, 2014), (Flury and Frischknecht, 2012), (Farjana et al., 2019)
etc. We split the data used in the LCA model of a STAF panel into the following groups: materials, energy, waste,
waste heat and air emissions.
4.1 Materials
The materials group contains all materials used in the LCA model of a STAF panel. The materials were split into
two groups, namely aluminium materials for production, installation and packaging of aluminium and materials
for production, installation and packaging of rock wool. Table 3 shows the database of average quantities of
materials used for the STAF panel manufacture.
Table 3: Average quantities of materials for STAF panel manufacture

Aluminium
Material
Water
Bauxite
PE-foil
Alumina
Anode blocks
Coke
Aluminium fluoride
Tar pitch
Green residue
Carbon residue

1682

kg/panel
1558.336
39.774
0.183
14.786
3.502
2.462
1.362
0.494
0.045
0.543

kg/kg(AL)
193.8
5.100
0.082
1.910
0.450
0.316
0.175
0.063
0.006
0.07

Rock wool
Material
Water
Bauxite
PE-foil
Briquettes
Basalt rock
Portland cement
Dolomite rock
Phenol
Formaldehyde
Impregnation

kg/panel
12.321
5.655
1.158
0.653
0.236
0.236
0.022

kg/kg(RW)
4.468
0.086
0.009
1.097
0.504
0.103
0.058
0.021
0.021
0.002
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Calcium fluoride
Cryolite
Calcined soda
Total
Total 1
Total 1+2

0.008
0.008
0.004
1621.507
1642.131

0.001
0.001
0.0005
201.974

Iron oxide
Acrylic dispersion
Total
Total 2

0.287
0.056
-

0.025
0.005
6.399

20.624

As much as 94.9% of water is consumed for the STAF panel production and such water is to a large extent
disposed of into the environment as waste water. The quantity of water required for alumina production is as high
as 90%. On average, 39.77 kg of bauxite or 2.4% of the total material consumption is required for the manufacture
of one panel. Total consumption of alumina and briquettes amounts to 1.6% of the overall material consumed for
the manufacture of a single STAF panel. The total quantity of material consumed is 1642.131 kg/panel. The
overall amount of the material used for the production of one kilogram of aluminium is 201,974 kg/kg(AL), whereas
the overall amount of the material used for the production of one kilogram of rock wool is 6.399 kg/kg(RW).
4.2 Energy
The energy group comprises all energies dealt with in the LCA model of a STAF panel and used in the production
or processing stages for the STAF panel manufacture. Energy consumed by a STAF panel during the one-year or
the forty-year operation period and energy generated by the STAF panel during the one-year or forty-year
operation period is also taken into consideration. In the STAF panel energy production, the average annual solar
radiation for Central Europe (ARSO, 2019) is taken into consideration for south-facing orientation and tilt angle
of 15°. The energy consumption was split into three groups. We used the consumption of energy per unit of one
kilogram of aluminium for the aluminium production and transport, the energy consumption per unit of one
kilogram of rock wool for the production and transport of rock wool and energy consumption per unit of one
STAF panel for the manufacture and transport of STAF panels. The one-year and forty-year energy consumption
and production for STAF panel operation are also included. The database of average energy amounts for the
manufacture and operation of STAF panels with south orientation and a tilt angle of 15° is shown in Table 4.
Table 4: Average energy amounts for manufacture and operation of STAF panels with south orientation and a tilt angle of 15°

Production, process, operation
Primary aluminium
Secondary aluminium
Briquettes
Rock wool
Ship transport
Rail transport
Other transport
Aluminium panel manufacture
Rock wool production
Assembly and packaging
Recycling
Consumption for one-year operation (1)
Production – one-year operation (2)
Consumption – 40-year operation (3)
Production – 40-year operation (4)
Net production – one year (2-1)
Net production - 40 years (4-3)

kWh/kg(AL)
23.99
2.61
0.18
0.03
0.01
-

kWh/kg(RW)
0.579
1.879
0.024
-

kWh/pan
208.6408
26.9895
1.1772
1.426
251.286
614.324
698.616
24572.96
363.038
23874.34

The amount of energy required for primary aluminium production and transport is 23.99 kWh/kg(AL) on average
and 2.61 kWh/kg(AL) on average for secondary aluminium production and transport. The ratio between primary
and secondary aluminium in the aluminium panel production is 80% to 20%. Rock wool is made from
prefabricated briquettes.
The briquette production requires 0.579 kWh/kg(RW) of energy on average, and the rock wool production and
transport, however, 1.879 kWh/kg(RW) of energy on average. Therefore, the overall energy required for the
production and transport of one kilogram of rock wool amounts to 2.388 kWh/kg(RW).
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We made a comparison between energy flows of average one-year and 40-year STAF panel operation at the
average annual solar radiation for Central Europe, south facing orientation and a tilt angle of 15°. We also took
into consideration the average consumption of energy for the operation of a circulating pump that sends a fluid to
circulate through the STAF panel. The average energy consumption for one-year operation, including the average
energy consumption for STAF panel manufacture and transport, amounts to 251.286 kWh/panel. In one year, a
STAF panel facing south and having a tilt angle of 15°, produces 614.324 kWh/panel on average. Net production
in one year is the difference between the average annual energy produced and the average energy consumption
for one-year operation, amounting to 363.038 kWh/panel. Furthermore, a similar calculation was made for the 40year operation. Fig. 9 shows graphical presentations of average energies of the LCA of a STAF panel.
Thermal Electroly sis 13,75 kWh/kg(AL)
Alumina Manuf acture 7,27 kWh/kg(AL)

Casting 1,9 kWh/kg(AL)

Boxite Mining 0,32 kWh/kg(AL)
Anode Manuf acture 1,21 kWh/kg(AL)

Griding And Preparation
0,7 kWh/kg(AL)

Primary Casting 1,21 kWh/kg(AL)

Transport 0,01 kWh/kg(AL)

Transport 0,23 kWh/kg(AL)

Energy For Primary Aluminum Production

Energy For Secondary Aluminum Production

Coal 1,514 kWh/kg(RW)
Electricity 0,296 kWh/kg(RW)

Electricity 0,452 kWh/kg(RW)

Gas 0,045 kWh/kg(RW)

Diesel 0,045 kWh/kg(RW)

Diesel 0,012 kWh/kg(RW)

Transport 0,012 kWh/kg(RW)

Transport 0,012 kWh/kg(RW)

Energy For Briquettes Production
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Fig. 9: Graphical presentation of average energies of LCA of a STAF panels

Over the one-year period of operation, a STAF panel facing south and having at a tilt angle of 15° would produce
2.4 times more energy than the amount required for the manufacture, installation and one-year operation. Over
the 40-year period of operation, a STAF panel facing south and having a tilt angle of 15° would produce 35 times
more thermal energy than the amount required for the manufacture, installation and 40-year operation of a STAF
panel.
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4.3 Air emissions
In the air emissions group, we used all emissions of CO2, the greenhouse gas, covered by the model. The CO2
emissions were split into three groups: emissions in the production and transport of primary raw materials,
emissions in the production and transport of rock wool and emissions in the manufacture and transport of STAF
panels. The database of average amounts of CO2 for the manufacture and operation of a STAF panel facing south
and having a tilt angle of 15° is shown in Table 5.
Table 5: Average amounts of CO2 for STAF panel manufacture and operation

Production, process, operation
Primary aluminium
Secondary aluminium
Briquettes
Rock wool
Ship transport
Rail transport
Other transport
Aluminium panel manufacture
Rock wool production
Assembly and packaging
Recycling
CO2 production – one-year operation 1
CO2 reduction – one-year operation 2
CO2 production – 40-year operation 3
CO2 reduction – 40-year operation 4
Net reduction of CO2 – one year (2-1)
Net reduction of CO2 – 40 years (4-3)

kg(CO2)/kg(AL)
10.471
0.8447
0.0513
0.0081
0.0027
-

Thermal Electroly sis 6,89 kg(CO2)/kg(AL)
Alumina Manuf acture 2,57 kg(CO2)/kg(AL)

kg(CO2)/kg(RW)
0.3734
0.6181
0.007
-

kg(CO2)/panel
83.127
10.399
0.457
0.546
98.898
226.865
277.818
9074.604
127.97
8796.786

Casting 0,57 kg(CO2)/kg(AL)

Anode Manuf acture 0,49 kg(CO2)/kg(AL)

Griding And Preparation
0,23 kg(CO2)/kg(AL)

Boxite Mining 0,08 kh(CO2)/kg(AL)

Transport 0,0017 kg(CO2)/kg(AL)

Transport 0,06 kg(CO2)/kg(AL)

CO2 Emission For Primary Aluminum

CO2 Emission For Secondary Aluminum

Coal 0,454 kg(CO2)/kg(AL)

Electricity 0,176 kg(CO2)/kg(AL)

Electricity 0,115 kg(CO2)/kg(AL)

Process 0,149 kg(CO2)/kg(AL)

Transport 0,036 kg(CO2)/kg(AL)

Transport 0,036 kg(CO2)/kg(AL)

Gas 0,009 kg(CO2)/kg(AL)

Diesel 0,0122 kg(CO2)/kg(AL)

Diesel 0,0034 kg(CO2)/kg(AL)

CO2 Emission For Rockw ool

CO2 Emission For Briquettes

Fig. 10: Graphical presentation of average amount of released CO2 of the LCA of a STAF panel

The amount of greenhouse gas emissions in the primary aluminium production and transport is 10.471
kg(CO2)/kg(AL) on average and 0,8447 kg(CO2)/kg(AL) on average in the secondary aluminium production and
transport. The ratio between primary and secondary aluminium taken into consideration in the aluminium panel
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manufacture is 80% to 20%.
Rock wool is made of prefabricated briquettes. The amount of greenhouse gas emissions in the briquette
production and transport is 0.3734 kg(CO2)/kg(RW) on average and 0,6181 kg(CO2)/kg(RW) on average in the rock wool
production and transport. Therefore, the total amount of greenhouse gas emissions in the production and transport
of one kilogram of rock wool is 0.9915 kg(CO2)/kg(RW) on average. Graphical presentation of the average amount
of released CO2 of the LCA of a STAF panel is shown in Fig. 10.
4.4 Carbon footprint
We made a comparison between the carbon footprint of one-year and 40-year operation of a STAF panel facing
south and having a tilt angle of 15°. All CO2 gas emissions generated in all stages of STAF panel manufacture
and transport were taken into consideration in the operation, as well as the greenhouse gas emissions generated in
the STAF panel operation and circulating pump drive. Those greenhouse gas emissions were reduced by the
amount of reduced greenhouse gases to obtain the carbon footprint result in the one-year and 40-year period.
Reduced greenhouse gases are gases emitted into the air if energy generated by a STAF panel is produced by
burning fossil fuels. Carbon footprint of one-year and 40-year operation of a STAF panel facing south and having
a tilt angle of 15° is shown in Fig. 11.

Produced
98,9 CO2
0

-100

Net
-127,9 CO2
Reduced
-226,9 CO2

kg(CO2)/panel

kg(CO2)/panel

5000
100

Produced
227 CO2
0

-5000

Reduced
-9074 CO2

Net
-8796 CO2

-200
One Year Footprint

-10000
40 Years Footprint

Fig. 11: Carbon footprint of one-year and 40-year STAF panel operation

Over the one-year period of operation of a STAF panel facing south and having a tilt angle of 15°, 98.898
kg(CO2)/panel of greenhouse gas are emitted into the air and 226.9 kg(CO2)/panel of greenhouse gas are reduced. The
one-year carbon footprint is negative, since over the one-year period of a STAF panel operation, 127,9
kg(CO2)/panel less CO2 is emitted into the air than if the energy generated by a STAF panel in one year is obtained
by burning fossil fuels.
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Abstract
The performance of two unglazed aluminum PVT collectors integrated into a concrete wall was investigated
in a laboratory test facility. One PVT collector was installed in direct contact with the concrete wall and the
other was installed with 10 mm of Styrofoam between the PVT collector and the wall. It was found that the
temperatures of the walls behind the PVT collectors had big impacts on the thermal performance of the
collectors. For this reason, an extended version of the traditional QDT formula was suggested for façade
integrated collectors, where the effect of the temperature of the wall was also taken into account.
Keywords: Building integrated, PVT, experimental investigations, Quasi-dynamic test method.

Nomenclature and symbols
Quantity
Gross area of collector
Heat loss coefficient
Temperature dependence of heat loss coefficient
Wind speed dependence of heat loss coefficient
Sky temperature dependence of heat loss coefficient
Effective thermal capacity
Wind speed dependence of peak collector efficiency
Wind speed dependence of infrared radiation exchange
Radiation losses
Heat loss coefficient to the wall
Stefan- Boltzmann constant
Longwave irradiance
Hemispherical solar irradiance
Global solar irradiance at the collector plane
Beam irradiance
Diffuse irradiance
Incidence angle modifier for diffuse solar radiation
Incidence angle modifier for direct solar irradiance
Incidence angle modifier
Incidence angle modifier coefficient
Air speed
Reduced air speed
Peak collector efficiency based on Gb
Mean temperature of heat transfer fluid
Ambient air temperature
Wall temperature
Incidence angle
Transversal angle of incidence

Symbol
AG
α1
α2
α3
α4
α5
α6
α7
α8
α9
σ
EL
G
Gt
Gb
Gd
Kd
Kb
Kϑ
b0
u
u’
η0,b
ϑm
ϑα
ϑw
θi
θT

Unit
m2
W m-2 K-1
W m-2 K-2
J m-3 K-1
J m-2 K-1
m-1 s
W m-2 K-4
W m-2 K-4
W m-2 K-1
W m-2 K-4
W m-2
W m-2
W m-2
W m-2
W m-2
m s-1
m s-1
o
C
oC
oC
°
°

1. Introduction
Photovoltaics (PV) panels convert solar irradiance to electricity, but their efficiency drops proportionally as
the temperature of the cells increases. Solar thermal collectors convert solar irradiation into heat, which can be
used for domestic applications (e.g. space heating, domestic hot water). Photovoltaic Thermal (PVT) collectors
are hybrid panels combining PV and solar thermal components into a single module in order to produce
electricity and useable heat simultaneously (Kramer and Helmers, 2013). The thermal component of the PVT
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collector has the potential to cool the PV component leading to higher electricity production while producing
heat at the same time (Aste et al., 2014). This leads to a better utilization of the installation area, potentially
reducing at the same time the use of materials, as less materials are needed to manufacture PVT collectors
compared to the material use for separate PV- and thermal- panels (Dannemand et al., 2019). PVT technology
has been investigated and considered favorable for domestic applications (e.g. heating, cooling, electricity etc.)
(Butera et al., 2007). Integrating PVT collectors into the roof or façade of a building allows also for synergetic
effects in terms of reducing the construction materials used and increasing aesthetics of the building.
The aim of this investigation was to determine the performance potential of PVT collectors mounted on a
concrete wall with and without a layer of insulation between the PVT collector and the wall. It was expected
that the insulation would influence the performance of the panel, since the thermal mass of the building
construction that is in contact with the PVT panel would affect the panel’s power production.

2. Methodology
2

Two identical 2 m PVT collectors with monocrystalline solar cells produced by Racell Technologies were
mounted on a free standing concrete wall. One panel was mounted directly in contact with the wall; the other
panel was installed with 10 mm Styrofoam between the PVT collector and the concrete wall. The PVT panels
were mounted vertically and were oriented facing south-west, as shown in Fig. 1. Measurements were taken
from June to August 2019, at the test facility of the Technical University of Denmark (DTU).

Fig. 1: PVT collectors integrated into a concrete facade.

The pipes to and from the PVT collector were connected to a test rig where the forward temperature was
controlled with a heating and cooling system. The equipment setup for maintaining a constant forward
temperature to the panel is illustrated in Fig. 2. The collectors were tested with four different operating
temperatures; namely 15, 20, 25 and 30 oC. The flow rate was kept constant through all the measurement period
at 0.045 litre s-1 for each panel.
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Fig. 2: Equipment setup for keeping constant forward temperature.

The electrical output from the PVT panels, the total and long-wave irradiance as well as the ambient
temperature were measured. The temperature differences between the inlet and outlet temperatures to and from
the thermal absorbers were measured using thermopiles and the flow rates through the absorbers were likewise
measured. Since it was expected that the wall temperature would affect the thermal performance of the panels,
the temperature inside the wall behind each of the panels was also measured. The sections of concrete wall
behind the PVT panels were 100 mm thick. Behind the center of each panel, in the middle of the wall (50 mm
into the concrete) the temperatures of the wall sections were measured. The wind speed near the PVT panel
was measured with an ultrasonic wind sensor mounted in the same plane as the PVT collector as it can be seen
in Fig. 3.

Fig. 3: Location of the ultrasonic wind sensor.

1690

M. Dannemand et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2.1. Standard quasi-dynamic test method
The thermal performance of the PVT collector is normally characterized using the quasi-dynamic test (QDT)
method as it is described in ISO 9806:2017 (ISO 9806:2017(E), 2017), using (eq. 1).
𝑄𝑄̇ = 𝐴𝐴𝐺𝐺 �𝜂𝜂0,𝑏𝑏 𝐾𝐾𝑏𝑏 𝐺𝐺𝑏𝑏 + 𝜂𝜂0,𝑏𝑏 𝐾𝐾𝑑𝑑 𝐺𝐺𝑑𝑑 − 𝛼𝛼1 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 ) − 𝑎𝑎2 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 )2 − 𝑎𝑎3 𝑢𝑢′(𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 ) + 𝑎𝑎4 (𝐸𝐸𝐿𝐿 − 𝜎𝜎𝑇𝑇𝑎𝑎4 ) −
(eq. 1)
𝑎𝑎5 (𝑑𝑑𝑑𝑑𝑚𝑚 ⁄𝑑𝑑𝑑𝑑) − 𝑎𝑎6 𝑢𝑢′𝐺𝐺 − 𝑎𝑎7 𝑢𝑢′(𝐸𝐸𝐿𝐿 − 𝜎𝜎𝑇𝑇𝑎𝑎4 ) − 𝑎𝑎8 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 )4 �
𝑢𝑢′ = 𝑢𝑢 − 3

(eq.2)

In this paper, a modified version of (eq. 1) was used, utilizing the global irradiance on the collector plane and
the incidence angle modifier, as presented in (eq. 3) and (eq. 4). The coefficients for the collectors’ performance
were calculated at maximum power point tracking (MPPT) operation.
𝑄𝑄̇ = 𝐴𝐴𝐺𝐺 �𝜂𝜂0,𝑏𝑏 𝐾𝐾𝜃𝜃 𝐺𝐺𝑡𝑡 − 𝑎𝑎1 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 ) − 𝑎𝑎2 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 )2 − 𝑎𝑎3 𝑢𝑢′(𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 ) + 𝑎𝑎4 (𝐸𝐸𝐿𝐿 − 𝜎𝜎𝑇𝑇𝑎𝑎4 ) − 𝑎𝑎5 (𝑑𝑑𝑑𝑑𝑚𝑚 ⁄𝑑𝑑𝑑𝑑) −
𝑎𝑎6 𝑢𝑢′𝐺𝐺 − 𝑎𝑎7 𝑢𝑢′(𝐸𝐸𝐿𝐿 − 𝜎𝜎𝑇𝑇𝑎𝑎4 ) − 𝑎𝑎8 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 )4 �

2.2. Extended quasi-dynamic method

𝐾𝐾𝜃𝜃 = 1 − 𝑏𝑏0 �

1

𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃𝑖𝑖

− 1�

The wall on which the PVT panels are integrated, can be heated up (or cooled down) by the ambient
temperature, the solar irradiance and the panel temperature and this can increase or decrease the efficiency of
the PVT. For this reason, it was decided to perform two analyses using the QDT method. The first method
applied was the standard QDT formula as presented in (eq. 3) and the second one was an extended version of
the QDT equation, where a new term (α9) was added, which would take into consideration the temperature of
the wall compared to the mean temperature of the PVT. The extended QDT equation is presented in (eq. 5).
𝑄𝑄̇ = 𝐴𝐴𝐺𝐺 �𝜂𝜂0,𝑏𝑏 𝐾𝐾𝜃𝜃 𝐺𝐺𝑡𝑡 − 𝑎𝑎1 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 ) − 𝑎𝑎2 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 )2 − 𝑎𝑎3 𝑢𝑢′ (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 ) + 𝑎𝑎4 (𝐸𝐸𝐿𝐿 − 𝜎𝜎𝑇𝑇𝑎𝑎4 ) − 𝑎𝑎5 (𝑑𝑑𝑑𝑑𝑚𝑚 ⁄𝑑𝑑𝑑𝑑)
− 𝑎𝑎6 𝑢𝑢′ 𝐺𝐺 − 𝑎𝑎7 𝑢𝑢′ (𝐸𝐸𝐿𝐿 − 𝜎𝜎𝑇𝑇𝑎𝑎4 ) − 𝑎𝑎8 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑎𝑎 )4 − 𝑎𝑎9 (𝜗𝜗𝑚𝑚 − 𝜗𝜗𝑤𝑤 )�

3. Results
3.1. Measurement results
The electrical power produced by the two panels along with the solar irradiance on the panels’ surface is
illustrated in Fig. 4 for the 27th of June. It can be observed that the uninsulated panel produced slightly more
electricity than the insulated one. This phenomenon was observed for all the measurement days according to
Tab. 5. However, it has to be pointed out that the absolute difference of the average daily electrical output of
the two panels was only about 0.5%.
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Fig. 4: Electrical power and tilted irradiance for 27/06/2019.

Tab. 1: Average daily electrical efficiencies.

Non-insulated panel
electrical efficiency (%)

Insulated panel
electrical efficiency (%)

Abs. difference (%)

27 – 06 – 2019

13.4

12.9

0.5

03 – 07 – 2019

13.6

13.1

0.5

05 – 07 – 2019

13.4

12.9

0.5

09 – 07 – 2019

13.5

13

0.5

10 – 07 – 2019

13.6

13.1

0.5

11 – 07 – 2019

13.4

12.8

0.6

16 – 07 – 2019

14.1

13.5

0.6

23 – 07 – 2019

13.9

13.3

0.6

28 – 07 – 2019

13.3

12.9

0.4

16 – 08 – 2019

13.9

13.3

0.6

The reason for this difference in electrical output was the different temperature of each panel. In Fig. 5, the
outlet fluid temperature of the two panels is presented along with the fluid inlet temperature and the irradiance
on the panels’ surface. The inlet fluid temperature was the same for the two panels. It can be seen that the
outlet fluid temperature of the insulated panel is always higher than the uninsulated one, for periods of the day
where the panel is heated by the sun. However, in the afternoon, where the irradiance on the panels’ surface
drops rapidly, it can be seen that the outlet temperature of the uninsulated panel is higher than the insulated
one. This phenomenon was observed through all the measurement days with high irradiance.
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Fig. 5: Inlet and outlet fluid temperature and tilted irradiance for 16/08/2019.

A possible explanation of this behavior is given in Fig. 6 where the wall temperature behind the insulated and
the uninsulated panel is presented along with the mean temperature of the two panels. It can be observed that
the wall temperature behind the uninsulated panel reached much higher levels, being affected by the mean
temperature of the panel and the irradiation. The temperature of the wall varied behind the two panels
approximately 2 – 4 K over the day. In the afternoon, the wall discharged its heat to the panel increasing its
mean temperature. This effect is much more significant for the uninsulated panel because there is no insulation
to reduce the heat transfer, but also because of the higher wall temperature. This behavior was observed for all
measurement days with high irradiance.
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Fig. 6: Wall and mean panel temperatures and tilted irradiance for 10/07/2019.
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3.2. Quasi-dynamic test results
Applying the two versions of the QDT equations, the thermal performance of the uninsulated panel was
calculated. The calculated thermal output from the standard and the extended QDT is reported in Tab. 2 and
the obtained coefficients from the two methods are reported in Tab. 3.
Tab. 2: Thermal performance results for uninsulated PVT.

Date

Start
time

End
time

Tin
(oC)

Measured
thermal
output
(kWh)

27 – 06

12:00

17:00

30

03 – 07

12:00

15:00

05 – 07

11:00

09 – 07

Standard QDT

Extended QDT

Modelled
thermal
output
(kWh)

Deviation
(%)

Modelled
thermal
output
(kWh)

Deviation
(%)

3.27

2.95

-9.9

3.16

-3.4

25

1.96

2

2.3

1.98

1.4

14:00

25

2.2

2.3

4

2.28

3.1

11:00

16:00

20

4.28

4.21

-1.7

4.5

5

10 – 07

10:00

16:00

20

5.94

5.87

-1.2

5.87

-1.2

11 – 07

10:00

14:00

20

3.95

4.03

1.9

3.98

0.7

16 – 07

11:00

16:30

15

6.78

6.81

0.4

6.87

1.2

23 – 07

10:00

17:00

15

8.79

8.44

-4

8.62

-1.9

28 – 07

12:30

16:00

30

2.74

2.84

3.7

2.66

-2.6

16 – 08

12:00

16:00

20

4.28

4.32

0.9

4.22

-1.5

Tab. 3: Collector coefficients from quasi-dynamic testing (based on gross area).

Standard QDT
η0,b (-)
b0 (-)
α1 (W m K )
-2

α5 (J

-1

m-2 K-1)

Extended QDT

Coefficients

t-scores

Coefficients

t-scores

0.59

24

0.53

27

0.12

15

0.14

21

68

7.1

17.7
4.4 *10

4

32

3.9 *10

12
4

35

α6 (m-1 s)

0.06

6

0.06

8

α9 (W m-2 K-1)

-

-

24.8

20

Adding the new term in the QDT equation changed all the coefficients calculated from QDT except of the
value of α6. Coefficient α9 takes into account the heat losses (or heat gains) from the panel to the wall and
seems to be very significant from a statistical point of view (high t-score). This new coefficient leads to a
reduction of α1, which is due to the fact that the heat losses to the wall are taken into account by coefficient α9.
The decrease of coefficient α5 was not anticipated and is thought to be caused by the interplay of the thermal
mass of the wall and is changed due to the addition of coefficient α9. In theory, the introduction of coefficient
α9 should not have any effect on the η0,b and b0 coefficients. However, both coefficients changed with the
introduction of the new factor. It is not clear at the moment if the standard or the extended formula calculates
more accurately the results and more investigations have to be conducted. It has to be pointed out though that
the deviation of the daily calculated values for the extended formula of QDT are smaller, suggesting that, in
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general, it calculates more accurately the thermal performance of the panel. The suggested extended version
of QDT was also applied to the insulated panel. In that case, the t-score of α9 coefficient was below 3, so it
was considered insignificant, proving that, in the case of the insulated panel, the wall temperature does not
affect the thermal performance. This result enhances the belief that the addition of α9 coefficient was necessary
in the QDT formula.
As the temperature of the wall behind the panels only was measured at one location behind the center of each
PVT panel, there may be some uncertainty in how well the measured temperature represents the average wall
temperature. Further, as seen in the measurement, the sections of wall behind each panel had different
temperature developments and as the PVT panels were mounted next to each other on a continuous wall with
only a few centimeters apart, there may be some heat transfer between the wall sections behind each of the
panels. It is nevertheless believed that the added coefficient α9 is significant and should be considered for
collectors in contact with substantial thermal mass. To determine a more precise value for α9 it should be
considered to design the experiment where the collectors are tested individually and the influence of nearby
collectors is eliminated.

4. Conclusion
In this study, two façade integrated PVT panels were investigated in terms of thermal performance. One of
them had a layer of insulation between the panel and the wall and the other was in direct contact with the wall.
It was found that the insulated panel had higher thermal performance than the uninsulated one, as higher outlet
fluid temperatures were reached. On the other hand, due to lower temperature of the panel, the uninsulated one
had higher electrical performance. It was pointed out that the wall affected significantly the thermal
performance of the panel, especially of the uninsulated panel, since it created additional heat losses or heat
gains to the panel. For this reason, a new factor was suggested to be used in the standard QDT formula that
takes into account the wall temperature. The obtained results for this new coefficient justified this addition,
showing a considerable statistical importance of the new coefficient. It has to be mentioned that for the
insulated panel the new coefficient was statistical insignificant as was to be expected. However, although the
extended QDT formula showed promising results in term of modelling of thermal performance of the panel,
more investigations are considered necessary in order to reach a final conclusion on whether this factor should
be added to the standard QDT formula.
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Abstract
Guiding and control index (GCI) is recognized as a useful tool to direct architecture design in terms of energy
consumption, etc. To promote the development of solar energy technologies, and focusing on the utilization of
generalized solar energy (GSE), this paper explores the establishment principle and method of GCI for residential
building design in northwest China. Firstly, the meaning of GSE is explained and the Solar and Thermal
Engineering Map of Gansu province was created, which form the bases for GCI establishment. Secondly, the
classification of indexes from technical standards, policies and evaluation standards of China about GSE
utilization are abstracted and presented, which provided a base for classification of GCI. Thirdly, new concepts
regarding thermal domain (TD) and auxiliary domain (AD) of residential buildings are put forward, and principles
and methods for the establishment of GCI are discussed. Finally, examples of GCI establishment regarding
window-wall ratio in Gansu region are introduced.
Keywords: guiding and control index (GCI), generalized solar energy, thermal domain, residential building,
China.

1. Introduction
Climate change and the scarcity of energy resources are two of the big challenges the world has to face in the near
future, the shortage of fossil fuel energy and the risks of using nuclear energy have indirectly promoted the
development of renewable energy (Miljana and Maria, 2012). It has been reported that renewable energy provided
about 18.2% of global primary energy consumption in 2017, in which the contribution of modern renewable
technologies accounts for 10.4% (REN 21, 2018).

Fig. 1: The meaning of generalized solar energy

Many countries and regions, including the European Union, China, Australia, etc. have established ambitious
goals for promoting the development and utilization of renewable energy on a long term (European Community,
2011; NDRC, 2016). Generalized solar energy (GSE) consists of direct solar energy and indirect solar energy

1696

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.35.03 Available at http://proceedings.ises.org

Q. Xiao et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

(solar energy stored in soil, water, air and plants, etc.), which forms the main component of renewable energy
(Fig. 1).
GSE can be converted into electricity or heat for human use, and it is abundant in Northwest China area. Gansu
province, for example, is located in northwest China. It covers an area of 13085.6km2 and has narrow terrain and
diverse landforms. The global solar radiation (GSR) of Gansu is between 4700~6350 MJ m-2 and its geographical
distribution is decreased from northwest to southeast. Relevant studies show that solar energy resources in Gansu
can be divided into three main regions, they are very rich area (GSR>6100 MJ m-2), rich area (6100>GSR>5400
MJ m-2) and available area (5400>GSR>4700 MJ m-2) (Zhu et al. 2010). Meanwhile, according to the Code for
Thermal Design of Civil Building (MOHURD, 2016a), China is divided into five building thermal engineering
areas (Sever Cold, Cold, Hot Summer and Cold Winter, Hot Summer and Warm Winter and Warm area), in which
Gansu possesses three of them: Severe Cold area (tmin·m≤-10°C), Cold area (-10°C＜tmin·m≤0°C) and Hot Summer
and Cold Winter area (HSCW) (0°C＜tmin·m≤10°C, 25°C＜tmax·m≤30°C)1. Because of the complexity of its solar
energy resource distribution and climate environment, Gansu region become a typical place for researching the
application of GSE. A repartition map is proposed for establishing guiding and control index (GCI) for
architectural design in Gansu. It was an overlap of two different maps: the map of solar energy resources
distribution and the map of building thermal engineering distribution. The proposed map is called the Solar and
Thermal Engineering (STE) map, in which Gansu is divided into 5 areas, they are “very rich and very cold area”
(area 1), “rich and cold area”(area 2), “rich and very cold area” (area 3), “available and cold area” (area 4),
“available and HSCW area” (area 5). (Fig. 2)

Fig. 2: The formation path of Solar and Thermal Engineering (STE) map

STE map shows information of heat gain and loss that should be considered in building design. The richness of
direct solar energy indicates the efficiency level of heat gains; at the same time, the thermal performance
information presents heat loss of building. These two main issues are shown at the same time so as toguide
architects to make more reasonable decisions when design solar residential buildings. Meanwhile, indirect solar
technology can be selected and adjusted based on the intensity of direct solar radiation. This map can also guide
the development of GCI for GSE utilization and energy conservation.
It is noted that studies about GCI that is focused on the building scheme design stage are still insufficient, the
integration of GSE technologies in the residential buildings are also insufficient (Qi, 2016). This paper explores
new indexes based on existing studies and standards, so as to promote the application of solar technologies in
China.

2. Literature review
Utilization of GSE can be an effective way to achieve coordination among economic, society and environment.
With this background, evaluation standards for solar energy utilization in residential buildings have been
developed in many countries. For example, BREEAM (Building Research Establishment Environmental
Assessment Method) promotes optimizing building energy efficiency and reduce carbon emission (BRE, 1990);
LEED (Leadership in Energy and Environmental Design) encourages the solar energy integrated with building
design and provides relevant rewards for it (USGBC, 2014); DGNB (Deutsche Gesellschaft für Nachhaltiges
Bauen) emphasizes total primary energy demands and proportion of renewable primary energy in the “Ecological
Quality” (GSBC, 2007). ASGB (Assessment Standard for Green Building) focus on the ratio of renewable energy,

In this paper, “tmin·m” means average temperature of the coldest month and “tmax·m” means average temperature
of the hottest month.
1
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especially solar energy, to building energy consumption (MOHURD, 2019). These evaluation standards care more
about the ultimate energy-saving performance, many indexes of them cannot directly guide architects when
designing solar buildings. Because they require a long path (simulation, field test or complex computing) to be
translated into direct references for scheme design. In order to help architects to play a more active role in the
green building design process, Liu (Liu, 2019) proposed three concepts for the establishment of GCI for the
scheme design stage, which are “distance of action”, “processing time” and “position of action”, according to
which, all the indexes can be divided into 3 categories: A (short processing time/ can do quick judgment), B
(medium length of processing time/require some calculation), C (long processing time/require massive time for
calculation or simulation). Based on these the above concepts, indexes relating to GSE utilization in the existing
technical standards, policies and evaluation standard of China are studied and categorized (Tab. 1).
Tab. 1: indexes classification from technical standards, policies and evaluation standard of China about GSE utilization

Name of standards/codes

Evaluation standard for
solar water heating
system of civil buildings
(MOHURD, 2011)

Guiding
stages
Building
planning

Building
design
Building
planning

Design code for
residential buildings
(MOHURD, 2012a)

Building
design
Building
planning

Technical code for
passive solar buildings
(MOHURD, 2012b)

Standard for daylighting
design of buildings
(MOHURD, 2013)

Technical specification
for integration of
building and solar
photovoltaic system
(MOHURD, 2016b)
Standard for urban
residential area planning
and design
(MOHURD, 2018)
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Building
design

Design
stage
Building
planning

Building
design

Building
planning

Categories

Items of index

Numbers

B

4.2.4, 4.2.5

2

C

4.2.6, 4.2.7, 4.2.8

3

A

4.3.5, 4.3.6, 4.3.7, 4.3.8

4

B

4.3.3, 4.3.4

2

C

4.3.2, 4.3.10, 4.3.11

3

C

3.0.4, 3.0.5

2

A

7.1.3, 7.1.6, 7.1.7, 7.2.3, 7.2.4

5

B

7.1.1, 7.1.4, 7.1.8, 7.2.1

4

C

7.2.2

1

C

1.0.3, 4.1(3), 4.2(3)

7

A

4.3.2, 4.3.3, 4.3.5.4, 4.3.6, 5.2.3,
5.2.4, 5.2.5,5.2.6, 5.2.7, 5.2.8, 5.4.4

11

B

4.3.4, 4.3.5, 5.2.2, 5.4.2, 5.4(4)

8

C

3.0.1, 3.0.2,3.0.3, 4.4(6), 4.5(7),
4.6(3), 5.2.1, 5.3(2)

22

A

5.0.1, 7.0.2, 7.0.3, 7.0.4

4

B

5.0.2, 5.0.4, 7.0.5, 7.0.6

4

C

5.0.3, 5.0.8, 5.0.9, 7.0.1, 3.0.6

5

C

1.0.3, 4.2(4)

5

A

4.3.7, 4.3.8, 4.3.9, 4.3.10, 4.3.11,
4.3.12, 4.3.13

7

B

4.3.1,4.3.3, 4.3.4, 4.3.5, 4.3.6

5

C

4.1(4), 4.3.2

5

B

4.0.9

1

C

3.0.7, 4.0.8

2

A

8.2.1, 7.2.11

1
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Building
planning
Assessment standard for
green building
(MOHURD, 2019)

Building
design

B

4.1.3,8.2.3, 8.2.5, 8.2.9

4

C

7.1.1, 8.1.1, 8.1.2, 8.1.3, 8.1.4,
8.2.2, 8.2.8

7

A

7.1.2, 7.1.3, 7.2.7, 7.2.10

5

B
C

5.2.10, 5.2.11, 7.2.1, 7.2.2, 7.2.3,
7.2.12, 7.2.13
5.2.8, 7.2.4, 7.2.5, 7.2.6, 7.2.8,
7.2.9, 7.2.13

7
7

Table 1 shows that indexes relating to GSE utilization in the existing standards/codes mostly fall in category C,
which are hard to be applied directly by architects. There are also many category B indexes that need to be
calculated before application. Take “Assessment Standard for Green Building (GB/T 50378-2019)” as an example,
the number of indexes about GSE utilization is 31, including 14 category C indexes (such as 5.2.8, “the proportion
of domestic water provided by renewable energy sources Rhw≥80%, which needs simulations)”, 11 category B
indexes (such as 5.2.10 “the ratio of ventilation opening area to floor area of a room reaches 5% in other region”,
which needs calculations) and 6 category A indexes (such as 8.2.1 “the original waters, wetlands, vegetation, etc.
should be protected”, which is easy to judge). However, there is little time for architects to calculate or simulate
during the planning and design stage, so the insufficiency of category A indexes for solar building scheme design
stage would be a disadvantage for promoting development of solar building, and scheme design stage has great
influence on the outlook of building as well as the performance of GSE application (Haider et al. 2019). The more
direct guidance that architects can get, the more efficient their design can be; therefore, developments of GCI of
category A or B for architects becomes necessary and valuable.

3. Thermal domain and methods for developing GCI
3.1. Thermal domain and auxiliary domain
The source of GSE varies from day to night and from summer to winter, the energy needs of people in residential
building also changes with time and seasons. Buildings should adjust themselves appropriately to adapt these
changes and needs. The way trees respond to the seasonal change provides a good reference for residential
building design. The core of a tree is its trunk. In hot season, leaves provide shade and roots absorb water for
cooling; in cold season, trunk exposures to sunlight and decayed leaves provide heat for its core. Referring to the
adjustment modes of tree, residential buildings can also have its core area, and in this paper it is defined as a
Thermal Domain (TD) (Fig. 2).

Fig. 2: The function of TD and AD

TD is characterized by heat gain. It is the major active areas of residential building and majority of building energy
is consumed here; it also has a higher need for indoor comfort. TD in residential buildings mainly include bedroom,
living room etc. Auxiliary Domain (AD) is the region around TD. It includes auxiliary rooms and space near TD.
TD and AD have different functions: the former should improve its thermal insulation performance and reduce
energy consumption, while the later should captures as much GSE as possible to supply the demand of TD. This
concept gives architects a clear building design thought to use GSE and it can help to develop valuable GCI for
design. The purpose is to identify the core to be served by GSE and provide appropriate work division for different
domain.
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3.2. Basic principle of GCI
The GCI of GSE utilization for building design should follow three principles (Liu, 2019):
(1) Target associated: GCI should have a clear target association to the design goal of GSE utilization, which
will guide the architects to choose a reasonable technology.
(2) Decision associated: an index should be conductive for guiding architects to choose a GSE utilization
methods. Therefore, GCI should be logically related to GSE utilization method that can be adopted in
buildings.
(3) Suitable for fast decision-making: if one GCI need long time or a lot of simulation to judge, it will affect the
flow of design thinking, so GCI should help architects make fast decisions, especially in the early design
stage.

3.3. Methods for the establishment of GCI for GSE utilization
(1) TD as the core of energy conservation.
Setting up a TD and AD for a residential building does not mean to split one building into two parts, its essence
is to clarify the core area of one building. In the scheme design stage, the AD should be considered to have relevant
installation platforms for energy equipment and provide passive energy-saving technologies support for TD.
Firstly, an AD should consider integration of building and solar energy technology. It needs to facilitate
installation and maintenance of solar heating system and solar photovoltaic system etc. Secondly, an AD should
provide proper sunshade (adjustable sunshade or fixed sunshade) and insulation measures (sunroom, insulation
wall, etc.) for the TD. At the same time, a TD should reduce its energy consumption and make use of passive
technology to reduce carbon emissions. Firstly, the shape coefficient of thermal domain should be controlled to
reduce heat loss. Secondly, energy-efficient appliances such as floor heating should be installed in the TD. Thirdly,
passive energy saving device, heat insulating window as an example, should be adopted in this domain. Based on
the difference between TD and AD, some GCIs with clear target can be established.
(2) Index for comprehensive utilization of regional generalized solar energy.
The potential of exploration and utilization of GSE varies in different region. GSE include direct solar energy and
indirect solar energy (wind energy, shallow geothermal energy and biomass energy). Take Gansu province as an
example, China National Renewable Energy Centre (CNREC, 2019) has published the energy distribution of
Gansu region, relevant studies also gave available GSE in difference regions of Gansu (Tab.2). It shows that solar
energy is available in all regions and it can be the main source of energy utilization, auxiliary energy can be
selected based on the geographical and economic environment. This information will help designers to choose
appropriate energy utilization strategies.
The objective for energy efficiency in building design needs to be set in the planning stage. However, unlike the
appearance and plan of one building, it is very difficult to link the energy saving effect with the scheme design
for architects. Because no tool that can give visualized results about the relation between a scheme design and the
amount of energy consumption is available yet. However, there have been many researches on design method
focus on the goal-oriented green performance, the performance simulation, parametric calculation and genetic
algorithms and other aided design tools are adopted. Duan Liangfei (Duan et al, 2015) used eQUEST software to
simulate the cold and heat load of a residential building in Shijiazhuang, the influence of single factors such as
such as heat transfer coefficient of external wall, heat transfer coefficient of external window and shading
coefficient on energy consumption had been analyzed, the influence degree of each factor on residential building
energy consumption had been presented. Ren Jiqing (Ren et al, 2019) used genetic algorithms to construct the
goal-oriented model of minimizing incremental cost and maximizing incremental benefit of green building
schemes, it was concluded that optimal energy saving effect can be achieved through an effective and reasonable
combination of technologies. These kinds of researches provide a reference for the establishment of GCI. GCI
should provide suggestions for architects about the energy saving methods and technology using, meanwhile, it
should have a clear logical relationship with the energy saving target.
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Tab. 2. Main energy and auxiliary energy of different regions of Gansu

Main energy

Solar energy

Auxiliary energy

Region

Wind energy

Jiuquan, Jiayuguan, Baiyin, Zhangye, Wuwei, Dingxi,
Pingliang (Zhang, 2011)

Shallow geothermal
energy

Dunhuang, Lanzhou, Jinchang, Baiyin (Qiu, 2009)

Biomass energy

Long Nan Region, Tibetan Autonomy in Gannan

(3) Index can be judged quickly.
If an index can be judged quickly, which means the distance of action and processing time between this index and
design decision is short. Liu (Liu, 2019) provides three methods to reduce the “distance of action” and “processing
time”. New visualizing design software can be developed to make the judgement results of indexes present in real
time with the progress of design. Some indexes can be extracted from existing standards and researches. The
purpose is to establish category A indexes that can be referenced directly and category B indexes that need only
a short processing time during design.
In order to show the establishment method of GCI, the index about window-wall ratio of Gansu region has been
introduced as an example of this establishment process.

4. Index establishment of window-wall ratio for Gansu
Indoor temperature control is one of the main problems for TD. Window-wall ratio is the key factors to control
the heat gain and loss of TD. Building south outer window controls the amount of solar radiation enter the room
which can increase the indoor temperature. So, the south outer window should be enlarged appropriately.
Conversely, the area of north outer window should be suitably reduced to control the indoor heat loss. Gansu
region has been divided into 5 areas in solar and thermal engineering map, the window-wall ratio of residential
building should be adjusted in different area. The GCI in Gansu should point out differences between these areas
and make clear suggestions for residential building design.
Lanzhou (103.88E, 36.5N) is the capital city of Gansu province, and it is in the “available and cold area”. Its
elevation is 1517.2m and annual average temperature is 2-5°C. The annual average sunshine hours the city center
is 2608h (Li, 2009). This paper analyzes the window-wall ratio of this region by simulation, software EnergyPlus
was used. A simplified building model was adopted, the basic construction information of this model is shown in
table 3 (Tab. 3), its plan and appearance are shown in figure 3, the weather data of Lanzhou (DOE, 2019) was
applied in the simulation.
Tab. 3: construction information of simulation model

Construction

Thickness

Conductivity

Density

Specific heat

(m)

(W m-1 k-1)

(Kg m-3)

(J kg-1 K-1)

Foam ceramic insulation
board

0.02

0.08

200

1126

Cement mortar

0.01

0.93

1800

1050

XPS insulation board

0.05

0.03

35

1380

Shale perforated brick
masonry

0.19

0.58

1500

1050

Cement mortar

0.01

0.93

1800

1050

Putty

0.005

0.76

1500

1050

Material

Exterior wall
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Putty

0.005

0.76

1500

1050

Cement mortar

0.01

0.93

1800

1050

Shale brick

0.18

0.81

1800

1050

Cement mortar

0.01

0.93

1800

1050

Putty

0.005

0.76

1500

1050

Waterproof coating

0.02

0.71

600

1470

XPS insulation board

0.02

0.03

35

1380

Reinforced concrete

0.1

1.74

2500

920

Putty

0.005

0.76

1500

1050

Wood floor

0.016

0.15

500

2510

Reinforced concrete

0.1

1.74

2500

920

Thickness

Conductivity

Thermal
resistance

(m)

(W m-1 k-1)

Glazing

0.006

0.9

-

-

Gas

0.012

-

0.15

-

Glazing

0.006

0.9

-

-

Interior wall

Roof

Floor

Material
Window
Double
glass

2

-

-1

(m K W )

Fig. 3: The plane and appearance of simulation model

This simulation is to analyze the effects of different window-wall ratio on indoor temperature without refrigeration
and heating services. The north exterior window does not accept solar radiation, so its function is mainly to meet
the requirements of lighting. According to the “Standard for daylighting design of buildings” (MOHURD, 2013),
the daylight factor of one light climate region is the standard value of daylight factor multiplied by the daylight
climate coefficient value of this light climate region, the daylight climate coefficient value of different light
climate region is shown in table 4 (Tab. 4). According to this standard, Lanzhou is located in the III light climate
region, the daylight climate coefficient of Lanzhou is 1.00, meanwhile, the standard value of daylight factor of
lateral daylighting in this region is 3%. So, the daylight factor of this region is 3%.
Tab. 4: Daylight climate coefficient values

Light climate region
Variable name
Daylight climate coefficient
values (K)
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I

II

III

IV

V

0.85

0.90

1.00

1.10

1.20
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Design illumination value of
outdoor natural light (Es/lx)

18,000

16,500

15,000

13,500

12,000

Fig. 4: The simulation model and simulation result for 10% north window-wall ratio

Lighting analysis software Ecotect Analysis 2011 was used to simulate the minimum opening of the north wall,
the simulation model and the simulation result is shown in figure 4 (Fig. 4). The result shows that the average
daylight factor of the room is 5% when the window-wall ratio in the north wall is 10%, which means that 10% of
the window-wall ratio can meet the indoor lighting needs.
In order to analyze the influence of the south window-wall ratio to indoor temperature, this ratio of north window
remains at 10% and the ratio of south window changes from 10% to 90%, double glass window (6+12+6) has
been adopted to both south and north. The changes of indoor temperature were simulated, the monthly mean
temperature and annual mean temperature of the outdoor and indoor are presented in figure 5 (Fig. 5). The results
show that, firstly, without refrigeration and heating measures, indoor temperature varies with outdoor environment
temperature and the former has no significant temperature increase compared with latter. Secondly, the indoor
annual mean temperature increases with the enlargement of the south window-wall ratio, when the ratio over 50%,
the former decrease with the enlargement of the latter. The enlargement of the south window-wall ratio makes
building receive more solar radiation and then increase the indoor temperature. However, when the area of window
comes larger, the heat loss through window in winter become faster, the annual mean temperature decrease.
Therefore, the south window-wall ratio of residential building in Lanzhou is recommended at 50%.
Triple glazing window (6+12+6+12+6) was also adopted in the simulation, and the results are shown in figure 6.
Because the heat preservation performance of triple glazing glass is better than that of double glass window, the
indoor monthly mean temperature has a significant increase compare with outdoor environment temperature.
Meanwhile, the indoor annual mean temperature increases with the enlargement of the south window-wall ratio
until this value reach 70%, after that, the indoor annual mean temperature gradually falls.

Monthly mean temperature [℃]

Environment

S10N10

S40N10

S90N10

30
25
20
15
10
5
0
-5
-10
1

2

3

4

5

6

7

Month

8

9

Annual mean temperature [℃]

Thus, for residential buildings in Lanzhou, if the heat transfer coefficient (HTC) of exterior wall is between
0.4~0.6 (W m-2 K-1) , when double glass window is adopted, the south window-wall ratio is recommended at 50%,
when triple glazing window is adopted, the south window-wall ratio is recommended at 70%.
11.6
11.4
11.2
11
10.8
10.6
10.4
10.2
10
9.8
9.6

10 11 12
Window-wall ratio

Fig. 5: Monthly mean temperature changes of double glass window with different south window-wall ratio (left) and annual mean
temperature changes of double glass window with different south window-wall ratio (right)
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12.5
12
11.5
11
10.5
10
9.5
9

10 11 12

Month

Window-wall ratio

Fig. 6: Monthly mean temperature changes of triple glazing window with different south window-wall ratio (left) and annual mean
temperature changes of triple glazing window with different south window-wall ratio (right)

Through this method, the recommended window-wall ratio of other region in Gansu region is achieved through a
series of simulation experiments, which are not shown in this paper due to space limitation. The simulation results
show that, firstly, when the HTC of exterior window in the Cold area is between 2.5~1.8 (W m-2 K-1) and the HTC
of exterior window in the Severe cold area is between 2.0~1.5 (W m-2 K-1), the window-wall ratio of residential
building in Lanzhou is recommended as in Table 4 (Tab. 4). Secondly, when the HTC of exterior window in the
Cold area is no more than 1.8 (W m-2 K-1) and the HTC of exterior window in the Severe Cold area is no more
than 1.5 (W m-2 K-1), the window-wall ratio of residential building in Lanzhou is recommended as in Table 5(Tab.
5). The results can be translated into a category B index of GCI.
Tab. 4: The recommendation value for window-wall ration in Lanzhou (a)

Orientation

Window-wall ratio
Area 1

Area 2

Area 3

Area 4

Area 5

South

0.35~0.5

0.35~0.55

0.3~0.5

0.3~0.5

0.45

North

0.2

0.15

0.2

0.15

0.4

East/West

0.2

0.25

0.2

0.25

0.35

Tab. 5: The recommendation value for window-wall ration in Lanzhou (b)

Orientation

Window-wall ratio
Area 1

Area 2

Area 3

Area 4

Area 5

South

0.35~0.7

0.4~0.8

0.35~0.7

0.4~0.8

0.6

North

0.2

0.15

0.2

0.15

0.4

East/West

0.2

0.25

0.2

0.25

0.35

5. Conclusion
The establishment principles and methods of GCI for the design of residential building in northwest China focuses
on GSE utilization are discussed in this paper. Firstly, in order to establish GCI effectively, the solar and thermal
engineering map and the conception of TD and AD are put forward. Secondly, indexes about GSE utilization in
China are extracted and classified, the basic principle and establishment method of GCI for GSE utilization are
discussed. Thirdly, the index about window-wall ratio of Gansu region is introduced as an example to explain the
process of GCI’s establishment. The method proposed in this paper is expected to provide reference for related
researches.
“How to create a clear map of GSE for architects?”, “how to enable GCI to guide different stages of design?” and
“how to develop a visualizing design software that can present the judgement results of GCI in real time in
corresponding with the progress of architectural design?” are questions that still need to be discussed in further
researches.

1704

Q. Xiao et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

6. Acknowledgments
The research of this paper was supported by the National Key R&D Project of China (No. 2016YFC0700200)
and the National Natural Science Foundation of China (No. 51778438).

7. References
Building Research Establishment (BRE), 1990. BREEAM (Building Research Establishment Environmental
Assessment Method). Accessed 2018-12-10, http://www.breeam.com.
China National Renewable Energy Centre (CNREC), 2019. New-energy Model City, Accessed 2019-7-30,
http://www.cnrec.info/sfxm/xnycs/sfcs/gss/.
Duan, L.F., Shao, Z.Y., Zhang, H., 2015. Simulation and Analysis on Residential Building Energy Consumption
Based on Exterior Envelope Features, Building Energy Efficiency, Vol. 43 (4), 54-56, 60.
Department of Energy’s (DOE) Building Technologies Office (BTO), 2019. Weather Data, Accessed 2019-7-25,
https://energyplus.net/weather.
European Community, 2011. Energy Roadmap 2050. Communication from the commission to the European
Parliament, the Council, the European Economic and Social Committee and the Committee of the Regions, 885.
German Sustainable Building Council (GSBC), 2007. DGNB (Deutsche Gesellschaft für Nachhaltiges Bauen).
Accessed 2018-12-11, http://www.dgnb.de/en/.
Haider, A., Dharmappa, H. Swapan, S. 2019. Energy & Buildings, Conservation in residential buildings by
incorporating Passive Solar and Energy Efficiency Design Strategies and higher thermal mass, Vol. 182, 205-213.
Li, G.D., 2009. Lanzhou University, Temporal-spatial characteristics and formation Mechanism of Urban Climate
Effect in Lanzhou, Lanzhou.
Liu, Y., 2019. Establishment of the guide and control indexes for the green building scheme design stage,
Architecture Technique, Vol. 280 (1), 19-21.
Ministry of Housing and Urban-Rural Development of the People’s Republic of China (MOHURD), 2010. Energy
saving design standard for dwellings in hot summer/ cold winter area (JGJ 134-2010), China Architecture &
Building Press, Beijing.
Ministry of Housing and Urban-Rural Development of the People's Republic of China (MOHURD), 2011.
Evaluation standard for solar water heating system of civil buildings (GB/T 50604-2010), China Architecture&
Building Press, Beijing.
Miljana, H. and Maria, W., 2012. Solar design of building for architects, Review of solar design tools, T.41.B.3,
11-12.
Ministry of Housing and Urban-Rural Development of the People's Republic of China (MOHURD), 2012a.
Design code for residential buildings (GB 50096-2011), China Architecture& Building Press, Beijing.
Ministry of Housing and Urban-Rural Development of the People's Republic of China (MOHURD), 2012b.
Technical code for passive solar buildings (JGJ/T 267-2012), China Architecture& Building Press, Beijing.
Ministry of Housing and Urban-Rural Development of the People's Republic of China (MOHURD), 2013.
Standard for daylighting design of buildings (GB 50033-2013), China Architecture& Building Press, Beijing.
Ministry of Housing and Urban-Rural Development of the People's Republic of China (MOHURD), 2016a. Code
for thermal design of civil building (GB 50176-2016), China Architecture& Building Press, Beijing.
Ministry of Housing and Urban-Rural Development of the People's Republic of China (MOHURD), 2016b.
Technical specification for integration of building and solar photovoltaic system (CECS 418: 2015), China
Planning Press, Beijing.
Ministry of Housing and Urban-Rural Development of the People's Republic of China (MOHURD), 2018.
Standard for urban residential area planning and design (GB 50180-2018), China Architecture& Building Press,
Beijing.

1705

Q. Xiao et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Ministry of Housing and Urban-Rural Development of the People’s Republic of China (MOHURD), 2018.
Technical Standard for Application of Solar Water Heating System in Civil Buildings (GB 50364-2018), China
Architecture & Building Press, Beijing.
Ministry of Housing and Urban-Rural Development of the People's Republic of China (MOHURD), 2019.
Assessment standard for green building (GB/T 50378-2019), China Architecture& Building Press, Beijing.
National Development and Reform Commission (NDRC), 2016. 13 th Five Year Plan for Energy Development,
Accessed 2019-2-21, http://www.ndrc.gov.cn/zcfb/zcfbtz/201701/t20170117_835278.html.
Qiu, J.W., 2009. Gansu should speed up the Utilization of Shallow Geothermal Energy, Gansu Science and
Technology, Vol. 25 (16), 8-9.
Qi, K., 2016. Research on BIPV design of residential building in Hot-summer and Cold-winter Area, Hubei
University of Technology, Wuhan.
Renewable Energy Policy Network for the 21st Century (REN 21), 2018. Renewables 2018 Global Status Report,
Paris: REN21 Secretariat. Accessed 2019-2-21, http://www.ren21.net/.
Ren, J.Q., Yang, S.J., Qi, S.W., Qi, Y., 2019. Case Study on Incremental Benefits of Energy-saving in Green
Building Based on Genetic Algorithms, Resource Development & Market, Vol. 35 (4), 452-455, 577.
U.S. Green Building Council
https://new.usgbc.org/leed-v4.

(USGBC),

2014.

LEED

V4,

Boston.

Accessed

2019-2-22,

Zhang, T., 2011. Study on the development of new and renewable energy in Gansu region, Fa Zhan ·Diao Cha
Yan Jiu, Vol 1 (5), 68-69.
Zhu, B., Li, C.H., Fang, F., 2010. Solar Energy Resource Assessment in Gansu Province, Journal of Arid
Meteorology, Vol. 28 (2), 217-22.

1706

H2. Sustainable building materials and
components

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Thermal Performance Analysis of BIPV-PDLC Window
Aritra Ghosh, Senthilarasu Sundaram, Tapas K. Mallick
Environmental and Sustainability Institute, University of Exeter, Penryn, Cornwall, UK

Abstract
Electrically activated switchable glazing is potential to control excessive entering solar heat gain to an indoor
space by altering its state from transparent to opaque or translucent. Electrically operated polymer dispersed
liquid crystal (PDLC) glazing become transparent in the presence of power supply and become translucent
without power supply. Addition of photovoltaic (PV) with PDLC will ease the external power supply and turn
it into a self-sufficient autonomous switchable glazing. In this work, first thermal performance of BIPV –
PDLC was conducted using indoor characterization. This combined 0.063 m2 BIPV-PDLC glazing had a
transmission of 46.5% in the transparent state and 31.5% in the translucent /opaque state. In the PDLC-OFF
state, maximum PV cell temperature was 86.2°C which was 8% higher than PDLC-ON state condition.

Keywords: PDLC, PV, glazing, temperature, transmission, BIPV

1. Introduction
Building sector emits 39% carbon dioxide due to the consumption of 36% total global energy. Thus, to obtain
less energy-hungry building, lowering the building energy consumption by using energy efficient building
envelope is paramount. In a building through transparent façade, solar gain penetrates which enhances the
building’s cooling energy load demand. Solar gain is a key factor for buildings’ which is the addition of
penetrated direct and diffuse solar energy and associated with the reflected component of solar energy (Ghosh
and Norton, 2018). Control of solar gain is feasible by using solar control window which includes power
generating building-integrated (BI) photovoltaic (PV) (BIPV) window, thermally activated thermochromic,
thermotropic window, electrically activated electrochromic (EC), suspended particle device (SPD) and
polymer dispersed liquid crystal (PDLC) type windows (Ghosh and Norton, 2018). BIPV window has the
potential to control solar gain by blocking the incoming solar energy, and it also controls daylight and generates
benevolent electricity. In a BIPV window, PV devices include (Nayak et al., 2019) opaque crystalline silicon
(Peng et al., 2019), thin-film semi-transparent amorphous silicon, cadmium telluride (Sun et al., 2018) and
copper indium gallium selenide, semitransparent emerging dye-sensitized (Cornaro et al., 2018; Lee and Yoon,
2018), perovskite (Snaith, 2018), organic (Chemisana et al., 2019; Chen et al., 2012), and quantum dot (Zhang
et al., 2018) types. However due to mature stability, and higher efficiency (Green et al., 2019), commercially
available silicon still dominates the BIPV market. Crystalline silicon-based BIPV-window needs spaced type
arrangement to enable visibility (Park et al., 2010). To render lower heat loss from solar control BIPV, vacuum
glazing can be included (Ghosh et al., 2018b). Static transparent BIPV window can be replaced by a switchable
type window because of their tunable transmission property, which can vary in response to the diurnal nature
of the environment.
Electrically activated windows have positive attributes over the thermally activated window’ of being operated
based on occupant’s demand criterion. PDLC glazing specifically has an advantage over EC and SPD due to
the presence of scattering property which allows daylight but blocks the viewing (Ghosh et al., 2018a). PDLC
is superior for glazing application compared to conventional super twist cells, twisted nematic, π-cell LC as it
does not require polarizers to operate. At high-temperature polarizer often peel off or degrades. Absence of
polarizer reduces the power loss (polarisers absorb ∼ 50% incident light in LC cells) which increase the device
efficiency. PDLC glazing consists of tiny liquid crystal (LC) droplets which are embedded in a polymer. In
the presence of alternating current (AC) power supply, LC droplets orients in an orderly way and refractive
index of particles and polymer matches which allows light to pass through and this become clear. In the absence
of power supply, particle orients randomly and mismatch of refractive index between particle and polymer
scatters light which makes PDLC translucent (Hu et al., 2018) as shown in Figure 1. At a clear state, PDLC
allows solar heat gain, daylight whereas at the translucent state, PDLC blocks solar heat gain, viewing and
allows diffuse daylight (Hakemi, 2017). Infrared control (Khandelwal et al., 2016), daylighting (Ghosh et al.,
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2018a), stability, and reverse mode operation (Cupelli et al., 2009) of PDLC was investigated in past. To reduce
the accentuated haze created in PDLC under direct solar radiation, new glass dispersed LC was developed
(Jung et al., 2017).
Switchable glazing needs external power to operate which can be diminished by using PV. PV powered
switchable glazing includes side by side or tandem structure. Side by side structure reduces the chances of
lowering the overall transmission of the system where PV can be included in building in the form of building
integrated (BI) or building attached (BA) types. Previously switchable glazing powered by PV was investigated
with EC where the structure was tandem (Cannavale et al., 2015; Shen et al., 2019) and side by side. AC
powered switchable SPD glazing was powered in a real temperate climate where a 40 Wp PV device
continuously powered a 0.07 W SPD glazing (Ghosh et al., 2016). Power conversion is critical for AC powered
switchable glazing powered by PV.
In this work for the first time spaced type crystalline PV and PDLC combination was investigated. Thermal
performance of this combined system was evaluated using an indoor test cell set up.

Fig. 1: Schematic of BIPV-PDLC glazing.

2. Experiment
Investigated BIPV-PDLC glazing had a dimension of 0.3 m × 0.21 m × 0.1 m which become transparent in
the presence of 20 V AC and become translucent without power supply. Six polycrystalline PV cells, each had
a dimension of 5.2 cm × 5.2 cm was placed on the top of the PDLC and electrically connected where three
cells were in series and two parallel strings. After placing the PV cells, sylguard was poured and another single
glazing (0.04 m) was placed on the system. Presence of PV covered 40% of exposed PDLC area. A smallscale test cell dimension of 0.37 m×0.22 m×0.26 m was fabricated using 10 mm thick polystyrene to perform
indoor characterisation. The ratio of glazing and test cell was 1:3. The indoor characterisation was performed
using continuous indoor sun simulator exposure. This simulator was AAA type and its spectrum matched with
solar spectrum between 250 nm and 3000 nm. Five thermocouples were employed to measure external and
internal glass surface, test cell ambient and indoor laboratory ambient and PV cell temperature. Temperature
data of 5 min interval was recorded using Pico data logger. Photograph of full experimental set up is shown in
Figure 2 and the location of the thermocouple is shown in Figure 3. Spectral performance of investigated
BIPV-PDLC glazing was characterized by using Perkin Elmer® Lambda 1050 UV/vis/NIR.
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Fig. 2: Schematic of experimental set up for thermal performance.

Fig. 3: Location of thermocouple for (a) BIPV-PDLC OFF state, (b) BIPV-PDLC ON state using test cell

3. Result and discussion
Figure 4 shows the transmission through the PDLC glazing. Average solar transmission (300 nm-2500 nm) of
this system was 62% and 42% for transparent (ON) and translucent (OFF) state respectively. Contrast ratio
(transmission in the translucent state: transmission in the transparent state) was close to 1:1.5. Variation was
low due to high scattering behavior of PDLC glazing. Reflection was 18% and 17% for PDLC switched OFF
and switched ON state. Due to absorption it is evident that this PDLC glazing offered only forward scattering
which reduced the possibility of multiple scattering options. Six spaced type polycrystalline silicon PV covered
a total area of 162.24 cm2 (5.2×5.2×6=162.24 cm2) whereas glass pane had an area of (30.5 × 21=640.5 cm2)
640 cm2. Thus, 25% area was covered by these six PV cells. Due to this spaced type semitransparent BIPV,
working transmission for BIPV-PDLC for the transparent state was 46.5% and translucent state was 31.5%.
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Fig. 4: Hemispherical total (direct+diffuse) transmission and reflection PDLC glazing for switched ON transparent and
switched OFF translucent state.

Fig. 5: Test cell temperature of BIPV-PDLC for ON (transparent) and OFF (translucent) state

Figure 5 shows the test cell indoor temperature for BIPV-PDLC combined system while PDLC was ON and
OFF states. For combined system, PDLC ON state condition, test cell temperature showed 19% higher indoor
temperature after 120 minutes continuous exposure from an indoor simulator. Presence of electrical actuation
liquid crystal particle’s orientation was organized which allowed higher order incoming light intensity.
Without power supply, particles orientation was random and incoming light was mostly scattered in nature
which restricted to pass through an equal amount of incoming light compared to ON state. Thus, PDLC ON
state exhibited higher indoor temperature, however, the difference was less as PDLC regulates the transmission
by scattering not by reflecting or absorbing the light. Figure 6 shows the enhancement of PV cell temperature
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under the exposure of indoor simulator for 120 minutes. It was found that PV cell temperature was 8% higher
in the PDLC OFF state. Variation of PV cell temperature for BIPV-PDLC ON state was 32°C to 79°C whilst
for BIPV-PDLC OFF state it was 26°C to 86.2°C. PDLC OFF state condition blocks light to pass through,
however it absorbs higher heat which has a contribution to the enhancement of PV cell temperature.

Fig. 6: PV cell temperature of BIPV-PDLC for ON (transparent) and OFF (translucent) state

4. Conclusions
In this work for the first time, combined BIPV-PDLC glazing’s thermal behavior was conducted using indoor
characterization. Inclusion of photovoltaic (PV) in a building replaces the building construction material usage
and cost, generates electricity, controls light and heat. Electrically activated switchable polymer dispersed
liquid crystal (PDLC) in the presence of power supply become transparent and allow viewing and in the
absence of power supply becomes a haze. Six polycrystalline PV cells were connected electrically maintaining
sufficient gap between two cells to fabricate spaced type semitransparent BIPV. Each cell had a dimension of
5.2 cm × 5.2 cm. PDLC film was sandwiched between two glass panes. In this work, the total employed glass
panes for combined BIPV-PDLC system was three. The spectral measurement showed BIPV–PDLC had
46.6% and 31.5% transmission in ON and OFF state respectively. PV cell temperature was 8% lower in the
PDLC ON state than PDLC OFF state condition. In the future, glazing factors, overall heat loss and power
requirement of this combined glazing to switch will be investigated.
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Abstract
The availability of Photosynthetically Active Radiation (PAR) and energy demand are critical factors for
assessing performances of greenhouses in indoor farming industry. They are significantly affected by
configurations and orientations of greenhouses. Two small scale barrel-vault greenhouses combined with 5
orientations were studied under a climate of northern China, including the type with glazed roof and back and
side walls (C1), and the type with fully glazed surface (C2). Using RADIANCE (ray-tracing lighting/solar
packages) & TRNSYS (dynamic energy modelling), these greenhouse were evaluated in terms of PAR levels
received at the floor and annual heating and cooling demands. Key findings are: 1) PAR varies in a similar trend
over the year in the two greenhouses. C2 can achieve higher PAR levels at each month than C1, ranging from
57.6% (south) to 93.6% (east). 2) Annual energy demand of C2 is slightly higher than C1 at each ordination. 3)
Given both PAR and energy performances, C2 facing east/west could be an optimal design. These findings
could be developed into design strategies to improve the PAR availability, which is used for effectively
supporting the growth of plants and vegetables, and at the same time help reduce energy consumption in
greenhouses.
Keywords: PAR availability, Heating and cooling demand, Small-scale greenhouse, Numerical simulation,
Northern China

1. Introduction
The greenhouse used in indoor farming industry has been recognized as a new building type with a potential to
achieve net-zero-energy consumption in the near future (Wang et al., 2019). Environmental and energy
performances of greenhouses are receiving increasing attention in China, due to growing activities of indoor
farming (Tong et al., 2013). Photosynthetically Active Radiation (PAR) is a spectral range of solar radiation
from 400 to 700 nm, which the photosynthetic organisms are able to use in the process of photosynthesis
(McCree, 1977). PAR is critically required for sustaining plant and vegetable growth and varies seasonally and
changes based on the time of day and latitude (McCree, 1977). It can be generally found that the higher PAR
accelerates the growth of most common plants and vegetables. Apparently, orientation is one of most important
environmental factors to determine the amount of solar gains (including PAR) and energy demand of the
building (Pai et al., 2015). The solar radiation received across surfaces of greenhouses is directly influenced by
orientations and climate zones which the buildings are located in (Tong et al., 2013). In addition, both
orientation and latitude have significant impact on the direct solar radiation transmissivity of transparent
envelope (Kurata 1993). One study investigated effects of shape and orientation selection of a greenhouse on
energy demand and solar radiation availability, and experimentally validated the thermal model (Sethi 2009).
Pacheco et al. reported that the building orientation is one of the largest repercussions on energy demand in
buildings (Pacheco et al., 2012). Optimizing both orientation and shapes could reduce the energy consumption
up to approximately 36% (Aksoy et al. 2006). A proper planning of orientation, landscape factors and location
could potentially decrease the building energy demand by 20%, such as via increasing the quantity of solar
radiation entering an internal space (Spanos et al. 2005). In China, Chen et al. (2018) developed a theoretical
model to determine the optimal orientation for a simple greenhouse placed in diverse latitudes. It seems that
further studies relating to greenhouses will be required to meet an increasing requirement of indoor farming,
especially for the types that can be easily built up (e.g. small scale).

1716

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.37.01 Available at http://proceedings.ises.org

J. Du et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

As for environmental and energy performances of greenhouse, most studies focus on an overall evaluation of
indoor climates, thermal transfer, energy demand, and solar gains using theoretical, experimental and numerical
approaches. However, few studies have been conducted to analyze the availability of PAR (similar to light) that
will be directly used for sustaining vegetation growth, and the relevant energy performances that vary with the
variations of PAR availability. To achieve a more accurate analysis, this article presents a simulation
investigation into two small-scale greenhouses in China, using professional simulation packages: TRNSYS
(energy and thermal modelling) (TRNSYS, 2018) and RADIANCE (ray-tracing solar modelling for solar and
PAR) (RADIANCE, 2018). The optimized solutions for effectively growing plants and reducing whole energy
consumption were produced to improve the development of similar greenhouses in Northern China.

2. Methods and Materials
The location studied is Beijing (Latitude: 39.9042° N, Longitude: 116.4074° E), northern China. Beijing has a
typical temperate continental climate (www.weatherbase.com). The average temperature for the year in Beijing
is 12.8 oC. The warmest month on average is July with an average temperature of 26.1 oC. The coolest month on
average is January with an average temperature of -3.3 oC. The average daily sunshine in Beijing is 9.8 hours.
The total annual sunshine time of Beijing is 2671 hours, with monthly percent possible sunshine ranging from
47% in July to 65% in January.

Fig. 1: Two small-scale greenhouse models studied in this article: C1 & C2.

Fig. 2: Orientations of two small-scale greenhouse models (C1 & C2).
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As shown in Figure1, two small-scale greenhouse models (C1 & C2) were studied. Both models have a
rectangular plan (length × width: 30 × 10 m) and a height of 5 m. C1 has a half barrel-vault section (Laouadi,
2005) and its three sides were covered by the brick wall (thickness: 0.5 m); while C2 has a fully glazed barrelvault envelop. If the main orientation is set along the width (marked by the red dash arrow), five orientations
were studied for each model: south, south-east, south-west, east and west, as shown in Figure 2. For C2 model,
facing east is the same as facing west due to the symmetric plan.
RADIANCE (v.5.0) (RADIANCE, 2018) was adopted to calculate the global solar irradiance (W/m2) at the
greenhouse floor and under various sky conditions. PAR values were then achieved using an empirical equation
(Dong et al., 2011):
𝑃𝐴𝑅 = 𝛿 0 𝑄 (eq. 1),
where Q is global solar irradiance, W/m2; η0 is the factor related to the location [η0 = 0.43 in Beijing (Bai,
2009)]. TRNSYS (TRNSYS, 2018), an advanced energy modelling package, was employed to calculate indoor
temperature and predict energy demand (heating and cooling) in these greenhouses. Overall heat transfer
coefficients (U-values) of the greenhouse envelope were set as follows: 1.365 W/m2K (brick wall), 1.1 W/m2K
(glazing wall and roof) and 0.313 W/m2K (floor). The visual transmittance of glazing wall and roof (double
glazing) is 0.62. The annual heating and cooling demands have been calculated using various set-points for
heating and cooling systems based on the requirements of different types of plants and vegetables (Li, 1989;
Brewster, 2018). The energy demand calculation was based on an ideal heating/cooling system. As suggested in
the guidances (Li, 1989; Brewster, 2018), the set-points of heating/cooling (Theating/Tcooling) in greenhouses were
22 oC/28 oC (for normal plants and vegetables), 20 oC/32 oC (typical thermophilic plant and vegetables), and 15
o
C/20 oC (typical plant and vegetables preferring the cool climate). All set-points have been applied in an annual
energy consumption calculation. For all calculations, 0.2 l/h was used as the infiltration rate (Wang et al., 2019).

3. Results
This section mainly includes: effect of greenhouse type and orientation on PAR; effect of greenhouse type and
orientation on indoor air temperature and energy demand.
3.1. Effects of greenhouse type and orientation on PAR
Table 1 shows the annual-averaged PAR for the various greenhouse types and orientations. For model C1, the
highest annual-averaged PAR 33.66 W/m2 could be obtained by south orientation. Model C2 is different from
C1, the highest annual-averaged PAR 52.30 W/m2 could be obtained by south-west orientation (C2-SW).
Tab. 1: Annual-averaged PAR in two greenhouses with different orientations
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Greenhouse type with different orientations

PAR in W/m2

C1-S

33.66

C1-E

25.63

C1-W

28.65

C1-SE

29.66

C1-SW

31.90

C2-S

51.92

C2-E(W)

52.28

C2-SE

51.96

C2-SW

52.30
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In Table 2, monthly-averaged PAR levels have been simulated and calculated in terms of 12 months. The
varying trends are given for greenhouse C1 and C2. It can be found that PAR varies in a similar trend all over
the year. Both model C1 and C2 can see the highest values of PAR in June. The maximum PAR values of
various models are 45.8 W/m2 (C1-S), 38.9 W/m2 (C1-E), 44.0 W/m2 (C1-W), 41.4 W/m2 (C1-SE), 45.0 W/m2
(C1-SW), 72.2 W/m2 (C2-S), 75.3 W/m2 (C2-E(W)), 74.4 W/m2 (C2-SE), and 74.3 W/m2 (C2-SW). PAR level
of model C2 is higher than model C1 for the same orientation, by 57.6% ((72.2 W/m2 – 45.8 W/m2)/(45.8 W/m2))
(South), 93.6% ((75.3 W/m2 – 38.9 W/m2)/(38.9 W/m2)) (East), 80.4% ((74.4 W/m2 – 41.4 W/m2)/(41.4 W/m2))
(Southeast), 65.1% ((74.3 W/m2 – 45.0 W/m2)/(45.0 W/m2)) (Southwest). According to the aforementioned
findings, it can be found that model C2 could obtain more PAR than model C1 across the whole year, which can
be explained by its larger glazing area.
Tab. 2: Monthly-averaged PAR performances in two greenhouse models (C1 & C2) and with various orientations; C1: south (C1-S),
east (C1-E), west (C1-W), south-east (C1-SE), and south-west (C1-SW); C2: south (C2-S), east or west (C2-E(W)), south-east (C2SE), and south-west (C2-SW).

PAR(W/m2)
Month
Model

1

2

3

4

5

6

7

8

9

10

11

12

C1-S

20.4

29.8

36.9

44.0

44.8

45.8

41.0

41.0

33.3

27.6

21.5

17.8

C1-E

11.8

19.1

27.0

34.9

37.4

39.0

35.1

34.0

25.6

19.3

13.4

11.0

C1-W

13.7

21.7

30.4

39.0

41.4

44.0

38.6

37.7

28.4

21.6

15.2

12.1

C1-SE

16.6

25.1

32.2

39.3

40.5

41.4

37.4

37.1

29.5

23.9

18.0

14.9

C1-SW

18.2

27.1

34.7

42.3

43.4

45.0

39.8

39.7

31.6

25.6

19.4

15.9

C2-S

29.4

43.8

56.6

68.7

69.1

72.2

64.9

65.7

52.1

42.1

31.8

26.6

C2-E(W)

27.8

42.4

56.4

70.2

71.6

75.3

67.2

67.3

52.3

41.3

30.4

25.2

C2-SE

28.3

42.3

55.9

69.4

70.8

74.4

66.4

66.6

51.9

41.1

30.8

25.7

C2-SW

28.9

43.0

56.5

69.7

70.8

74.3

66.4

66.8

52.2

41.6

31.3

26.1

3.2. Effect of greenhouse types and orientations on energy performances
Figure 3 shows the distributions of indoor air temperature in two greenhouses with five orientations and with
glazing wall and roof (C2) or brick wall and glazing roof (C1) (U values mentioned in section 2). This
simulation did not include HVAC systems, i.e. only unconditioned environment was evaluated. The aim of this
analysis was to show if it is necessary to adjust the indoor environment using HVAC systems to achieve a
proper living condition for plants and vegetables in these greenhouses.
For the variations of indoor temperature in the unconditioned greenhouses, the maximum and minimum values
in various models are 82.9 oC and 1.4 oC (C1S), 77.7 oC and -0.567 oC (C1E), 80.7 oC and -1.09 oC (C1W), 80.7
o
C and 0.843 oC (C1SE), 82.5 oC and 0.805 oC (C1SW), 83.1 oC and 1.51 oC (C2S), 81.8 oC and -1.11 oC
(C2E(W)), 81.9 oC and 0.95 oC (C2SE), and 83.6 oC and 0.91 oC (C2SW). It can be clearly found that only the
passive solutions would not be able to sustain a normal growth of plant/vegetation in these greenhouses.
Generally, given typical types of plant and vegetable in Beijing region, the indoor farming using greenhouses
would require three various temperature ranges (Li, 1989), such as 22 oC~28 oC for normal plant and vegetables
(e.g. zucchini, loofah), 20 oC~32 oC for typical thermophilic plant and vegetables (e.g. legume. tomato), and 15
o
C~20 oC for typical plant and vegetables preferring the cool climate (e.g. Chinese leaf, cabbage). Therefore,
HVAC systems will have to be applied in the nine greenhouse models to provide the plant and vegetable with a
proper growing condition. In this study, the HVAC system modelled by TRNSYS has been set under an ideal
condition.
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Fig. 3: Distributions of indoor air temperature in nine greenhouse models (unconditioned)

For the set-point of Theating/Tcooling = 22/28 oC, Figure 4-6 show the energy performances of nine greenhouses
with five orientations. The names of all models are mentioned in Figure 2.
For annual energy demand (Figure 4), C2-S would achieve the lowest value of heating (70.66 kWh/m2), whilst
other eight models have the difference approximately 30 kWh/m2 in between, in the ranges of 72.94 kWh/m2 to
101.39 kWh/m2. For annual cooling energy demand, C1-W would achieve the lowest value of cooling (246.39
kWh/m2), C1-E (246.67 kWh/m2) is similar to C1-W, whilst other eight models have no big differences in
between. Considering overall annual energy demand, C1-W would achieve the lowest value 347.13 kWh/m2.
Thus, based on the aim to save heating energy, C2-S would be the best option among all nine models, for
normal plant and vegetables. On the other hand, the performance of annual energy demand would support that
C1-W could be considered as the first choice compared with other models.

Fig. 4: Annual heating and cooling demands and overall demand in two greenhouse models with five orientations (Theating/Tcooling:
22/28 oC).
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Figure 5 indicates the heating demand of nine greenhouses in January (winter) and October (autumn). C1-W and
C1-E have the highest monthly heating demand in January (9071 kWh) and October (445 kWh) among all nine
models. C2-S and C2-SW have the lowest heating demand compared with other eight models in January (6402
kWh) and October (214 kWh), respectively.

Fig. 5: Heating demand (January & October) of nine greenhouses (Theating/Tcooling: 22/28 oC)

Moreover, Figure 6 demonstrates the cooling demand of nine greenhouses in April (spring) and July (summer).
For all models, C1-E and C1-W have the lowest cooling demand 8470 kWh in April and 10300 kWh in July,
respectively. There are no clear differences of cooling demand between other seven models. They have a
monthly cooling demand ranging from 8530 kWh to 11984 kWh in both April and July.

Fig. 6: Cooling demand (April & July) of nine greenhouses (Theating/Tcooling: 22/28 oC)

For the set-point of Theating/Tcooling = 20/32 oC, Figure 7 indicates annual overall energy performances of nine
greenhouses with five orientations. Similar to the set-point of Theating/Tcooling = 22/28 oC, C2-S would achieve the
lowest value of heating (50.54 kWh/m2), whilst other eight models have the difference approximately 26
kWh/m2 in between, in the ranges of 52.92 kWh/m2 to 78.41 kWh/m2. For annual cooling energy demand, C1-E
would achieve the lowest value of cooling (190.65 kWh/m2), C1-W (190.83 kWh/m2) is similar to C1-E, whilst
other seven models have no big differences in between. Considering overall annual energy demand, C1-W
would achieve the lowest value 268.15 kWh/m2. Therefore, it can found that the findings with typical
thermophilic plants and vegetables are the same as the normal plant and vegetables.
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Fig. 7: Heating and cooling demand, and overall demand in two greenhouse models with five orientations (Theating/Tcooling: 20/32 oC).

Figure 8 indicates the heating demand of nine greenhouses in January (winter) and October (autumn). As shown
in Figure 7, C1-W has the highest monthly heating demand in January (9070 kWh) and in October (396 kWh),
among all nine models. C2-S has the lowest heating demand compared with other eight models in January (4955
kWh) and in October (38 kWh).

Fig. 8: Heating demand (Jan & Oct) of nine types of greenhouse (T heating/Tcooling: 20/32 oC

Moreover, Figure 9 demonstrates the cooling demand of nine greenhouses in April (spring) and July (summer).
For all models, C1-E and C1-W have the lowest cooling demand 6710 kWh in April and 8200 kWh in July,
respectively. There are no clear differences of cooling demand between other seven models. They have a
monthly cooling demand ranging from 6750 kWh to 10687 kWh in both April and July.
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Fig. 9: Cooling demand (April & July) of nine types of greenhouse (T heating/Tcooling: 20/32 oC)

For the set-point of Theating/Tcooling = 15/20 oC, Figure 10 indicates annual overall energy performances of nine
greenhouses with five orientations. Similar to the set-point of Theating/Tcooling = 22/28 oC, C2-S would achieve the
lowest value of heating (30.21 kWh/m2), whilst other eight models have the difference approximately 15
kWh/m2 in between, in the ranges of 31.16 kWh/m2 to 46.98 kWh/m2. For annual cooling energy demand, C1W would achieve the lowest value of cooling (362.22 kWh/m2), C1-E (362.69 kWh/m2) is similar to C1-W,
whilst other seven models have no big differences in between. Considering overall annual energy demand, C1W would achieve the lowest value 408.17 kWh/m2.

Fig. 10: Heating and cooling demands, and overall demand in two greenhouse models with five orientations (Theating/Tcooling: 15/20
o
C).

Figure 11 indicates the heating demand of nine greenhouses in January (winter) and October (autumn). C1-E has
the highest monthly heating demand in January (4850 kWh) and in October (7.72 kWh), among all nine types.
C2-S and C2-SW have the lowest heating demand compared with other eight models in January (3151.79 kWh)
and in October (1.23 kWh), respectively.
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Fig. 11: Heating demand (Jan & Oct) of nine types of greenhouse (Theating/Tcooling: 15/20 oC)

Moreover, Figure 12 demonstrates the cooling demand of nine types of greenhouse in April (spring) and July
(summer). For all models, C1-E and C1-W have the lowest cooling demand 12400 kWh in April and 14800
kWh in July, respectively. There are no clear differences of cooling demand between other seven models. They
have a monthly cooling demand ranging from 12500 kWh to 16912 kWh in both April and July.

Fig. 12: Cooling demand (April & July) of nine types of greenhouse (Theating/Tcooling: 15/20 oC)

4. Discussions
Based on the results above, some discussions are given in this section.
First, since PAR is one part of solar gain, the greenhouse models with a larger glazing surface will achieve
higher PAR levels. It is normal that with a fully glazed envelop, C2 can receive a higher PAR level at each
orientation than C1 (with a much smaller glazing envelop). Compared with C2, C1 has a higher sensitivity of
PAR availability to the orientation due to its asymmetric plan. The higher PAR can be only found when its
glazing façade is placed towards specific orientations, e.g. south or south-west. This can also be explained by
the local climates of Beijing (i.e. higher solar gains are from south or south-west sky).
Second, annual energy demand of greenhouse is directly associated with local climate conditions. Beijing has a
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temperate continental climate, which could require a balance of energy system design between cold winter and
hot summer. With a fully glazed envelop, C2 could mitigate the internal heat losses through the external solar
gain in winter, but would need more cooling energy in summer. C1 would need higher heating energy due to the
lower solar gain in winter. However, the smaller glazed envelop would benefit C1 with a lower cooling demand
in summer. In addition, Beijing’s climate can explain the west facing is an optimal solution in terms of annual
energy performance.

5. Conclusion
Several key findings could be drawn from results and discussions above as follows.
1) PAR varies in a similar trend over the year for greenhouses C1 and C2. Greenhouse C2 will achieve higher
PAR levels at each month than C1, ranging from 57.6% (south) to 93.6% (east). For greenhouse C1, significant
effects of orientation can be found on PAR levels across 12 months. Facing south or south-west could deliver
the highest PAR values, while the lowest PAR values can be found with facing east. Facing west and south-east
will achieve medium PAR values in between. However, for greenhouse C2, there is no significant influence of
orientation on PAR performances. Only facing south can see a slightly lower PAR than other orientations during
the summer (from May to August).
2) Annual overall energy demand of C2 is slightly higher than C1 at each orientation. Greenhouse C1 has a
relatively higher annual heating demand and a lower annual cooling demand than greenhouse C2 at each
orientation.
3) The minimum values of annual overall energy demand of normal plant/vegetables (22 oC/28 oC), typical
thermophilic plant/vegetables (20 oC/32 oC) and typical plant/vegetables preferring the cool climate (15 oC/20
o
C ) are 347 kWh/m2 (C1-W), 268 kWh/m2 (C1-W) and 405 kWh/m2 (C1-W) respectively. Facing west can lead
to the minimum annual energy demand in greenhouses.
4) Given both PAR and energy performances, C2E(W) could be an optimal design, since it can give rise to a
relatively higher PAR levels and lower annual energy demand. For other models, a balance would have to be
considered between PAR and energy demand during the early stage of design.
Limitations and future work: this study was conducted using two simulations packages and two typical
greenhouse models. The shading systems and natural ventilation strategy could mitigate the effect of excessive
solar gains on the higher cooling demand. However, the two environmental solutions were not included in the
analysis, which could be clear limitations. More investigations, including passive solutions, the on-site
measurements for PAR and energy performances, and more greenhouse structures and configurations, will be
implemented in the next stage.
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Abstract
In South Korea, Zero Energy Building (ZEB) certification is currently being enforced to reduce building energy
and greenhouse gas (GHG) emissions. In order to obtain ZEB certification, it is necessary to secure a selfsufficiency rate through renewable energy production based on annual primary energy requirements.
At present, in the case of electric power transactions of distributed power in South Korea, market transactions are
avoided because the burden of transaction and administrative costs for market transactions compared to profits
from electricity sales is high. Under such a situation, if the performance of a general building improves in
accordance with the ZEB certification standards, various additional costs will inevitably arise. Therefore, it is
necessary to examine the economic feasibility of ZEBs by certification grade.
In order to secure economic feasibility, this study reviews the means to secure economic feasibility through
payback period (PBP), net present value (NPV), and sensitivity analysis to secure economic feasibility
considering the simple payback PBP analysis that ignores discount rate and variables (passive additional cost,
surplus power selling unit price, and renewable energy subsidy ratio) based on costs arising from energy saving.
Keywords: Zero Energy Building (ZEB), Certification, Distributed Resources, Renewable Energy, Solar
Photovoltaic Energy, Passive House, Sensitivity, Economic Analysis, Payback Period (PBP), Net Present Value
(NPV)

1. Introduction
The Ministry of Land, Infrastructure, and Transport Affairs in South Korea has been accelerating the discovery
of and implementation efforts for reduction means by field. It has increased the national greenhouse gas (GHG)
reduction target in response to the ongoing efforts of the international community to respond to the depletion of
energy and climate change and to realize sustainable development.
Of these, the building field accounts for over 25% of national GHG emissions. In order to reduce the energy
demand and GHG emissions from buildings with high reduction capacity available, the government has set up a
stepwise dissemination and diffusion plan for mandatory Zero Energy Buildings (ZEB) from 2020 to 2030.
From 2017 onward, ZEB certification has been enforced in the country, which certifies buildings in five grades
in accordance with the energy self-sufficiency rate by evaluating the primary energy consumption and primary
energy production per unit area of buildings [Σ{(renewable energy production – the amount of energy required
for renewable energy production) × the relevant primary energy conversion factor} / evaluation area].

Fig. 1: The Flow Chart of Study

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.37.02 Available at http://proceedings.ises.org
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In order to secure the self-sufficiency rate by securing energy production, it is preferentially necessary to select
renewable energies that are superior in application to the inside of a building. Renewable energies include solar
heat, photovoltaic power, wind power, hydroelectric power, fuel cells, and geothermal energy. Of these, the
judgment of renewable energies that can be applied to distributed power in buildings was confirmed based on
ease of application in a building and utilization of distributed power. Consequently, from among all renewable
energy sources, fuel cells and photovoltaic power generation can be utilized as distributed power in buildings
(Tab. 1).
In the domestic market, high installation costs of fuel cells and additional gas costs are major hurdles in an
environment where the negative opinion on ZEBs is dominant due to various reasons such as lack of technology
and reliability and associated increase in construction costs. Therefore, photovoltaic power generation is
considered the most suitable renewable energy facility for economic feasibility analysis of distributed power at
present (Tab. 2).
Tab. 1: Possibility of Utilizing Distributed Power as Renewable Energy

Judgment to Apply Distributed Power
in Buildings

Judgment of Economic Feasibility by
Renewable Energy Source

Ease of
Application
in
Buildings

Distributed
Power

NonPolluting

Ease of
Application

Energy
Efficiency

Solar Heat

YES

NO

O

O

X

Photovoltaic
Power

YES

YES

O

O

X

Fuel Cell

YES

YES

O

O

O

Geothermal
heat

YES

NO

O

△

O

Category

Remarks

Gas cost
incurred

 Non Polluting : Energy source that does not cause pollution such as no environmental facilities, soot,
noise, etc.
 Ease of Application : Effective space and machine room availability
 Energy Efficiency : High or low conversion efficiency from energy source to electric energy
Tab. 2: Major Distributed Power Installation Cost and Additional Production Cost

Distributed
Power Type

Installation Cost

Additional Costs Incurred in
Production

Photovoltaic
Power

2,850,000 won/kW

None

Fuel Cell

24,334,286 won/kW

(12.46~14.05won/MJ. for fuel cells,
Seoul City Gas, February 2016)

Remarks
Kotec Energy

Additional city gas cost

(Decebmer 2016,
Public Procurement Service)

Tokyo Gas/Panasonic
(April 2015, Nikkei Technology)

However, in the case of private-use photovoltaic facilities, market transactions are avoided because of the burden
of administrative expenses and transaction costs incurred for market transactions against electricity sales revenues.
In addition, because of the high cost of power generation of distributed power, sufficient economic feasibility is
not secured merely for the purpose of saving electricity charges.
The graph below presents the average price of power and the unit price of photovoltaic power generation in
countries that have achieved grid parity (a balance point where the unit price of renewable energy is the same as
that of existing fossil energy). In South Korea, the cost of photovoltaic power generation is higher than average
power prices in countries that have achieved grid parity (Fig. 2).
Fig.2 Source: Deutsche Bank (2015), US average power prices (upper limit), Korea's average electricity price
(average purchase price in 2014), Korea solar power generation unit price (average purchase price in 2014)
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Fig. 2: Average Electricity Price and Cost of Photovoltaic System in Countries that have Achieved Grid Parity

In order to reduce GHG through a stable supply of ZEBs in South Korea. It is necessary to analyzing economic
feasibility in terms of the cost benefit first has been deemed necessary. Therefore, in this study, the economic
feasibility of additional costs incurred when a general building is strengthened to become a ZEB only for
single-family houses with high GHG emissions per unit area of residential buildings is analyzed. Moreover, it is
intended to utilize the results of the investment payback period (PBP) and sensitivity analysis to identify means
to secure the economic feasibility in terms of the ZEB certification grade (Fig. 3).

Fig. 3: Ratio of GHG Emissions in the Residential Sector and GHG Emissions Per Unit Area

2. Conditions of Models and Economic Evaluation Methodology
2.1 Conditions of Models
For general buildings, the following envelope conditions are applicable: According to the laws and regulations
in 2016 (Attached table 1: Energy saving design standard of buildings, Notification 2015-11-08 of the Ministry
of Land, Infrastructure, and Transport), infiltration must be 0.3 ach, which is the level of energy efficiency
grade; applied boiler efficiency must be 85% for general boilers; and system air conditioners are COP 2.4,
which represents energy efficiency grade 2. For passive buildings, the envelope condition is passive house
level. Further, infiltration is 0.03 ach, system air conditioners are COP 3.4, and energy efficiency grade is 1+
(not including renewable energy).
The annual primary energy requirements per unit area of general buildings and passive buildings are 151.8
kWh/㎡ and 96.3kWh/㎡ (not including renewable energy), respectively, and the difference in energy
requirement between the two types of buildings is 55.5 kWh/㎡.
Tab. 3: Common Architectural Summary of the Case Study

Target

Single-family house (Scale of two stories)

Major Heat Source Use Case

Gas boiler (heating, hot water supply), system air conditioner

Total Floor Area

155.25㎡
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Tab. 4: Detailed Condition of General Building and Passive Building Models

Category

General Building Model

Passive Building Model

Outer Wall

0.21

0.15

Envelope condition

Ceiling

0.15

0.11

(W/㎡·K)
(Level of laws and
regulations in 2016)

Floor

0.18

0.15

Door

1.40

0.80

Window

1.20

0.80

Infiltration (Energy efficiency grade)

0.3 ach

0.03 ach

Boiler Efficiency

Condensing 85%

Condensing 88%

System Air Conditioner COP

2.4

3.4

Ventilation Method

Natural ventilation

Natural ventilation

Energy Efficiency Grade

Grade 2

Annual Primary Energy Requirement
Per Unit Area

151.8 kWh/㎡

Grade 1+
(not including renewable energy)

96.3 kWh/㎡
(not including renewable energy)

2.2 Basic Condition and Solar Equipment
Based on the calculation of additionally incurred costs according to the economic feasibility study (hereafter
referred to as “research A”) in accordance with the Korean-type passive house certification model development,
comfort index, and passive house construction cost analysis program of Passive House Institute Korea
(hereinafter referred to as “research B”), the increase in the construction costs for general buildings for a
construction area of 155.25 ㎡ is 22.38% for research A and 7.37% for research B. Since the difference in
increased costs due to the additional costs of researches A and B is large, the calculation is based on a mean of
15.52%.
As a further consideration, for the main cost of each ZEB certification grade compared to the general building
and passive building costs, distributed power installation subsidy is 670,000 won/kWp ($597/kWp). The annual
surplus electricity is assumed to be all sales, and the sales unit price is 300 won/kwh (0.26 $/kWh). The annual
maintenance cost is calculated as 1% of the initial investment cost of the photovoltaic power generation system.
Based on 15.52% of average passive house construction costs for Study A and Study B.
At this time, the installation capacity and installation amount of photovoltaic power generation according to
certification level of zero energy building are as follows (Tab. 5).
Tab. 5: Installation Capacity and Amount of Solar Power Generation System by Zero Energy Building Certification Level

ZEB Certification

Solar power system

Grade

Energy Self-reliance
(%)

Installation capacity (kWp)

Installation cost

1

100

3.35

7,303,000won ($6,196)

2

90

3.02

6,583,600won ($5,585)

3

70

2.35

5,123,000won ($4,346)

4

50

1.68

3,662,400won ($3,107)

5

30

1.01

2,201,800won ($1,867)

2.3 Economic Evaluation Methodology
In ascertaining the economic feasibility analysis result of ZEBs, it is necessary to consider the increase in the
initial investment cost (passive additional cost + renewable energy installation cost + boiler replacement cost),
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annual energy cost savings (electricity amount fee savings + gas cost savings), initial investment cost payback
(year), and energy cost zero (year) that are incurred when enhancing general buildings by grade in accordance
with the ZEB certification standards. First, economic feasibility analysis is conducted by analyzing the simple
PBP, which ignores discount rate (Tab. 6).
Tab. 6: Additional Cost and Economic Feasibility Analysis Method by ZEB Certification Grade

Economic analysis for ZEB Certification

ZEB
Energy
Certific- Selfation reliance
(%)
Grade
1
2

(a) Initial Investment
Cost Increment (won)

(b) Annual
Energy Cost
Saving (won)

Initial investment
Cost Recovery (year)
(a) ÷{(b)

100
90

3

70

4

50

5

30

Net Zero Energy
Cost (year)

Extra construction +
Renewable energy
equipment (including
subsidy) + Replacement
cost

Electric & Gas
savings cost

+Surplus electricity
selling price –
Maintenance cost
– Renewable energy
equipment rental fee
(option)}

(a) ÷{(b)+ Initial
investment cost
recovery – Annual
energy cost saving}

In this study, technological progress and market changes in economic feasibility analysis, adopted investment
payback analysis, and the net present value (NPV) method are considered from among the static analysis methods,
which neglect changes in a country’s economic structure. The analysis of investment cost payback is based on
PBP analysis by analyzing the annual balance of the initial investment cost of distributed power (increase in
construction cost, renewable energy facility cost, facility replacement cost) in terms of the savings in the
electricity bill due to the introduction of distributed power facilities, profits from sales, maintenance expenses,
and rental fee; the analysis ignores inflation rate. The analysis of NPV (cost zero – power) considers annual
balance—including annual electricity cost such as the initial investment cost of distributed power, the reduction
in electricity cost due to the introduction of distributed power facility, profit from sales, maintenance cost, and
rental fee. The PBP, including the electricity cost, is analyzed. The inflation rate is the same as that in the
investment cost payback analysis.
In addition, it is attempted to determine economic feasibility by designating passive additional cost, surplus
electricity sales unit price, and renewable energy subsidy rate as variables for the investment cost payback and
NPV analysis. The PBP is judged to be economically feasible at the time when the cumulative cash flow becomes
positive (+), and the NPV analysis is judged to be economically feasible when the NPV is greater than or equal
to 0 (Tab. 7).
Tab. 7: Sensitivity Analysis

Variable

(a) Extra Construction
Cost for Passive Housing

(b) Surplus Electricity
Selling Price

(c) Government Subsidy
Tate for Renewable
Energy

{(a) + Renewable energy equipment cost × (1 – (c)) + Replacement cost} ÷ {Energy
PBP method (year)

cost saving + (b) – Maintenance cost – Renewable energy equipment rental
fee(option)}
t: Period of cash flow, N: Investment period, r: Discount rate, Ct : Net cash flow at time

NPV method (year)

Ct = {(a) + Renewable energy installation cost × (1 – (c)) + Boiler replacement cost}
– {Energy cost savings at year t + (b) – Maintenance cost at year t
-Renewable energy rent at year t (if applicable)}

3. Analysis and Results
3.1 Simple PBP Analysis
As shown in the annual cumulative cost by ZEB grade compared to general buildings for a simple PBP, it is
evident that the straight-line graph of zero-energy buildings is located below the straight-line graph of general
buildings (current energy saving standard). In other words, ZEBs with high initial investment cost have a higher
initial cumulative cost by year than general buildings; however, after a certain period, the higher the certification
grade, the cost becomes lower than the cumulative cost in accordance with the number of years of general
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buildings (Fig. 4).

Fig. 4: Comparison of Cumulative Cost by ZEB Certification Classes for General Buildings

It is evident that when the surplus electricity sales unit price is 300 won/kWp, the PBP of the initial investment
cost and the time when the cost becomes zero is from 38.4 years to 109.5 years as the ZEB certification grade is
lowered.
Tab. 8: Comparison of PBP by ZEB Certification Grade for General Buildings

Surplus Power Sales (300 won/kWh)
ZEB Certification Grade
(Analytical independence rate)

Initial investment
payback (years)

Cost zero

Grade 1 (100%)

38.4

82.6

Grade 2 (90%)

40.9

98.2

Grade 3 (70%)

47.3

162.8

Grade 4 (50%)

56.4

567.9

Grade 5 (30%)

70.6

impossibility

Passive buildings: Distributed power uninstalled (0%)

109.5

impossibility

General buildings (based on laws and regulations in 2016)

-

-

(years)

3.2 Sensitivity Analysis by Variable for Initial Investment Cost PBP
In the case of 22.38% of the buildings (research A), there is no ZEB certification grade given to the durability of
the structure within 50 years. In the case of 7.34% of the buildings (research B), it is confirmed that the initial
investment payback is possible within 25 years of photovoltaic facility durability for ZEB certification grades 1
to 4. In the case of 15.52% of the buildings (the median of researches A and B), the initial investment payback of
ZEB certification grades 1, 2, and 3 within 50 years of structure durability is possible, but the initial investment
cost payback within 25 years of photovoltaic facility durability is impossible (Fig. 5).
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Fig. 5: Sensitivity Analysis in Accordance with Increase in Passive Cost

When the sales unit price is changed based on 15.52% (median of researches A and B), as a result of sensitivity
analysis by ZEB grade, the initial investment cost payback is impossible within 50 years of the structure durability
of single-family houses for 100 won/kWh. Moreover, it can be confirmed that the initial investment cost payback
is possible in ZEB grade 3 for 300 won/kWh(0.26$/kWh) and grade 4 for 500won/kWh(0.43$/kWh). Moreover,
it is also evident that the initial investment cost PBP is at least for approximately 25.5 years and takes up to
approximately 30 years, depending on changes in the sales unit price (Fig. 6).

Fig. 6: Sensitivity Analysis According to Change in the Sales Unit Price of Surplus Power

The change in initial investment PBP of the ZEB certification according to the ratio of renewable subsidy is
approximately 5 years. In the case of grades 4 and 5 of ZEB certification, the initial investment cost payback
within 50 years of the durability of single-family houses is impossible. The sensitivity of each ZEB certification
grade indicates that sensitivity to changes in the ratio of renewable energy subsidy is lower than sensitivity to
increase in passive costs and change in surplus electricity unit price (Fig. 7).
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Fig. 7: Sensitivity Analysis in Accordance with Changes in the Ratio of Renewable Energy Subsidy

3.3 Sensitivity Analysis by Variable Regarding NPV
Net Present Value (NPV): One of the measures of the value of a business. The net benefits of each year from the
time of initial investment to the end of the business are converted into present value. In other words, the net
present value is greater than zero, the alternative can be judged to be acceptable.
 Present value of benefits-present value of costs = NPV
 If NPV>0, It is considered the business is feasible

Fig. 8: Business feasibility assessment using NPV evaluation method

In the 50-year NPV sensitivity analysis, the variables for the passive cost increase rate were 22.38% for research
A, 7.33% for research B, and 15.52% for the mean. In the graph, the X-axis represents the changes in discount
rate, and the Y-axis represents NPV values. The NPV in research B is the highest, where increase in passive
construction cost is the lowest. In the case of the researches A and B, at every discount rate, the NPV was found
to be lower than zero, thereby indicating that it does not have economic feasibility (Fig. 9).

1734

K. You et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 9: Sensitivity Analysis in Accordance with Increase in Passive Cost

A 50-year NPV sensitivity analysis was conducted for 100 won/kWh(0.09$/kWh), 300 won/kWh(0.26$/kWh),
and 500 won/kWh(0.43$/kWh) as surplus electricity sales unit price variables based on passive cost increase rate
of 15.52%. The slope of surplus electricity sales unit price (⊿ cumulative cost ÷ Δ discount rate) is different, and
the value of the slope of decreased cost is in the order of for 100 won/kWh(0.09$/kWh), 300
won/kWh(0.26$/kWh), and 500 won/kWh(0.43$/kWh). Moreover, the surplus electricity sales unit price of 100
won/kWh(0.09$/kWh) is not economical, and it was confirmed that economic feasibility can be obtained when
the surplus electricity sales unit price is 100 won/kWh(0.09$/kWh)~300 won/kWh(0.26$/kWh) (Fig. 10).

Fig. 10: Sensitivity Analysis According to Change in Surplus Electricity Sales Unit Price

A 50-year NPV sensitivity analysis was conducted for subsidy rates of 0%, 24% (current subsidy ratio), 50%,
and 75% of the initial investment cost of the distributed power with subsidy rate on distributed power as variable,
based on 15.52% of the average of increase in passive cost. The analysis indicated that the NPV of 75%, which
has the highest subsidy rate, is the highest, and the NPV of 0%, which has the lowest subsidy rate, is the lowest
(Fig. 11).
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Fig. 11: Sensitivity Analysis According to changes in the Renewable Energy Subsidy Rate

4. Conclusion
In this study, the economic feasibility of the initial investment cost payback was assessed for ZEB certification
grade, with 15.52% increase in construction cost, 300 won/kWh of surplus electricity sales unit price, and 24%
of renewable energy subsidy rate for ZEBs. Consequently, it is necessary to acquire a self-sufficiency rate of
grade 3 or higher, where the initial investment cost can be recovered within 50 years of the durability of the
structure. In the case of cost zero, the grade that can offset the electricity cost and gas cost is 82.6 years.
In the results of the sensitivity analysis for PBP and NPV, the following variables were set (passive additional
cost change, surplus electricity sales unit price change, renewable energy subsidy rate) to prepare the means to
secure economic feasibility (Tab.9):
Tab.9: Summary

Sensitivity Analysis
Variable
PBP by Grade

Passive
additional
cost
change

 Passive cost increase must be
lowered to a range of 7.34% to
15.52% to recover the initial
investment cost for structural
durability (50 years) at all grades.

NPV Based on Grade 1 (50 years)
 Sensitivity is low in the order of passive cost increase >
Surplus electricity sales unit price > Renewable energy
subsidy rate.
 In the analysis of the 50-year NPV, passive cost
increase must be lowered to 15.52% to 22.38% to have
economic feasibility in accordance with discount rate.
 First, an economic feasibility consideration is required.

Surplus
electricity
sales unit
price
change

Renewable
energy
subsidy
rate
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 In the case of surplus electricity
sales unit price, it is possible to
recover the initial investment cost
for structural durability (50 years)
only at grade 3 or higher at 300
won/kWh(0.26$/kWh) and grade
4 or higher at 500
won/kWh(0.43$/kWh).
 Sensitivity is lowest for changes
in the renewable energy subsidy
rate.
 In all cases (subsidy 0% ~ 75%),
the initial investment cost for the
structural durability (50 years) can
be recovered.

 Surplus electricity sales unit price must increase to 100
won/kWh(0.09$/kWh) to 300 won/kWh(0.26$/kWh),
which is economically feasible, according to the
discount rate.

 Lowest sensitivity
 The NPV becomes lower in the order of 75% > 50% >
4% > 0% of the renewable energy subsidy rate; it has
economic feasibility according to discount rate in all
cases.
 Lastly, economic feasibility considerations are
required.

K. You et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

In summary, in the case of a change in subsidy rate for the initial investment cost in distributed power relative to
a change in the rate of increase in passive construction cost and the change in surplus electricity sales unit cost,
it can be confirmed that sensitivity to change in values is relatively low.
This suggests that it is necessary to first consider economic feasibility about the change in increasing construction
costs compared to general buildings for ZEBs to achieve zero cost through sensitivity analysis of three variables.
Next, it is necessary to present an appropriate price for the present surplus electricity sales unit price.
Further, the decoupling phenomenon (decoupling refers to a phenomenon where the economy of one country or
specific countries exhibits movements and economic flows that are different from universal global economic
trends or trends in neighboring countries) between photovoltaic power generation sales unit price at a higher price
than South Korea’s cheap purchase price (KEPCO’s electricity rates) compared to other countries has had a major
impact on the results of this study.
This study is expected to be valuable as a case to present a means to a more secure economic feasibility using
solar energy of other countries that display the decoupling phenomenon between purchasing unit price and retail
unit price and that have an electricity wholesale market price that is similar to that of South Korea. It may also
be used as a comparative data in countries where a subsidy policy is required or in countries with subsidy policies
that are related to the government’s installation of renewable energy.
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Abstract
The aim of this work is to compare the performance of a daylight-linked control system installed and tested in
two different case studies by means of a set of indices. The two case studies are characterized by different
geometry, location and windows orientation. The first one is located at the ENEA premises in Lampedusa (IT,
35° 30' N); the second one is located in Palermo (IT, 38°6' N) on the third floor of the building 9 of the
Department of Engineering if the University of Palermo. In both cases, the indices were calculated by using the
same daylight-linked control system and the same end-use (office). The results were reported and analysed in
order to demonstrate as the performances of the control system can be different from the ideal performance and
that they can be different according to the installation. Furthermore, according to the first outcomes, it results
that a detailed analysis of the space before the installation of the control system is a necessary practice.
Keywords: lighting, daylight-linked control system- daylight- building automation control

1. Introduction
Building automation control systems can be used to control HVAC systems, lighting systems, video
surveillance and other systems of the buildings.
The installation of these systems can be a great action to increase energy savings in buildings, to monitor the
plants and to improve occupants' satisfaction (Domingues et al., 20 16). Nevertheless, the performance of these
systems can decrease because of many factors (Bellia & Fragliasso, 2015). Jain and Garg (Jain and Garg, 2018)
analysed the performance and feasibility of various daylight prediction methods and their application in
controlling blinds and integrated lighting system. They focused on simulation assisted open-loop control
techniques that employ real-time daylight estimation methods.
The daylight-linked control systems are able to control the luminous flux based on the daylight contribution.
Recent studies (Bonomolo, 2017) (Bellia, 2017) demonstrated that sensors location could influence the actual
performance of the control systems. Indeed, these systems are configurated in order to achieve a certain
illuminance value on the task-zone (e.g. on the workplane). For obvious reasons, the sensor cannot be placed
in that position. Usually, they are placed on the ceiling or on the wall where the illuminance values are far
different from the illuminance values on the task area. This fact is often the principal cause of the difference
between the ideal performance and the actual ones.
Indeed, very often, the illuminance on work-plane is not fully correlated with illuminance measured by the
photosensor used to control the luminaires. This fact leads to wrong information for the daylight linked control
systems (DLC) affecting its efficacy. Beccali et al. (Beccali et al., 2018) applied the artificial intelligence of
Neural Networks to provide a method for finding good relationships between the illuminance on workplane
and the one measured in another surface.
Moreover, authors have developed a set of indices able to evaluate the actual performances of such systems in
terms of luminous control efficacy and energy efficiency (Bonomolo et al., 2017). This paper presents the
application of this method in two case studies with the aim of comparing the results related to a given DLC
system in different contexts. To do this, the absorbed power and the illuminance values on the workplane and
on the ceiling (where the photosensors were installed) were measured for two weeks long period for both case
studies.
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2.

Case studies description

The first case study (A) is concerning an office space. It is located in the lighthouse of Lampedusa (IT, 35° 30'
N) and has an area of 20 m2. It has a window located in the north facade.
Previously, four pendant luminaires were installed equipped by fluorescent sources. Each lamp was
characterized by an absorbed power of 170W (for a total of 680W), a luminous flux of 6550 lm and a colour
temperature of 4000 K. The graph in figure 1 shows a daily absorbed power variation. Except for an initial
peak, it is possible to see that the absorbed power is constant for all day.
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Fig. 1 Daily power absorbed by the luminaires.

They were replaced with more efficient LED luminaires. Each luminaire is characterized by an absorbed power
of 33 W and of a luminous flux of 3960 lm.
The second case study is the Solarlab laboratory. It is located on the third floor of the building hosting the
DEIM of the University of Palermo, Italy (38°6' N). The area is 106 m2 and the height is 4.40 m including the
false ceiling, and 3.40 m excluding the false ceiling. Across the long side, four windows (2.40 x 2.90 m) are
present. In the laboratory, the following lighting luminaires are installed: four suspended luminaires equipped
by LED (each one with a power of 54W) and four mono optic indoor LED spotlights (15 W). The first
luminaries are equipped with micro-lens optics in a polycarbonate cover. The initial luminous flux declared by
the manufacturer is 3600 lm. Both luminaires have a colour temperature of 3000 K and a colour rendering
index of ≥80. The luminaires have been selected in order to achieve for each zone the illuminance values,
suggested by the EN 12464 (EN 12464, 2011) standard, for the office case. Preliminary calculations have been
performed using the lighting simulation software DIALUX in order to design the lighting system. For the
control, a DIMLITE control system (produced by Zumtobel group) was installed. The system was composed
by an electronic ballast and a open-loop photosensor. Two Delta Ohm HD2021T were installed on the
workplane and close to the photosensor. Figure 2 shows some pictures of the cases study, the plans with the
position of the luminaires and sensors. The photosensors are controlled by an open loop algorithm and are
installed “look out”. Even though the photosensors are calibrated, they may not work ideally. By the analysis
of the illuminance values measured during a cloudy sky day on the ceiling and the task area, it was possible to
observe that with only artificial light or with diffuse daylight, a certain correlation can be derived by data. On
the contrary, analysing the illuminance values measured during a clear sky day on the ceiling and the task area,
it is worth noting that very high values of illuminance on the task area make the relationship with illuminance
on the ceiling no longer reliable. Therefore, mainly during clear sky day, the actual performance of the DLCs
can be very different from the ideal ones.
During the experimental campaign, the following data have measured: indoor illuminances, apparent, active
and reactive power of the lighting circuit as well as electric current. Data have been collected through the
platform LabVIEW System Design.
Two Delta Ohm HD 2021T (measuring range 0.02-20 klx) have been installed in each case study to monitor
the illuminance values during the experimental campaign. Electrical consumption has been measured using
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SIEMENS SENTRON Power Monitoring Device PAC3200, an instrument for measuring electric power
distribution variables such as voltage, current, power, electrical work and frequency.

A

B

Fig. 2: Plans of case studies with location of luminaires and sensors (above) and pictures of case studies (below).

3. Indices
The set of indices used to calculate the performance of the system has been presented in previous work
(Bonomolo, 2017) and here summarized. The set of indices includes four elements. The first one is called ALD
(Artificial Light Demand). It can be defined as the sum, during the operation time, of the differences between
the illuminance target value on task area and illuminance due to available natural light, when this one is lower
than the set point itself. The ratio between the actual electricity consumption and ALD (lx·h) defines the second
index called ERI (Energy Ratio of Illuminance). This index can be calculated to know how the system worked
respect it should have ideally work. The actual performances of the system are lower than the ideal ones because
it could be a problem of over-illuminance and under-illuminance. For these reasons, authors define the other
two indices. The first one, named OAR (Over illuminance Avoidance Ratio), is defined as the ratio, evaluated
for an observed time, between the minimum requirement of artificial light (ALD) and the sum of it plus the
artificial light eventually provided in excess (Eexc). This index gives an idea all the times the illuminance of
the artificial light overcomes the task illuminance, causing a “over-lighting”. A second index can be considered
for accounting the relative weight of the “under-lighting” times. It occurs when Etot < Eset and Enat < Eset
and the system are not capable of fulfilling the minimum target illuminance. This second index is called UAR
(Under-illuminance Avoidance Ratio).

4. Results and discussion
The indices were calculated implementing the dimmer and on-off control strategies. In the first case, the values
measured were used to calculate the indices. In the second case, to calculate the indices with daylight control,
but without the luminous flux regulation, it was supposed that the luminaires were at 100% of power when
they were turned on according to the daylight contribution. The indices were calculated considering all day and
considering only the afternoon time. In figure 3, 4, 5, and 6 the illuminance values measured for different days
and strategies. In particular, the 13th September was selected as days with high daylight contribution and,
therefore, a low value of ALD. While, the 26th September was selected as days with low daylight contribution
and, therefore, a high value of ALD.
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Fig. 3: Illuminance values measured on 13th September with dimmer control strategy in case study A.
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Fig. 4: Illuminance values measured on 13th September with on-off control strategy in case study A.
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Fig. 5: Illuminance values measured on 26th September with on-off control strategy in case study A.
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Fig. 6: Illuminance values measured on 26th September with on-off control strategy in case study A.

In general, these indices can be useful to understand the actual performances of the control systems in terms of
consumption and visual comfort. In particular, the comparison between the indices calculated for the two cases
study highlights that the same control system can have different performances if installed with different
conditions (e.g. room sizes, latitude and orientation).
The indices were calculated for typical office schedules (8 hours and 1 hour of lunch break). From a first
analysis, it is possible to note that the system worked reasonably well in both cases, but, as predicted, not
ideally. In table 1 the indices calculated for the case study in Lampedusa and Table 2 the indices calculated for
the case study of Palermo are shown.
It is possible to note that, in general, high values of OAR correspond to small values of ERI. Looking at the
valued calculated for case study A, it is possible to see that the OAR values range from 0.33 to 0.94 for the
dimmer strategy. The comparison of the values plotted in graphs in figure 7 shows that the system works better
in Palermo in terms of over-illuminance even if there is a more precise relation between ERI and OAR
calculated for the case of Lampedusa. The performance in terms of OAR were deficient in case of on-off
strategy in Lampedusa. Indeed, the OAR ranged from 0.09 to 0.51. On the contrary, the system operating in
on-off mode, worked better in the case study in Palermo with good values of OAR.
Tab. 1: Indices calculated for the case study in Lampedusa.

Schedules
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
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Date

Dimmer control
On-off control
ELEC
ERI
ELEC
ERI
ALD OAR UAR
OAR UAR
[Wh] [Wh/lx∙h]
[Wh] [Wh/lx∙h]

10/09/18
2723 0.80
(Full day)
10/09/18
1366 0.75
(Afternoon)
11/09/18
1389 0.72
(Full day)
11/09/18
582 0.67
(Afternoon)
12/09/18
503 0.43
(Full day)
12/09/18
364 0.55
(Afternoon)
13/09/18
433 0.33
(Full day)
13/09/18
317 0.53
(Afternoon)

0.81

605

0.22

0.14

1

1003

1.37

1

233

0.27

0.24

1

383

0.82

0.73

356

0.26

0.24

1

1003

0.80

1

233

0.33

0.27

1

383

0.73

1

373

0.74

0.09

1

585

1.16

1

136

0.54

0.17

1

224

0.61

1

406

0.94

0.09

1

585

1.20

1

136

0.58

0.17

1

224

0.65
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09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00
09:00-13:00
14:00-17:00

14/09/18
(Full day)
14/09/18
(Afternoon)
16/09/18
(Full day)
16/09/18
(Afternoon)
17/09/18
(Full day)
17/09/18
(Afternoon)
18/09/18
(Full day)
18/09/18
(Afternoon)
19/09/18
(Full day)
19/09/18
(Afternoon)
20/09/18
(Full day)
20/09/18
(Afternoon)
21/09/18
(Full day)
21/09/18
(Afternoon)
22/09/18
(Full day)
22/09/18
(Afternoon)
23/09/18
(Full day)
23/09/18
(Afternoon)
24/09/18
(Full day)
24/09/18
(Afternoon)
25/09/18
(Full day)
25/09/18
(Afternoon)
26/09/18
(Full day)
26/09/18
(Afternoon)

682

0.40

0.99

505

0.74

0.12

1

590

0.86

289

0.34

0.97

136

0.85

0.14

1

225

0.78

931

0.59

0.99

471

0.51

0.17

1

762

0.82

642

0.75

1

177

0.38

0.31

1

291

0.45

0.99

467

0.34

0.25

1

762

0.55

1

177

0.25

0.46

1

291

0.30

0.99

463

0.36

0.23

1

762

0.59

1

177

0.26

0.43

1

291

0.33

0.99

479

0.35

0.25

1

767

0.56

0.83

1

177

0.26

0.45

1

293

0.31

1745 0.71

1

537

0.31

0.31

1

762

0.44

995

0.90

1

177

0.24

0.47

1

291

0.29

1890 0.71

1

571

0.30

0.34

1

762

0.40

951

0.81

1

177

0.26

0.45

1

291

0.31

1950 0.76

1

555

0.28

0.35

1

762

0.39

1002 0.86

1

177

0.25

0.48

1

291

0.29

1382 0.66

0.99

466

0.34

0.25

1

767

0.55

0.85

1

177

0.25

0.44

1

293

0.31

1738 0.59

1

631

0.36

0.31

1

762

0.44

992

1

177

0.32

0.47

1

291

0.29

0.96

437

0.32

0.24

1

939

0.70

1

168

0.27

0.39

1

359

0.44

2805 0.94

0.98

619

0.22

0.51

1

726

0.25

1022 0.96

0.99

168

0.23

0.49

1

277

0.27

1391 0.66
965

0.86

1297 0.62
893

0.83

1376 0.64
946

934

0.64

1351 0.69
825

0.81
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Tab. 2: Indices calculated for the case study in Palermo.

Scenario
Scenario data
time
09:00-13:00 31/05/2017
15:00-18:00 (Full Day)
31/05/2017
(Afternoon)
09:00-13:00 01/06/2017
15:00-18:00 (Full Day)
01/06/2017
(Afternoon)
09:00-13:00 02/06/2017
15:00-18:00 (Full Day)
02/06/2017
(Afternoon)
11:00-15:00 03/06/2017
16:00-20:00 (Full Day)
03/06/2017
(Afternoon)
08:00-12:00 04/06/2017
13:00-17:00 (Full Day)
04/06/2017
(Afternoon)
08:00-12:00 05/06/2017
13:00-17:01 (Full Day)
05/06/2017
(Afternoon)
10:30-13:30 06/06/2017
14:30-18:00 (Full Day)
06/06/2017
(Afternoon)
07:00-11:00 07/06/2017
12:00-16:00 (Full Day)
07/06/2017
(Afternoon)
07:00-11:00 08/06/2017
12:00-16:00 (Full Day)
08/06/2017
(Afternoon)
07:30-11:30 09/06/2017
12:30-16:30 (Full Day)
09/06/2017
(Afternoon)
07:00-11:00 10/06/2017
12:00-16:00 (Full Day)
10/06/2017
(Afternoon)
07:00-11:00 11/06/2017
12:00-16:00 (Full Day)
11/06/2017
(Afternoon)
10:00-14:00 15/06/2017
15:00-19:00 (Full Day)
15/06/2017
(Afternoon)
07:00-11:00 05/07/2017
12:00-16:00 (Full Day)
05/07/2017
(Afternoon)
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ALD
[lx∙h]

OAR UAR

ELEC
ERI
ELEC
ERI
OAR UAR
[Wh] [Wh/lx∙h]
[Wh] [Wh/lx∙h]

568.6

0.65

0.70

222.8

0.39

0.16

0.80

817.4

1.437

493.6

0.65

0.65

163.0

0.33

0.26

0.91

421.6

0.85

733.5

0.87

0.68

207.5

0.28

0.51

0.65

280.7

0.383

675.2

0.86

0.73

140.0

0.21

0.49

0.70

270.7

0.40

725.9

0.84

0.87

245.3

0.34

0.33

0.99

514.8

0.709

703.9

0.90

0.87

168.8

0.24

0.39

0.99

407.1

0.58

1613.1

0.73

0.82

465.2

0.29

0.39

0.95

780.9

0.484

1209.8

0.68

1.00

405.2

0.33

0.58

1.00

473.7

0.39

854.2

0.89

0.42

127.3

0.21

0.67

0.40

792.7

0.215

748.5

0.87

0.44

127.2

0.17

0.64

0.46

174.0

0.23

469.5

0.62

0.97

195.6

0.42

0.21

1.00

792.7

1.095

449.3

0.70

0.97

151.2

0.34

0.28

1.00

367.3

0.82

1468.1

0.90

0.76

348.0

0.24

0.48

0.85

677.0

0.461

1007.5

0.86

0.96

273.3

0.27

0.48

1.00

473.7

0.47

852.4

0.77

0.95

299.0

0.34

0.33

0.96

612.6

0.719

605.0

0.81

0.93

187.4

0.31

0.41

0.94

367.7

0.61

928.9

0.92

0.30

148.7

0.16

0.79

0.23

115.5

0.124

780.8

0.92

0.30

66.2

0.08

0.75

0.27

106.3

0.14

703.1

0.99

0.23

109.7

0.16

0.77

0.18

87.4

0.124

637.8

0.99

0.21

61.3

0.10

0.75

0.20

87.3

0.14

493.1

1.00

0.20

106.1

0.22

0.60

0.28

116.4

0.236

486.3

1.00

0.19

56.9

0.12

0.60

0.29

116.3

0.24

1430.9

0.71

0.61

317.5

0.22

0.58

0.73

457.3

0.284

986.6

0.69

0.87

307.5

0.31

0.54

0.97

447.3

0.42

456.9

0.71

0.58

187.7

0.41

0.51

0.53

320.5

0.435

426.2

0.70

0.62

137.7

0.32

0.47

0.62

270.5

444.6

1.00

0.10

142.4

0.22

0.87

0.10

126.1

0.182

439.4

1.00

0.10

49.4

0.11

0.86

0.11

76.2

0.12
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08:00-12:00
13:00-17:00

09:00-13:00
15:00-18:00

07:00-11:00
12:00-16:00

09:00-13:00
15:00-18:00

09:00-13:00
15:00-18:00

09:00-13:00
15:00-18:00

09:00-13:00
15:00-18:00

08:00-12:00
13:00-17:00

10:30-13:30
14:30-18:00

07:00-11:00
12:00-16:00

07:00-11:00
12:00-16:00

06/07/2017
(Full Day)
06/07/2017
(Afternoon)
13/07/2017
(Full Day)
13/07/2017
(Afternoon)
17/07/2017
(Full Day)
17/07/2017
(Afternoon)
18/07/2017
(Full Day)
18/07/2017
(Afternoon)
21/07/2017
(Full Day)
21/07/2017
(Afternoon)
15/11/2017
(Full Day)
15/11/2017
(Afternoon)
22/11/2017
(Full Day)
22/11/2017
(Afternoon)
23/11/2017
(Full Day)
23/11/2017
(Afternoon)
24/11/2017
(Full Day)
24/11/2017
(Afternoon)
25/11/2017
(Full Day)
25/11/2017
(Afternoon)
26/11/2017
(Full Day)
26/11/2017
(Afternoon)

444.5

0.55

1.00

246.1

0.55

0.26

1.00

792.7

0.997

444.5

0.57

1.00

191.2

0.43

0.28

1.00

375.7

0.85

575.8

0.66

0.58

227.1

0.39

0.55

0.54

338.2

0.388

518.1

0.64

0.64

177.1

0.34

0.50

0.65

288.2

0.40

437.8

0.47

0.44

140.4

0.51

0.11

0.86

850.5

1.943

423.0

0.78

0.48

67.2

0.16

0.23

0.86

367.7

0.87

322.7

0.52

0.88

215.0

0.67

0.26

0.77

320.5

0.993

322.7

0.52

0.88

165.0

0.51

0.26

0.77

270.5

0.84

644.7

0.70

0.57

233.4

0.36

0.16

0.96

947.7

1.470

619.8

0.90

0.59

141.8

0.23

0.30

1.00

473.7

0.76

1028.0

0.90

0.72

284.9

0.28

0.59

0.77

417.7

0.406

957.27

0.93

0.72

214.1

0.22

0.62

0.77

332.3

0.35

1743.1

0.84

0.73

431.5

0.25

0.41

0.90

947.7

0.544

1534.63 0.92

0.81

334.9

0.22

0.74

1.00

473.7

0.31

1705.8

0.84

0.76

435.2

0.26

0.40

0.91

947.7

0.556

1534.17 0.92

0.84

339.5

0.22

0.74

1.00

473.7

0.31

1014.6

0.89

0.67

262.7

0.26

0.78

0.73

792.7

0.298

1007.58 0.89

0.68

212.7

0.21

0.78

0.73

252.0

0.25

2419.1

0.95

0.93

547.6

0.23

0.82

0.96

718.0

0.297

1890.82 0.94

1.00

460.7

0.24

0.91

1.00

473.7

0.25

3207.5

0.87

0.92

749.8

0.23

0.74

0.92

912.3

0.284

1212.21 0.87

0.78

301.0

0.25

0.68

0.80

332.3

0.27

1.0

1.50
1.00

0.50
0.00
0.00

A

ERI [Wh/lx·h]

ERI [Wh/lx∙h]

2.00

0.20

0.40

0.60

OAR

0.80

0.8
0.6
0.4
0.2
0.0
0.20

1.00

B

0.40

0.60

0.80

1.00

OAR

Fig.7: Relation between ERI and OAR calculated for the case study in Lampedusa (A) and for the case study in Palermo (B).

In Figure 7, it is possible to observe that a better relationship between ERI and OAR has been found for the
case study A. Nevertheless, as it is possible to appreciate in Table 2, there are more cases when the values of
OAR calculated for the case study A are lower than 0.5. Furthermore, in some case of case study B the value
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800

Consumption [Wh]

Consumption [Wh]

of OAR was 1. It is worth underlining that both OAR and UAR should be calculated to have a comprehensive
outline of DLCs achievement. Indeed, it is possible that the system did not address problems of overilluminance, but gave problems of under-illuminance and vice versa.
In consequence, it is not easy comment on the relation between UAR and ERI because in most cases the values
of UAR are equal to 1 because there were no problems of under-illuminance.
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0
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800
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400
200
0

4000

ALD [lx∙h]
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1000

0

1000
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3000

4000

ALD [lx·h]

B

Fig. 8: Relation between ALD and consumption calculated for the case study in Lampedusa (A) and for the case study in Palermo
(B).

In general, looking at the ALD values, the range of daylight contributes is roughly the same. Nevertheless,
looking at figure 9A and 9B, it is possible to see that there is a certain proportionality between ALD and
consumption, but only for the case study B. As well for this case, only in an ideal situation, there would be a
perfect relation between ALD and consumption and UAR and OAR would be equal to 1. It was observed that
high values of ALD correspond to a small change to have glare problems and, therefore, high values of OAR.
1.00
0.60

OAR

OAR

0.80

0.40
0.20
0.00
0

A

1000

2000
ALD [lx·h]

3000

4000

1.2
1.0
0.8
0.6
0.4
0.2
0.0
0

B

1000

2000

3000

4000

ALD [lx·h]

Fig. 9: Relation between ALD and OAR calculated for the case study in Lampedusa (A) and for the case study in Palermo (B).

5. Conclusion
Actual performances of the daylight-linked control system were studied using a set of indices presented in the
literature by the authors of this work. Rather than highlighting a malfunctioning of the system under
observation, results confirmed that: the control systems of the lighting rarely manage to make an ideal
adjustment of the luminous flux due to the intrinsic complexity in the relations between the luminous quantities
internal and external. Nonetheless, their effectiveness in terms of reducing consumption is never negligible.
These indices want to evaluate the excess and the deficit of illuminance based on a setpoint value on the
workplane. It should be achieved and maintained if the control system works ideally. The indices considered
the excess or the deficit of lighting respect to a setpoint value of illuminance. They have been calculated for
different scenarios characterized by different sky condition and different control strategies. The comparison
between the indices calculated for two case studies demonstrated that the same system could work in a different
way if installed in spaces characterized by different geometry, latitude and light systems.
From these analyses it has been found that high values of OAR (reduced frequency of lighting excesses) were
related to low values of ERI (related to energy efficiency). The calculated values of OAR have shown that the
control system has not always worked ideally. On the contrary, the calculation of the UAR indices (an under
illuminance flag) testified that, with the exception of very few cases, the system did not give problems of
"under-lighting". The relationship between ALD (artificial light demand) and consumption shows a certain
proportionality, but not perfect (e.g. with UAR and OAR equal to 1). It also turned out that the ALD values
depend on the lower chance of having glare problems and therefore values of OAR value.
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The higher ALD values correspond to the lower possibility of having glare problems and therefore high OAR
values. These results, confirm what it has been shown in previous research.
Indeed, in average, the system worked better in Palermo in terms of OAR, both with dimmer and on-off
strategy; while worked better in Lampedusa in terms of UAR. Nevertheless, the comparison between the ALD
and the actual consumption show that there is a better relation for the indices calculated for the case study in
Lampedusa. Being the ALD and indicator useful to understand how the system should work in terms of
consumption, this analysis underlined that gap between the ideal performance and the actual ones is bigger in
the case study in Palermo. Many reasons can cause these malfunctioning such as the positioning of the
photosensors (not adequate for a certain case study) or the calibration procedure. The application of methods
to properly design and install the control systems can help to avoid or reduce the cited problems of over-lighting
and under-lighting.
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Abstract

This article describes field monitoring and supplementary simulations of an existing daylighting and electric
lighting integrated design for a furniture store. First in its type, the store includes several areas of the showroom
provided with abundant daylighting. For the monitoring, the areas of the living rooms and the home decoration
exhibitions were selected. They include wide glazed areas, daylight harvesting systems, and tunable lighting. The
monitoring procedure assesses four aspects: energy use, objective or measurable lighting conditions, circadian
potential, and subjective evaluation of lighting. The results suggest that the integration project was successful in
terms of energy saving, as well as customer and staff appreciation. The customers were more attentive to
daylighting; they also report a better shopping experience compared to equivalent shops. Staff showed satisfaction
with the electric lighting solutions, for example with LED panels with automatic tuning of correlated color
temperature. For future projects, the article argues that daylighting in furniture shops may be an asset. In addition,
for the methodological part, the monitoring suggests that objective and subjective evaluations should be always
combined for a full understanding of the integrated project.
Key-words: daylighting; electric lighting; lighting controls; integration; human centric lighting; energy saving.

1. Introduction
Retail and wholesale sector represents 11% of the GDP and employs 15% of the workforce in the European Union
(Eurostat, 2015). Lighting accounts for 50% of the energy use in non-food retail stores (Jamieson, 2014; Euro
Commerce, 2018), thus a huge potential exists in energy savings for lighting of retail buildings. Designing for
daylighting and electric lighting integration is fundamental to obtain energy savings, as well as healthy and
satisfied occupants. Literature investigates the multiple benefits of integrated solutions (Baker et al., 2013;
Edwards et al., 2002), but objective monitoring of exemplary real-world projects is rare. Given that case studies
are usually effective and persuasive for bringing knowledge into action, the recently launched IEA SHC Task 61
/ EBC Annex 77 Subtask D, which aims at demonstrating the benefits of integrated lighting solutions by
monitoring exemplary projects. More information can be found on http://task61.iea-shc.org/.
Although e-commerce in general grew by 96% between 2013 and 2018 in Europe (EuroCommerce, 2018), 59%
of customers still prefer to buy their furniture in-store (Ecommerce Foundation, 2018). Physical furniture stores
will hardly disappear in the next future and it is important to exploit their energy saving potential, while increasing
the customer experience. In this paper, we report on a peculiar case study, a pilot furniture store opened in
Germany in 2018 with the aim of testing daylight integrated design as a new strategy for the chain new store
openings and retrofits. The solutions include skylights, wide windows with automated blinds, combined with
daylight harvesting and tunable electric lighting. The aim of this integrated design was to provide an attractive
environment to customers, while saving energy. The approach is quite innovative; indeed, lighting design in the
retail sector tends to rely mostly on electric lighting, which is easy to control in terms of intensity, distribution,
and color. The use of daylighting introduces a number of opportunities and threats to a typology of store and
clientele so accustomed to the "closed box". This study seeks to evaluate this integration in the project as a whole,
by combining technical measurements with observation of the customers and staff, aiming to identify the multiple
benefits of daylight integration. The final objective is to understand to what extent integrated lighting solutions
can save energy and improve the shopping experience in this type of shops.

2. Methodology
The evaluation of the integrated lighting design for the selected areas follows a monitoring protocol which is
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currently under development in IEA SHC Task 61 / EBC Annex 77 Subtask D. The monitoring protocol requires
on site measurements of 1) energy for lighting (and heating and cooling), 2) photometric aspects, 3) circadian
aspects of lighting, and 4) users’ opinion. When on site measurements are not possible, the protocol allows for
calculations.
A key feature of the protocol is the combined use of so-called Technical Environmental Assessment (TEAs) (or
objective measurements, with technical instrumentation) and Observed-Based Environmental Assessments
(OBEAs) (or subjective measurements, usually with questionnaires or interviews) (Craik and Feimer, 1987). One
of the reasons to combine TEAs and OBEAs is that a full evaluation based only on technical instruments would
be difficult, resource-consuming, and, most importantly, limited. Cross-evaluation with longitudinally-designed
OBEAs, instead, highlights aspects that are often impossible to be measured in reality, especially with few pointin-time TEAs or at the individual level (O’Brien et al., 2019). More information on the current version of the
protocol are provided by Gentile and Osterhaus (2019).
The monitoring was done during three site visits during spring 2019, each visit lasting for about one week. The
purposes of the first visit, which was shorter, was to get acquainted with the building, the lighting systems and the
staff, also, two areas were selected for monitoring. The following visits were planned around the spring equinox
and the actual monitoring, described in the following sections, was carried out at that time. The field monitoring
provided input information, e.g. geometries and photometry, for the calibration of supplementary daylight
simulations and energy calculation. These were needed when practical conditions did not allow for a befitting
field evaluation; for example, the daylight autonomy (DA) can be measured on field only with a one year logging,
and ubiquitous and intrusive illuminance sensors – which cannot be installed in a shops.
2.1 Geometry, lighting solutions and selection of monitored areas
The case study is a furniture store of a global chain located in Kaarst, Germany (latitude 51° 13′ N). Overall, the
store appears similar to other stores of the same furniture chain; two blocks of rectangular geometry, one for the
exhibitions and the other for the warehouse with self-serve collection. The entrance and the restaurant typically
articulate the connection between the two blocks. The Kaarst store is provided with generous glazed areas in both
blocks. In the exhibition block, windows are positioned in strategic locations along the façade. In the warehouse
block, daylighting is guaranteed by skylights and full-height windows at the end of every aisle. Some windows
on the façade are equipped with movable rollers, but the latter are always left in fully open position.
The electric lighting is provided with daylight harvesting control in some of the daylit areas, while LED panels
with tuneable correlated colour temperature, CCT, (here called Human-Centered Light, HCL) are installed in two
of the showroom areas, in the cash-line and in the employees’ canteen. The remaining luminaires are highly
efficient, but they are not specifically integrated with daylighting (Table 2).
The spaces in the store of interest for this study were selected during an initial visit in February 2019. The selection
first identified the areas with high daylight availability; among those, it prioritized those with electrical lighting
integration. A SWOT analysis based on plans and documentation, as well as on discussion with the store staff and
facility management team, identified two area to be monitored as in Table 1.
Tab. 1: SWOT Analysis of the selected daylit areas. Only those finally selected are reported in table.

DAYLIT AREAS
LIVING ROOM
1 Window 6.2 * 2.4m
1 Glazed Door 2.8 *
2.8 m

HOME
DECORATION
2 Windows 16 * 2.4m
1 Door 2.8 * 2.8 m

STRENGTHS

WEAKNESSES

OPPORTUNITIES

THREATS

South and West
windows, high-priced
products. Colour
rendering is important.

Modest size of
windows. Glare risk
from front view.

First exhibition area.
Ask about plans, such
as expected visit time.

Transition zone to
the rest of the
showroom, many
customers are not
interested in the
product range and
they will skip it.

Fully glazed West and
North façade in the
area. HCL fixtures
installed.

Highly exposed to
direct solar radiation
during peak times.
Interior sun shading.

Low-priced and garden
products, where
daylight plays a major
role.

Customers can be
disturbed by
excessive sunlight.
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Located on the first floor, the Living Room (LR) (Figure 1) is the first department being crossed by customers,
initially identified as an interesting place to ask clients about the time they plan to spend in their visit. The area
presents a south-facing window and a glazed door oriented to the west, from which daylight penetrates during
most of the daytime. Part of the electric lighting in the area is equipped with daylight harvesting. The living room
area exhibits products where the quality of light and rendering of colours is relevant. Such products are sofas,
armchairs and coffee tables. Compared to the products range in the store, those are usually the most expensive
goods, so interested customers tend to stay longer to examine them in detail and compare the different textures
and colours available.

Fig. 1: Living Room department: Picture and floor plan with suggested walking path.

The Home Decoration (HD) department (Figure 2) is located on the ground floor; it is the second to last area
before entering the final self-serve collection area. The offered products are low-priced, consisting mainly of
indoor plants, gardening and small decorative objects such as candles and vases. The area receives both daylight
and electric light, the latter being provided by spot lamps and a number of HCL panes. The windows have a direct
view to the street, and are almost full floor-to-ceiling height, with a sill of only 40 cm. The view from the north
window is oriented to a playground and the west window provides a view over the parking lot.

Fig. 2: Home Decoration department: Picture and floor plan with suggested walking path.

It is important to note that both areas have a suggested walking path which is drawn on the floor and
predetermined. Customers are prompted to walk on that path in order to observe the whole product range; thus, it
is interesting to evaluate the lighting conditions on this specific path, rather than on traditional grid of points,
which are more suitable for traditional office settings.
2.2 Monitoring
2.2.1 Energy
The shop was not designed with a separate circuit for lighting; therefore, it is not possible to meter the electricity
use for lighting only. As alternative, the comprehensive method to the standard EN15193 (CEN, 2017) was used.
Input data were based on measured quantities, like actual occupancy profiles and dimming schedules. The energy
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for lighting systems in the two selected zones, LR and HD, was calculated through the characterization and
quantification of the luminaires, via field verification of the luminaires, circuits and controls. The energy
calculation workflow is summarized in Figure 3.

Fig. 3: Energy use for lighting calculation workflow.

In order to quantify the total installed power and calculate the energy used for the lighting and the standby of the
different control systems, luminaires in the LR and HD area were identified and accounted for, as can be seen in
Table 2. Few luminaires for general lighting (LED linear Grid), specifically 17 in the living room and 35 in the
home decoration, were dimmed by an illuminance sensor. In order to obtain the real operating profile and the
dimming schedule of those luminaires, two illuminance sensors were installed at each zone for four weeks. One
sensor was placed under scheduled dimmable luminaires and the other, used as reference, under non-dimmable
spotlights. The other luminaires, including the HCL Panels which are potentially dimmable, operated at a fixed
luminous flux (Table 2).
Tab. 2: Number and specifications of luminaires. (Melanopic ratios for each luminaire measured on-site).

Type of fixture

LED Linear Grid

LED Spotlight

LED Spotlight

LED Projector

LED HCL Panel

Power [W]
Luminous
efficacy [lm/W]

17

10.4

37

25

54

138

75

72

60

143

CCT [K]

4000

3500

3500

4000

2700 / 6500

Melanopic Ratio

0.78

0.62

0.66

0.76

0.45 / 1.05

Dimmable

Yes / DALI

No

No

No

Yes / DALI
(Fixed to 80%)

Daylight
Harvesting

Yes (Some
No
No
No
zones)
Total units installed / (of which) with daylight harvesting

Living Room
Area
Home Decoration
Area

No

70 / 17

87 / 0

37 / 0

3/0

No

76 / 35

39 / 0

54 / 0

4/0

24 / 0

2.2.2 Photometry
The photometric evaluation consisted of on-site point-in-time TEAs and few complementary daylight simulations
based on measured data. An overview of the photometric evaluation is provided in Table 3.
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Tab. 3: Summary of photometric assessments (M = “Measured”, S = “Simulated”, E = “Extrapolated”).

Assessment
Horizontal
illuminance

M

Type

Scope

Notes

Point

Overall evaluation of
weather conditions

Two sensors for diffuse and global horizontal
illuminance. Conditions logged continuously for five
weeks.

(outdoor)
Grid

M

Cylindrical
illuminance

M

Path

Evaluation of illuminance
at customer eye height

Measured morning, noon and evening. Average Result

Vertical
illuminance

M

Path

Evaluation of circadian
potential (at a later stage)

At four directions for each point

Spectral Power
Distribution
(SPD)

M

Path

Evaluation of circadian
potential (at a later stage)

At four directions for each point

Image

Input for simulations

Reflectance of
surfaces

M
E

Path

Comparison with standard
requirements

Measured daytime and night-time

Horizontal
illuminance

General lighting could not be switched off during day
for DF assessment

Measured with luminance meter and reflectance plate
for main surfaces
Extrapolated from photographs for exhibited products

Daylight Factor
(DF)

S

Grid

Comparison with standard
requirements

With and without furniture at height 0, 0.85 and 1.7
meters

Daylight
Autonomy (DA)

S

Grid

Comparison with standard
requirements

Without furniture

Annual direct
sun hours

S

Grid

Evaluation of time with
direct sun in the space

At view-height 1.70 m (grid cell of 0.25 x 0.25 meters).

View out

S

Grid

Comparison with surveys

As percentage at view-height 1.70 m for a vertical cone
vison of 60° and horizontal field of 360°

Daylight Glare
Probability
(DGP)

S

Image

Comparison with surveys

Only for specific locations and critical view directions
from Annual direct sun hours.

Grid-based and path-based TEAs in Table 3 represent assessments taken at points located either on an ideal square
grid or on the walking path as described in §2.1.
The ideal grid is used as it is the standardized approach for photometric measurements of day- and electric lighting;
the walking path is used as it is of particular interest for the evaluation of this case study. The distance between
points in the grid is two meters and the size of the grid complies with the European Standards EN17307:2018 for
daylighting (CEN/SIS, 2018) and EN12464-1:2011 for electric lighting (CEN, 2011). The path-based points had
a maximum distance of 2 meters between each other and they were centred in respect to the path. The eye height
was set up at 1.70 meters for all the points, since both customers and staff are expected to be standing in the space.
TEAs were carried out with professional and calibrated instruments. The simulations were run using Honeybee
plug-in (Sadeghipour Roudsari, M, 2013) for Grasshopper - Rhinoceros (Robert McNeel and Associates, 2019)
with Radiance (Ward Larson, G and Shakespeare, R., 1998) as simulation engine. Finally, for the reflectance of
surfaces used in the simulation, the main (fixed) surfaces were measured with a professional spot luminance meter
and a calibrated diffusive plate of known reflectance. For the reflectance of items being sold, which are changing
constantly, photographs of the space were post-processed and the reflectances extrapolated from the surface
colours. Although this does not guarantee very accurate absolute values of reflectance, the method was considered
appropriate for a space with huge and constantly changing variety of surfaces.
Some simulations, like DF, were indispensable because of practical reasons. For example, DF could not be
measured on site since a) there was not a single completely overcast sky day during the entire monitoring period
and b) because of security reasons, it was impossible to access during closing hours, when the electric lighting
was switched off.
In addition to the TEAs listed in Table 3, two indoor illuminance and temperature sensors with datalogging were
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placed first at the LR department for five weeks, and later on in the HD during 2 weeks. The logging from these
sensors were used to cross-check some answers from customers and staff surveys.
2.2.3 Circadian potential
The circadian potential of the spaces was assessed based on the SPD measurements taken during daytime on the
early afternoon of March, 2nd 2019, with partly cloudy sky, at standing view-height, for each of the points assigned
to the main path for costumers, looking at four different directions, see Table 3. This point-in-time well
represented an average daylit scenario for the shop. The SPDs were processed through the irradiance toolbox excel
spreadsheet developed by Lucas et al. (2014). The ratio between the equivalent Melanopic and Photopic Lux
(M/P) was calculated, and the following categories assigned: 1) M/P > 0.9 “Intense Blue, Alertness”, 2) 0.35 <
M/P < 0.9 “Neutral, Neutral”, 3) M/P < 0.35 “Blue Depletion, Calming” (Solemma, 2018). As a reference, the
daylight M/P ratio is set to 1.10 (International Well Building Institute, 2017)
2.2.4 Users perspective
In addition to the data obtained from the TEAs, different types of longitudinal OBEAs, namely closed and openended questionnaire surveys, were carried out for both customers and staff. The OBEAs were carried out in the
two studied areas, and at the cash line area.
Customer surveys consisted of five-points rating scales with additional space for free comments. The surveys
were accessible online through QR codes for a period of two months. The QR codes were located on walls signs
and roll-ups placed at the entrance and exit of each analysed area. By scanning the QR code, the client had access
to a web-based questionnaire, which was automatically submitted once the last question was answered. Date and
time of submission were automatically recorded. The survey was anonymous, but the respondent could voluntarily
decide to submit gender and age. The survey was per area and not per customer, meaning that there is no possibility
to know if who replied to the survey in one area was the same costumer replying at the other area.
Surveys at the two studies areas included questions on the overall evaluation of the lighting in the space and the
view out, as well as self-evaluated mood, willingness to buy, thermal comfort and alertness. The survey at the exit
included questions on the perceived shopping experience, and comparison with other ordinary stores of the same
branch that were previously visited by the customer.
The survey addressed to the staff consisted of open-ended questions. The questions were provided on a web-based
questionnaire which was accessible through a link provided by e-mail. Also in this case the answers were
anonymous, but the respondent was asked to provide her/his role (facility management, marketing, management
or sales team). Employees were asked about lighting in the space, views, and the implications for their daily
working experience, both in the studied areas and the overall store. Taking advantage that most of the staff had
been working at the old store in Kaarst, which was provided with little daylight, employees were asked to compare
between stores.

3. Results
3.1 Energy
The integration of daylighting and electric lighting by means of daylight harvesting leads led to energy savings.
However, compared to light fully on, these savings were limited. Indeed, the energy use was reduced only by 1.1
and 0.6 kWh m-2y-1 depending on the area (Table 4), most probably because the dimmed fixture are already very
efficient (138 lm W-1) and they have a low wattage (17 W per unit) (Table 2). It is worth mentioning that the
calculated LENI value is about half of the benchmark provided by EN15193:2007 (CEN, 2007).
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Tab. 4: Energy use for lighting in the studied zones with Daylight integration and with no Daylight integration.

Studied Area

[Wm-2]

PN

LENI [kWh m-2 a]
Daylight
integration

LENI [kWh m-2 a]
No Daylight
integration

LENI [kWh m-2 a]
Energy Saving

LENI [kWh m-2 a]
Benchmark
EN15193:2007

Living Room

7.8

40.3

41.4

1.1

78.1

Home Decoration

16.3

84

84.7

0.6

78.1

3.2 Photometry
In the living room area, the average illuminance for the grid assessment is virtually unchanged during daytime (𝐸𝐸�
= 627 lux) and night-time (𝐸𝐸� = 600 lux), as the daylit area is small. However, daylighting improves the light
uniformity in the space, raising from a uniformity (U0 = Emin / Eaverage , see CIE 17-552) of 0.03 at night-time to
0.12 during daytime. On the contrary, daylighting in HD increases the average illuminance of the space by almost
a third during daytime (𝐸𝐸� = 1456 lux) in respect to electric lighting only (𝐸𝐸� = 1011 lux), and it reduces the
uniformity from 0.21 to 0.20.
The measured cylindrical illuminance during daytime was between 106 to 180 lux and 259 to 1329 lux for the
living room and home decoration paths respectively. This is in line with the measurements of horizontal
illuminance, which showed lower light levels and more uniformity for the living room.

In regards to DF, the average DF for the living room area at eye level is practically the same whether the furniture
was modelled or not (DF of 0.5 and 0.6 respectively). In the home decoration area the simulated DF is 1.2 and 1.4
with and without shelves and expositors.
The DA was simulated with furniture only. The DA for 750 lux, i.e. target Illuminance selected from
EN15193:2007 for the energy use calculations, during opening hours was of 21% in the home decoration
department and of 15% in the living room, where the calculation was only limited to the zone with daylight
harvesting. By reducing the benchmark to 300 lux, which is commonly used in office space, the DA becomes of
56% and 39% for living room and home decoration respectively.
In order to identify areas with higher glare risk, a preliminary analysis of area with direct sunlight was performed.
Overlaying these results to the suggested walking path and considering the period of the year in which the surveys
were conducted, two positions with potential glare risk were identified. Daily simulations run for February 15th
with one-hour time step for these points show the highest DGP as in Figure 4.

Fig. 4: Highest DGP recorded from the path during the survey period at the studied departments.

In the HD section, glare can be experienced only at 16:00. However, this setting does not seem to be a big concern,
as the shelves in front of the windows are usually full of plants and these plants help to sift the sunrays, producing
a pleasant greenish glow. This seems to be one of the reasons for the shelves being there. It seems that the path in
both areas and the location of certain furniture has been studied with the aim of mitigating glare, which appears
to be confirmed by the fact that the interior roll-up screens available in home decoration have hardly been used,
as confirmed by the department's sales staff.
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Concerning the view out for every department, a mesh of points was simulated, using cells of 25 by 25 centimeters
at a height of 1.7 meters. At each point a vertical cone of vectors of 60 degrees (simulating human field of vision)
and a 360-degree horizontal cone was generated, in other words, allowing people to look all around in a horizontal
manner. The percentage of vectors that were not obstructed and crossed the glazed surface were quantified, then
divided by the total number of vectors, resulting in the percentage of view outside at each point.
In order to quantify the floor area that has access to a quality view of the outdoors, an area with quality view was
defined, as an area with a view factor of 20 degrees or greater as defined in the view factor classification 4 by the
California Energy Commission (Heschong and California Energy Comission, 2003, pp. 47–50). The LR area
obtained a 39% of the area having a good view-out, while the HD the percentage reached the 95% of the floor
area. Consequently, it was observed that although in living room the glazed surface is 4 times smaller, the
percentage of area with good view out is just a 41 percent lower.
3.3 Circadian potential
The M/P ratio was higher than 0.9 in most of the points of view where a window was within the visual field, even
if the window were not close. Comparing the results of the two zones (Figure 5), it could be noticed that they were
quite similar although the number and size of the windows are very different. In other words, even minimal
daylight raised the M/P ratio. However, it is essential that the sight towards windows is unobstructed and electric
lighting is minimized in such direction. Indeed, some areas of HD including electrically illuminated elements in
the field of vision, had much lower M/P ratios despite being close to windows.

Fig. 5: M/P ratio along the path for the LR (Left) and HD (Right) departments.

3.4 User perspective
During the two months in which it was accessible, the surveys were responded by: 42 customers and 6 employees
in the LR, and 48 customers and 6 employees in the HD. Additional 63 customers and 6 employees responded on
the overall shopping/working experience at the cash line area.
Customers were asked to assess whether daylight was providing or not a good feeling. About 80% of the responses
in the two areas were between “4-Agree” or “5-Totally agree”, showing that customers valued daylighting as
something positive and something that improves the perceived atmosphere. In relation to the presence of daylight
helping to a better orientation, the answers were slightly more positive than negative, but with a large dispersion.
One reason could be that the term “orientation” is not of immediate understanding for customers.
Among respondents, 95% in the LR and 71% in HD agreed or totally agreed that daylight supports product
presentation and the colours or material are shown better. Of the two customers who did not agree in the LR (5%),
one commented that it was because "The interesting products are not in the daylight".
Interestingly, customers were more satisfied with the temperature in the HD (21.8 °C) than in the LR (21.3 °C),
despite being almost identical. Considering current knowledge (Baker, 2000; Chinazzo et al, 2019), it may be
speculated that the higher daylight penetration and greater visual connection with the outside in HD may affect
thermal response.
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When asked if they appreciated having views outside, in LR 82% of the clients said ‘Yes’, and one commented
"Nice to see sunrays entering and lighting the products". This comment is well supported by Figure 6, where
some customers are exposing products to daylight before deciding on the purchase, a circumstance which occurred
several times during the site visits.

Fig. 6: Customers exposing products to daylight.

In HD the percentage was as high as 89% although some customers were more critical about the quality of the
view, e.g. "The view of the parking is not so great" or "The most beautiful view is obstructed". This supported the
rather positive outdoor view results that living room obtained in the simulations and suggests that even relatively
small windows may positively impact on customers’ experience. It also reminds that the view quantity should be
supported by proper view quality.
As a concluding comparison, and once the clients were already familiar with the spaces, they were asked to
describe the amount of perceived light, as summarised in Figure 7. Regarding electric light, the profile of
responses was very similar between the two zones, despite much higher measured illuminances in HD.

Responses / %

50%
46%

40%

41%

43%

30%

32%

20%

32%

Living Room

50%

Home Decoration

36%

23%

10%
0%

45%

5%

11%

0%

Very High

High

Sufficient
Daylighting

Low

0%

0%

14%

9%

7%

Very Low Very High

High

Sufficient

7%

Low

0%

0%

Very Low

Electric Lighting

Fig. 7: How customers described the amount of light in the area.

Daylight appreciation differed much more, with most responses being “high” or “sufficient” at HD and rather
spread in LR. Although in HD direct sun hours were abundant and the glare was potentially occurring, when asked
about visual discomfort, there was no mention of discomfort due to daylight glare. There were indeed three
customers who had complaints about the light emitted by spotlights. Since DGP has been developed for office
space, it is possible that such metric cannot describe “discomfort” in a space were individuals perform different
activities (shopping). On the contrary, many customers positively commented on the direct sun entering the space
“It's nice that the sun is coming in”.
Customers were also asked whether they had previously visited another shop of the chain, and they were asked to
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compare some amenities with the shop in Kaarst (Figure 8).
First time in the store. Compared to other stores of the same chain

Better

Responses / %

100%

Equivalent

Worse

75%
50%
25%
0%

Atmosphere

Parking facilites

Lighting

Store closeness
home / work

Orientation

Shopping
experience

Already been in the store. Compared to other stores of the same chain
Responses / %

100%
75%
50%
25%
0%

Atmosphere

Parking facilites

Lighting

Store closeness
home / work

Orientation

Shopping
experience

Fig. 8: Breakdown of shopping experience aspects compared with other stores for new vs. returning customers in the store.

Most of the regular customer of the chain found that the shop in Kaarst – which differs from the others only for
the daylight provision and its integration with electric lighting - provides a better atmosphere and shopping
experience. In particular, the totality of responses indicates that lighting is better or equivalent to the other shops.
The survey to the employees was particularly interesting. The LR department, management team and sales staff
claimed that having windows “(it) makes you feel more positive and helps you to feel good” and “A lot of natural
sunlight, one can see weather changes, natural light improves my mood”. When asking for drawbacks, the
management team wondered about the sales “Sales steering can be difficult due to distraction by daylight”. Other
concerns regarded excessive contrast in clear days, where some zones are perceived darker; this claim links well
with the uniformity issues found during the photometric assessments. Interestingly, some workers claimed that a
drawback of daylight is actually the lack of daylight elsewhere: “No natural light in the neighbor department
which also belongs to my workspace”.
Moving to the HD department, positive aspects of the views out were added to the daylight provision. Shopkeepers
also added the tunable HCL fixtures to the equation “It is a beautiful and pleasant way to light up the department.
On the one hand through the window, which let us see the day any time. On the other hand, also that the light
color adjusts itself in the course of the day”. Management team added that the windows “Create(s) a real
greenhouse feeling that supports the range. Gives great views to the outdoor”, however, “Due to long stretch of
the windows, it is difficult to protect the plants and other items during sunny days”. Coworkers from the
department also objected of overheating during summer, but tolerable glare. In addition, the management team
believed that “Good contribution towards a pleasant shopping experience and the overall quality impression of
the store”, the marketing team pointed that the daylighting solution is “Very pleasant for customers and
employees. Very good feedback”, while shopkeepers added that “Light makes customers happy. They don’t feel
so locked up”.
Finally, when asked to make a comparison with the previous store in Kaarst, which was a traditional one, the staff
replied that “There was barely any daylight in the old store”, “In the old house I could never see any light during
the day”, and “No daylight, except for the lunch room and the checkout area”. They highlighted that this affected
their daily work: “Today, my workplace it’s much more pleasant”, “I’m happier now” and “One is more positive
and feels less like at work”.
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4. Discussion and conclusions
This paper described the case study of a furniture store integrating daylighting and electric lighting. The
monitoring investigated energy use and lighting quality aspects by combining technical measurement and
observations, as well as supplementary simulations.
The use of integrated lighting controls, such as daylight harvesting, could save some energy, although figures
were lower than usually reported in literature. A reason could be the high efficiency of luminaires, which makes
additional savings from controls rather marginal. Another reason is that only few luminaires in the studied object
are actually daylight controlled. One way to increase savings is to provide the whole general lighting, including
spotlights – which are the less efficient –, with daylight harvesting or daylight on-off. However, this should be
carefully tested in respect to customers’ experience.
The photometric assessment was used mostly to characterize lighting in the space. Despite being both provided
with sidelight windows, the LR and HD showed pretty different daylight conditions, with the first having a lower
maintened illuminance and higher contrast. This is clearly identified in the surveys, where high contrast is actually
perceived negatively. The observations allowed to have a critical view on some of the objective photometric
measures. For example, limited glare, which simulations showed to occurr, seems not to be a problem, rather an
opportunity, given the type of activity that individuals are carrying out.
Windows, even of small size, may enhance the circadian potential of the space. Such potential in the store may be
limited, since the exposure time is generally short, but it is important that this type of considerations are included
in upcoming lighting integrated projects.
The comparison with the experience in other stores of the same chain show clearly that the introduction of the
daylighting solution is valued by customers. The overall perception of the store improved. Among the positive
remarks, the facts of observing objects under natural light, namely with high colour rendering, and having a (good)
view to the outside seem to be the most important for customers.
The staff reported on a number of “soft” benefits of daylight, and their job satisfaction seems to be positevely
impacted. They also could notice the electric solutions and they had positive remarks for the tunable HCL ligthing,
which could provide a clear link with the time of the day. For that specific solution, this study could not provide
major conclusions on the circadian potential of such luminaire due to the number of confounding variables, which
is typical of an uncontrolled case study assessement. In addition, the staff remarked on some issues related to
daylighting, such as the contrast generated with the smaller LR windows, and the overheating they experience
during summer with the larger HD windows. However, despite these issues, staff members proposed adding more
windows to boost views-out, and skylights to illuminate the core areas in the showroom. Overall, they valued
daylighting as the most positive improvement in comparison to the older store.
In conclusions, integrating daylighting and electric lighting saved energy for lighting, but also provided a number
of co-benefits in support of both the shopping experience and the working environment for the staff. In the case
of furniture store, the use of aboundant daylight seems to be a valuable option for both customers and staff.
However, there is little research, practical experience and, thus, guidance existing on how to correctly integrate
daylight in the lighting design of furniture shops. Knowledge in this sense is hoped to prompt encorporation of
daylighting even in the architecture of the retail sector.
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Summary
Phase change materials (PCMs) incorporated into building underfloor structure material for regulating the heat
supply by effective storing the heat from Air source Heat Pump (ASHP) to meet the building demand side
requirement are becoming ever-growing factor for installing renewable energy to building heating system.
A two dimensional temperature based finite volume numerical simulation model has been theoretically and
experimentally validated for PCM underfloor heating system. A detailed theoretical investigation and analysis
of PCM underfloor heating system driven by ASHP have been carried out. The dynamic performance of the
heating system for the domestic building has been predicted with different ASHP operation conditions. An
optimized operation condition has been suggested.
Key words: Numerical simulation, Phase Change Material (PCM), Underfloor Heating, Air source Heat Pump.

1. Introduction

Buildings account for more than 40% of the total energy consumption in the UK and in cold climate the heat
loss to the ground might be responsible for up to one third or even a half of total heat losses (UKEB, 2019,
Zoras et al., 2002). Improving low energy application with heavy thermal mass and utilising renewable energy
in buildings in the UK are vital in order to create a sustainable and dependable energy market as well as cutting
CO2 emissions. The flexibility in choosing heat sources, reduction of fuel consumption and increased indoor
environmental quality, enhanced community energy management will also reduce costs for end users.
Air source heat pumps (ASHP) utilise energy stored in the surrounding ambient at low temperatures and
convert it to high temperature useful energy is considered good practice for building heating with high
efficiency and lower cost. Kelly and Cockroft (2011) studied the performance of an ASHP when retrofitted into
a dwelling in UK and predicted that the ASHP produced 12% less carbon that an equivalent condensing gas
boiler system in annual. However except electricity consumption there are three main problems with air source
heat pumps: 1) lower temperature heat supply than the traditional convective radiator heating system required;
2) heating capacity decreases as outdoor air temperature drops and 3) when there is frost formation on the
outdoor heat exchanger (evaporator) coil surfaces in humid climates (Kelly and Cockroft (2011) and Huang and
Hewitt (2011)). This can cause the system oversized for the periods of warmer weather and the system short
cycles, further leading to reduction in compressor lifetime. Field trials with on-off cycle control have provided
valuable information on the system operation optimisation with PCM storage. More simulation has predicted on
using phase change material as buffered tank for load shifting have been carried out to improve the ASHP
performance in the UK climate. Figure 1 shows a schematic diagram of some applications using PCMs in
residential buildings for a series of applications (Huang, 2016). The capacity of a PCM for energy storage and
temperature control depends on its properties, heat transfer methods and system configuration. The low thermal
conductivity for most of the commercial available organic PCMs frequently makes an anticipated level of
thermal storage untenable within an acceptable time period.
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PCM Underfloor heating

Figure 1. Renewable energy for low energy residential building with PCMs (Huang, 2016)

Underfloor heating is an efficient and economical method for home heating compared which can use the low
temperature heat supply from HPs. Research on using heat pump with integrated phase change materials layer
for underfloor heating has shown that this can save operating cost and improve the thermal comfort. The solar
thermal energy stored in the PCM can provide a low grade heating source for the HP and also has potential to
overcome the impact of frosting to the ASHP. The previous research has shown that in 81% of the daily time
the floor surface temperature is higher for the PCM layer floor than the concrete floor at an average of 1 ºC.
The heat flux from the floor surface with PCM layer is 22.4 % higher than the original concrete floor during the
24 hrs operation. It is only in 19 % of the 24 hours period the floor surface temperature for the concrete layer is
higher than the PCM layer floor with the average higher temperature less than 0.3 ºC. The benefit of using PCM
layer floor is clear with reduced floor material and steady desirable floor surface temperature and heat supply
(Huang et.al., 2015).
The purpose of the current research is to study the performance of the PCM Underfloor-ASHP system for the
domestic building heat supply. One of the main barriers for this application is how to utilize the high energy
storage of the PCM in order to achieve a quick thermal response with longer thermal store performance in the
buildings. Therefore a comprehensive system has been investigated to use PCMs for the underfloor thermal
energy storage and thermal regulation in the domestic buildings with floor heating system.
A two dimensional temperature based finite volume numerical simulation model has been developed and
experimental validated for PCM energy store and underfloor heating system (Huang et. al. 2015). In the current
work the model has been modified to predict the thermal performance of the PCM Underfloor-ASHP system
with the stored thermal energy for the HP energy absorption and stored the heat to the underfloor structure for
heating supply to the buildings. In a residential building, the dynamic response with thermal energy charge and
discharge from the PCM material is important in relation to the thermal behaviour of the heat gain and loss. A
good understanding of the fundamental heat transfer processes involved with different heating modes is
essential for accurately predicting the thermal performance of a PCM augmented building underfloor system
and for avoiding costly system over design.
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Floor joists

Figure 2. A schematic diagram of underfloor heating system structure with potential layers and joists (Huang
etc al., 2015)

Description of the numerical simulation model for pcm underfloor heating
A schematic diagram of current common used underfloor heating system structure with cover layers is shown in
Figure 2. In this work a previous validated two-dimensional numerical simulation model used for PCM
underfloor heating system thermal performance (Huang et al, 2015) has been modified for the ASHP driven
PCM floor heating applications with indoor ambient dynamic responding during heating process. The modified
PCM underfloor-ASHP model can be used to predict the thermal performance of the underfloor heating system
with transient temperature distribution inside of the underfloor structures under heat charge and discharge
processes. The effect of the thermal mass material with and without PCMs under different supplied water
temperature, heat flux supply, underfloor system structure, hot water pipe spacing, floor layer materials and
dynamic ambient boundary conditions have been predicted. The following assumptions are made:
(1)
Advection, not conduction, dominates the heat transfer in the fluid. Therefore, thermal conduction in
the axial direction in the fluid is negligible. The heat conduction in the PCM combined underfloor heating
system is two-dimensional.
(2)

The end sides at the simulated floor system are adiabatic.

(3)

The floor materials and PCM are homogeneous and isotropic.

(4)

The convection effect in the molten PCM is neglected due to limited thickness.

(5)
The thermophysical properties of the floor materials are constant except the specific heat capacity and
density of the PCMs during phase changes.
(6)
There is no solar radiation gain on the floor and assuming the natural ventilation is constant. A
constant heating load set as 50Wm-2 for the heat demanding. The room temperature is affected through the floor
surface heat transfer.
(7)
The interfacial resistances between the pipe and filling material are negligible. Average water
temperature in the pipe is used without temperature reduced along the water pipe.
(8)
The thermal resistance of the pipe wall can be neglected due to the pipe wall is thin and its material
has good thermal conductivity. Thus, the model assumes that the heat transfer fluid directly contacts the solid
filling layers and the pipe thickness can be assumed to be zero.
The potential material properties with thicknesses used in the underfloor thermal mass layers are shown in
Table 1 (Wang et al., 2014) unless presenting as different. The selected PCM for the current study is RT42 from
Rubitherm. The external diameter of the hot water heating pipe is 20mm. Assuming the hot water temperature
and heat flux from the pipe are constant in this study. The pipes spacing at 150 mm, are studied. The supplied
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hot water temperature by the pipe in this study are 40, 45, 47, 50 and 55 ºC, the heat flux from the pipe is the
same for all of the simulations as 360W m-2. The concrete layer thickness is 30 mm and the insulation layer is
30 mm. The initial temperature for the underfloor system and ground is 16 º C respectively.
Table 1 Thermo-physical properties of floor materials (Wang et al., 2014)
Structure layers
Thermal conductivity Thickness Density Specifc thermal conductivity
-1 -1

Wm K
0.14
1.1
1.51
1.28
0.22
0.027
2
0.13

Wood layer
Tile layer
Cement mortar layer
Concrete layer
PPR-pipe
Insulation layer
soil
Sterling board

-3

mm

-1 -1

kg m
10
10
10
40
20
20

J Kg K
1200
1050
920

650
1900
2300
2400

325
2000
1350
1700

30
1500
800

2. Numerical Simulation Predictions and Discussions
2.1. The dynamic performance of ASHP on the underfloor heating system
The predicted temperature on the surface of the floor with realistic date for hot water from Heat Pump under
winter clime in Belfast, UK at January is presented on the Figure 3. The heat pump can effective heat the room
through the underfloor heat system. It can charge the floor mass efficient and quickly rising the floor surface
temperature to a steady state. After four hours heating the PCM layer can store the thermal energy and continue
release the heat for later use for longer period. The floor with integrated PCM in the underfloor structure has
also been studied. The thermal mass of floor layers plays an important role on the underfloor heating along with
floor structure, heating pipe system layout, costs and thermal response to the indoor environment. Amb
represents the ambient temperature; HP-HW represents the hot water temperature supplied by the heat pump;
Floor-surface means the temperature on the floor surface and inso represents the solar incident radiation. The
underfloor heating system with PCM surrounding the water heating tubes can store more thermal energy during
the charging process. The heat loss through the below layer is limited. A improved underfloor structure to
enhance the heat charge and discharge effect have been carried out in the following study.

60

600
500

Temperature (C)

amb
HP-HW

40

400

Floor surface
inso

30

300

20

200

10

100

0
00:00

06:00

12:00
Time

18:00

Solar Insolation (Wm -2)

50

0
00:00

Figure 3. Predicted floor surface temperature using the realistic hot water supply from heat pump running under the local ambient
conditions in 24hrs

2.2. The effect of the PCM with underfloor heating system
The effect of heating by heat pump for the underfloor heating system is predicted. The thermal isotherms for
the cross-section of underfloor concrete layer with PCM layer at different time during heating process are
predicted. The underfloor heating system with PCM surrounding the heating pipe can store more thermal
energy during the charging process. The heat loss through the below layer is limited.
The thermal performance of the underfloor system with daily heating and off heating routine has been analysed.
In the PCM layered underfloor heating system, the 30 mm insulation layer and 30 mm concrete are replaced by
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30 mm PCM layer with supporting. In order to reduce the impact from the initial and boundary conditions, the
system has been preheated for 29 hours to reach a steady state before carrying on the heating schedule for three
days. In each day it involves 14 hrs off heating and five on-off heating cycles. The underfloor heating mode can
effectively lead to different heating performance. In the current study the heating operation each day there are
five heating cycles be involved, which each cycle has two hours on-off period, there are three heating modes: 1)
1hr heating and 1hr off; 2) 1.5hrs heating and 0.5hr off; 3) 1hr and 55mins heating and 10 mins off.

(mode 1)

(mode 2)

Figure 4 Floor surface temperature and indoor room temperature variation with different water inlet temperatures under mode 1
and 2 operations

Figure 4 represents the variation of the floor surface temperature and the indoor room temperature with the
different hot water input temperatures at 40, 45, 47, 50 and 55°C under ASHP operation modes 1 and 2. For the
water inlet temperature 50°C, the highest floor surface temperature can reach to 26.4°C in the third day with
mode 1 operation while in the mode 2 operation, the highest temperature on the floor surface can reach to 28°C.
Based on EN 15377-1 (2008), the floor surface temperature can up to 29°C for the walking area. It can be seen
that due to the short heating period of 1hr in the each cycle, there is not enough heat can be supplied to the
room to keep the room temperature above the standard 18°C for longer time than the mode 2. For the mode 2,
when the supplied water temperature reaches to 55°C, there is less than half hour of time the floor surface
temperature is above 29°C which meets the requirement for the heat demanding.

(a) Whole process with preheating
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(b) 24hrs operation after preheating in the third day
Figure 5 Floor surface temperature and indoor room temperature variation with different water inlet
temperatures under mode 3 operation
Figure 5 represents the variation of the floor surface temperature and the indoor room temperature with the
different hot water input temperatures under the heating mode 3 operation. After the preheating operation, most
of the time the floor surface temperature is beyond 30°C while the room temperature can be kept at above 18°C
with the 55°C hot water inlet. During the 24hr in the third day it has a short period that the room temperature is
below 18°C with the input water temperature at 45, 50 and 55°C under mode 3 heating operation.

Heating period
during 2 hrs
cycles
1hr
1.5hr
1hr and 50 mins

Supplied water temperature for underfloor
heating cycle (°C)
40

45

47

50

55

33.5%
52.2%

49.1%
64.6%

51.6%
71.8%

55.8%
75.3%

87.4%

74.3%

78.3%

85.1%

97.6%

60.60%

Figure 6 Percentage of time when the floor surface temperature is above 18C with different hot water inlet
temperature and three heating modes
Figure 6 represents the relationship of keeping indoor room temperature at 18°C with five different water
supply temperatures. The effect of keeping room temperature above 18°C with three heating modes have been
summarized. The heating mode 1 can meet more than 50% of the 24hrs time to keep the room above 18C when
the inlet water temperature is above 45°C or so. Under the heating modes 2 and 3, the more than 50% and 60%
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of the 24hrs time, the room temperature can keep above 18C with the hot water inlet temperature is above 40°C
respectively. For 75% of the time, the room temperature can be kept above 18°C within 24hrs when the heating
system is operated under the mode 2 with inlet water is 50°C and the mode 3 with inlet water is 45°C.

Figure 7 Heat supply from the floor surface to the room and lose from the bottom of the floor under different
water inlet temperatures
Figure 7 represents the heat lose from the floor surface to the room and heat lose from the bottom of the floor
under the five different water inlet temperatures. The heating mode is under mode 3, i.e. 1hr and 50mins
heating and 10 mins off. During the heating period the heat supplied to the room increased sharply and the ratio
of heat supply is increased with hot water inlet temperature increased from 40 to 55 degree. The effect of long
lasting heat release from the PCM can be seen during the off cycle. However the effect can be kept only for the
water temperature at 55°C after three day cycles with the current floor structure. The heat lose from the bottom
of the floor toke about 14% of the highest heat supply to the room for each level of the water inlet. There is no
significant variation with the heat lose during the heating and off heating period.

(a) with three days performance
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(b) with 24 hrs operation
Figure 8. Predicted heat supplied to the room through the floor surface by hot water inlet temperature at 40, 45,
50 and 55°C under the operation mode 3

Figure 9 The total percentage of the time when the floor surface temperature is above 25°C in each day with
five difference hot water inlet temperatures of 40, 45, 47, 50 and 55°C
The Figure 8 (a) represtented the predicted heat supplied to the room through the floor surface by hot water
inlet temperature at 40, 45, 50 and 55°C. The operation of heat supply to the room is under 29 hrs preheating
and followed with five cycles of 1hr and 50mins heating and 10 mins off heating for three days. The effect of
heat energy stored in the phase change material can be seen clearly on the preheating period. During the
discharge period with the three days opeation, the stablise heat supply to the room can also be seen with the
phasee change effect at the water inlet above 45°C. A detailed 24 hrs performance is enlarged in the Figure
8(b). Figure 9 represented the total percentage of the time when the floor surface temperature is above 25°C in
the 24hrs. Five average hot water supply temperatures at 40, 45, 47, 50 and 55°C are examied. Considering the
lasting time for the floor surface temperature above 25°C, the hot water temperarture at 50°C or above will
have a good performance for the selected PCM RT42 underfloor structure with the selected heating mode.
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3. Conclusions
The thermal performance of the PCM underfloor-ASHP heating system for buildings has been predicted and
analyzed. The effect of integrating ASHP for the PCM underfloor structure shows potential application with
improved energy management strategies. It presents an evaluation of the effects of PCM underfloor-ASHP
heating system on heat transfer with different system operation modes. The improved fundamental
understanding of the processes within the PCM underfloor-ASHP system provided by this work can be used to
optimise the design of underfloor structure for buildings heating to improve the total energy efficiency. At the
current simulation the constant heat load is used, however the variable ambient conditions will be accepted in
the future applications. In addition the variation of the floor surface temperature maybe able to be improved
with increasing the mass of PCM while reduce the molten temperature to reach a high comfortable operative
temperature for users with this system.
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Abstract
The ANEEL’s Normative Instruction (NI) 687/2015 enabled new business models for distributed generation
in Brazil. The photovoltaic technology, being easily accessible, has been having a good acceptance and
penetration in the Brazilian residential market. The objective of this paper is to simulate the clustering of
multiple photovoltaic micro-generators through a cooperative and to analyze the productivity of a virtual
decentralized power plant: 20 clustered individual rooftop PV installations – a PV virtual power plant (PVVPP) – applied to homes in the state of Santa Catarina, Brazil, and in the concession area of the same
distribution utility. The PV-VPP is a group of small PV generators, which work collectively and
collaboratively, and which adheres to the Brazilian regulatory requirements. This case-study analyzes the home
consumptions and then simulates the application of building applied PV (BAPV) system on rooftops. The
analysis shows the individual performance for each residence and its performance when it is associated in a
PV-VPP. This paper concludes that a cooperative without any distinction from its members or previous
evaluation can bring positive or negative influence on each cooperative member. When analyzing the annual
PV generation, the results show differences between the two studied situations (clustered or individual),
ranging between from -14% to +25%. The units that do not have azimuth deviation contribute to the greater
efficiency of the cooperative, since there was a reduction of their clustered generation in relation to the
individual. The impact portion was distributed among the units, reducing the risk of an individualized unit,
thus seeking greater group stability.
Keywords: Photovoltaics, Shared Economy, VPP, Community Solar, Distributed Generation

1. Introduction
The Brazilian distributed generation (DG) market to small prosumers began in 2012, with the approval of the
ANEEL’s Normative Instruction (NI) 482/2012, which created and regulated a net metering scheme in Brazil,
the so called Electrical Energy Compensation System (EECS), so that the investor in DG can use the generated
energy credits. Thereafter, in 2015, the publication of NI 687/2015 authorized projects with multiple consumer
units, shared generation and remote self-consumption. The instruction paved the way to business model
development in shared generation in the country. Stakeholders can join in a consortium or cooperative, aiming
to produce their own energy through a micro (up to 75 kW) or mini (between 75 kW and 5 MW) generation
distributed system. With the massive price reductions experienced by the photovoltaic (PV) technology in
recent years, rooftop PV generation is increasingly accessible to Brazilian consumers, partly due to DG systems
whose economic viability in Brazil has been made possible through EECS.
The concept of shared economy contributed to the business model’s emergence on renewable energy
generation, such as shared solar PV. The emerging conditions of these models are specific to the context of
each country, depending on policies, regulations, incentives and market conditions (Noll et al., 2014;
Augustine and Mcgavisk, 2016; Tongsopit et al., 2016; Briguglio and Formosa, 2017; Deng and Newton, 2017;
Hancevic et al., 2017; Matisoff and Johnson, 2017). Cooperatives for sharing energy credits create an
opportunity to strengthen the links between consumers and suppliers. A DG cooperative consists of the union
of a group of people, aiming to produce their own energy and which depend on each other to enable their
common interest. In Brazil, the minimum group to form a cooperative is 20 people, according to the

© 2019. The Authors. Published by International Solar Energy Society
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Organização das Cooperativas Brasileiras (OCB).
This paper evaluates the impacts of a DG cooperative (that is also a PV-VPP) composed by 20 generating units
(homes), distributed along the state of Santa Catarina, Brazil, and supplied by the same distribution utility, but
with different solar irradiation conditions and different PV installed power per home. Each home is analyzed
and compared working by itself and integrated into a cooperative group. The results show PV generation
performance for each home in two scenarios: clustered (PV-VPP, PV cooperative) or working individually.

2. Method
This research was developed in four stages: (i) Data collection and information; (ii) Simulation of individual
generation; (iii) Simulation of the cooperative (VPP) generation; (iv) Comparison between individual local
production and aggregated production (VPP, cooperative) in a decentralized way.
The data and information used were obtained from a previous research (Antoniolli, 2016), which made a
technical and economic evaluation between Building Applied PV (BAPV) system and ideally installed PV
systems in south Brazil, in the state of Santa Catarina, Brazil. Data were obtained from 20 homes distributed
in nine cities throughout the state. Figure 1 shows the location of each city on Santa Catarina map, their
coordinates and the average annual of Global Horizontal Irradiation (GHI).

Figure 1: Geographic location and irradiation for each city.

With the energy consumption data, as shown in Figure 2, it was possible to calculate a PV power required and
estimate the generation for each home. Note that the annual consumption values for the evaluated homes are
between 1,318 and 11,648 kWh/year.

Figure 2: Annual energy consumption for each individual dwelling evaluated in this study.

The PV power required analyses were performed considering the architectural characteristics of each rooftop
(each BAPV system). As described by Antoniolli (2016), the calculations of tilted irradiation on the plane of
BAPV array were based into the global solar irradiation data from the Solar and Wind Energy Resource
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Assessment project SWERA (Pereira et al., 2006). This Paper uses updated irradiation data, based on the new
version of the Brazilian Solar Energy Atlas (Pereira et al., 2017).
The first BIPV (building-integrated PV) system installed in Brazil is placed in Florianópolis (27o S; 48o W), it
was designed and installed in 1997 by Fotovoltaica-UFSC (www.fotovoltaica.ufsc.br), and it has been
monitored since then (Rüther, 1998; Rüther and Dacoregio, 2000). The system is ideally oriented (27° tilt,
facing North), based on amorphous silicon (a-Si) modules, and it has been operating without interruptions with
an annual Yield of 1,100 kWh/kWp and a PR averaging from 70 to 80% (Rüther et al., 2010). Therefore, in
this paper, the Yield [kWh/kWp] for each BAPV system was linked to a performance ratio (PR) of 80% (Reich
et al., 2012), and the installed PV modules characteristics are: multi-crystalline silicon technology, 15.85%
efficiency and 250 Wp nominal power.
Based on PV power required for each home, the amount of PV modules was determined, which served as a
parameter for the calculation of PV adjusted power.
In this paper, Yield is linked to the characteristics of each BAPV system, such as location, useful area, rooftop
tilt and orientation. This terminology allows to compare systems with different installed PV power, because,
this way, it is possible to have the same information for each system in the same scale and unit, regardless of
the size or location of the systems being evaluated (Marion et al., 2005; Antoniolli et al., 2014). Thus, it was
possible to compare 20 different generating units that were later joined into a DG-PV cooperative (that woks
like a PV-VPP).
For the cooperative generation, an aggregator was used to link each individual BAPV system with a totalizer
of the cooperative (VPP) generation. Thereafter, a power distribution quota was defined by the cooperative
through a percentual share, with each cooperative quota unit corresponding to each PV module installed. Each
cooperative member receives its generation share proportional to the quota participation. Thus, it was possible
to analyze the clustering of multiple microgenerators operating in a decentralized manner and with the
management model of a VPP. The reason to adopt quotes per PV modules was because the NI 482/2012 and
NI 687/2015 don’t approve to link any energy generation units to define quotas.
Each BAPV system has a specific Yield, due to the tilted irradiation on the plane of BAPV array. The overall
cooperative Yield is represented by the annual generation sum of the 20 BAPV systems, divided by the PV
power sum of the 20 BAPV systems. Therefore, Yield is the central equivalence reference among the systems.
The comparative of the individual Yield from each cooperative member is presented through the quota system,
aiming to identify the impacts of joining the solar cooperative.

2.1. Individual analysis
The comparison between two systems (individual and clustered) was based on Yield and PV energy generation.
Eq. 1 is used to calculate Yield (Y):
Y= 𝑃𝑅 ×

𝐺𝑃𝑂𝐴
𝐼𝑟𝑟𝑆𝑇𝐶

(eq. 1)

Where:
Y = Yield of the BAPV system [kWh/(kWp·year)]
PR = Performance Ratio in an annual base (Marion et al., 2005) = typically 80% (Reich et al., 2012; Rüther et
al., 2010)
GPOA = Global irradiation on the plane of BAPV array [kWh/(m²·year)]
IrrSTC = Irradiance under Standard Test Conditions = 1 kW/m²
Eq. 2 is used to estimate the PV power required of each home:
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𝑃𝑃𝑉 =

𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑌

(eq. 2)

Where:
PPV = Installed PV power required from the BAPV system to fit the house consumption [kWp].
Consumption = Annual consumption of each home [kWh/year]
Y = Yield of the BAPV system [kWh/(kWp·year)]

After identifying the PV power required for each BAPV, a rounding calculation was made according the rated
power of the adopted module (multi-crystalline silicon technology, 15.85% efficiency and 250 Wp rated
power), obtaining the value of corrected nominal PV installed power (𝑃𝑃𝑉𝐶 ), this value was applied in Eq. 3 to
identify the estimated generation for each system.
𝐸𝑃𝑉 = 𝑌 × 𝑃𝑃𝑉𝐶

(eq. 3)

Where:
EPV = Total energy generation of each BAPV system [kWh/year]
Y = Yield of the BAPV system [kWh/(kWp·year)]
PPVC = Corrected nominal PV installed power [kWp]

2.2. Clustered analysis
The total energy generated by the cooperative is a sum of the individual total of each BAPV system, as shown
in Eq. 4:

𝐸𝐶𝑙𝑢𝑠𝑡 = ∑𝑛𝑖=1 𝐸𝑃𝑉,𝑖

(eq. 4)

Where:
EClust = Total energy generated by the cooperative in the first year of operation [kWh/year]
EPV,i = Total energy generation of the BAPV system “i” in the first year of operation [kWh/year]
i = Identification number of the BAPV system [from 1 to n]
n = Number of BAPV systems [20 for the study case]
The installed power of the clustered system is the sum of the installed power of each BAPV unit, as shown in
Eq. 5.
𝑃𝐶𝑙𝑢𝑠𝑡 = ∑𝑛𝑖=1 𝑃𝑃𝑉𝐶,𝑖

(eq. 5)

Where:
PClust = Clustered installed power [kWp]
PPVC,i = Installed power of the BAPV system “i” [kWp]
i = Identification number of the BAPV system [from 1 to n]
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n = Number of BAPV systems [20 for the study case]

With the total clustered values of PV power and energy generated, it is possible to identify the clustered yield
(into the cooperative, VPP), as shown in Eq. 6.
𝑌𝐶𝑙𝑢𝑠𝑡 =

𝐸𝐶𝑙𝑢𝑠𝑡
𝑃𝐶𝑙𝑢𝑠𝑡

(eq. 6)

Where:
YClust = Clustered Yield (cooperative, VPP) [kWh/(kWp·year)];
EClust = Total clustered energy generation [kWh/year]
PClust = Clustered installed power [kWp]

2.3. Impact analysis
In order to analyze the impact of disturbances in the cooperative caused by the units and compare them with
individual performance, the system of greatest influence (Home 6) was used as the basis.
The study uses as a parameter the performance of the group due to energy fluctuations in two scenarios, which
present variation of ± 20% in the unit, that is, 120% in an optimistic case and 80% in a pessimistic case.

3. Results
When analyzing the annual PV generation, the results show differences between the two studied situations
(clustered or individual), ranging between from -14% to +25% depending on the analyzed BAPV system.
Table 1 shows each BAPV system and its respective generation characteristics. Some cases had results of 25%
profit in the annual generation, such as Home 12, which individually had a Yield of 1,061 kWh/(kWp·year),
while others had a deficit of 14%, such as the case of Home 20, which had an individual Yield of 1,548
kWh/(kWp·year), before the Yield into the cooperative (1,332 kWh/(kWp·year)).

Table 1: PV Generation and BAPV information of each unit.
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The comparative generation of each system with group generation is identified in Figure 3, which shows some
units with clustered generation similar to individual way (Home 05 and 09), others receive more energy from
the cooperative than individual generation (Home 01, 07, 10, 11 and 12) and others generate more energy
operating individually rather than grouped through the cooperative.

Figure 3: PV annual generation by individual and clustered.

Table 2 shows the same information presented in Table 1, however in an orderly manner, presenting the results
from the smallest to the highest individual yield, in order to segment the groups that have more or less benefits.
When analyzing the Azimuth BAPV column, units with 90° of azimuth deviation have lower individual
performance, so when joining the cooperative the Yield is improved, causing a significant increase in
generation (from 2.0% to 25.5%). The units that do not have azimuth deviation, in turn, contribute to the greater
efficiency of the cooperative, since there was a reduction of their clustered generation in relation to the
individual.

Table 2: PV Generation and BAPV information of each unit, order by Individual Yield BAPV.
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Another point to be analyzed is the geographical position of the units. The houses that have 0° of azimuthal
angle, are located in the regions with higher solar irradiations (Concordia, Chapecó, Joaçaba, and Palma Sola)
and were more impacted by joining the cooperative, obtaining a generation of -10.4% to -14.0% relative to an
individual generation. The cities with the lowest irradiation (Palhoça, São José and Florianópolis) had a lower
impact with a representation of 0.8% to -6.0% because the difference between their individual Yields and
clustered are not so significant.
The interference of each cooperative member has different impacts on the group. For the cooperative, we
evaluated the impact of the largest generator into the group, which presented a little disturbance, that is, the
system becomes more robust because it reduces the risks involved in the individual annual generation. Home
06 was chosen for having the amount of 31 quota parts (11.8% of the total) and generated 13.2% into the group,
which produces the largest amount in the system.
Table 3 shows the influence of each system individually, and the influence of the system with the greatest
impact (Home 6) into the cooperative, in three scenarios: (i) Normal Generation; (ii) The influence of
generation with 120% and; (iii) The influence with 80% of generation.

Table 3: PV Generation of and BAPV and Clustered in different cases.

It is possible to verify that in scenarios (i) and (ii), the BAPV of Home 6 presents an individual generation
larger than clustered way, through the cooperative. In scenario (iii), which has an influence on the generation
of-20%, the cooperative begins to become more attractive, because the losses are diluted and compensated
with the clustering of more systems.
With the generation fluctuations of scenarios (ii) and (iii), the other units suffered a variation of ±2.64% in
generation. The impact portion was distributed among the units, reducing the risk of an individualized unit,
thus seeking greater group stability. This stability brings greater robustness to the cooperative and greater
safety for generators.
Figure 4 shows that as much as variations are at significant levels for Home 6, their generation will remain at
very close levels. And the greater the number of associates, the more sensitive are the variations in generation
regarding the share of participation in the cooperative.
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Figure 4: Annual PV energy available for the first year, clustered vs. individual home.

4. Conclusions
This paper demonstrates that the use of a cooperative without any distinction from its members neither previous
evaluation about location, useful area, rooftop tilt and orientation, can bring negative influence for cooperative
member that are in better conditions and accept to join into the group. Every BAPV systems with Yield lower
than the clustered Yield will receive more energy credits joining the cooperative than the energy credits that it
would generate by itself. Likewise, every BAPV systems with Yield higher than the group Yield will receive
less energy credits joining the cooperative than the energy credits that it would generate by itself.
This paper verified that for a relevant uptake, it is necessary to segment these cooperated systems into
equivalent areas, where they have small variation of annual irradiation, or the creation a model of balance and
equivalence that takes into account where the cooperative member is located, without significant interference
with the system, thus making it more beneficial for all associates.
As can be seen in Table 1, the BAPV systems oriented to the East and West (azimuthal deviation ±90), present
significant differences in the Yield, with a 20% reduction in relation to systems oriented to the North (zero
azimuth). The Homes 01, 07, 10, 11 and 12 are more benefited when associated into the cooperative (VPP).
As shown in the Table 3, when a system associated has losses in the generation, the clustering system absorb,
making this an attractive to a cooperative.
The business model (PV-VPP share), in the case study of this paper, does not prove feasible for cooperatives,
because, if the quota participation is defined by the quantity of PV modules, members with individual Yield
above the cooperative Yield will have a lower generation share proportional to the quota participation than
they would have outside of the cooperative.
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Abstract
Photosynthetically Active Radiation (PAR) is critically required for sustaining plant and vegetable growth. This
study investigated PAR performances in two typical large-scale greenhouses using an advanced method of
climate-based solar modelling in China. Seven Chinese locations were studied in terms of daylight climate zones
and latitudes. The solar simulation was conducted via RADIANCE (ray-tracing solar and light simulation
package). Key findings are: 1) This study indicates that a climate-based analysis (using daylight climate zones)
has be proved as more useful and practical than the methods based on clear sky and solar geometries. 2) In general,
the annual PAR availability receives higher impacts of climate than the latitude, while the latitude can clearly
affect the PAR peak time. 3) Given the PAR availability, the A-frame greenhouse combined with the longitudinal
orientation of east-west has been proved as an optimal design strategy at most locations in China; however, if the
longitudinal orientation of north-south will have to be applied, the Barrel-vault greenhouse can bring in a higher
PAR level. These design strategies could be considered when planning a passive solution for the greenhouses in
China or regions with similar climates.
Keywords: Photosynthetically Active Radiation (PAR), Greenhouse, RADIANCE simulation, Daylight climate
zone, China

1. Introduction
Photosynthetically Active Radiation (PAR) has been regarded as one of the most important environmental factors
when planning structures and configurations of greenhouses (Impron et al., 2007). It has a spectral range of solar
radiation from 400 to 700 nm that photosynthetic organisms are able to use in the process of photosynthesis (Hall,
1999). Having a similar wavelength as visual light, PAR varies in season, the time of day and latitude, and is
critically required for sustaining plant and vegetable growth (McCree, 1977). In China, passive solutions of solar
energy utilization have been broadly applied in simple and small-scale greenhouses (Tong et al., 2013). With a
fast-growth of indoor farming industry since 1990s, many active energy/environmental strategies (e.g. PV, heat
pumps) have been studied and adopted to improve the constructions of traditional greenhouse in some Chinese
areas (Wang et al., 2017). More recently, due to the increasing requirement of low carbon design in agricultural
facilities (Cuce et al., 2016), it seems that the passive solar solutions for greenhouses have returned to be a research
trend in the area of indoor farming.
Given the passive solar design in buildings or similar facilities, the shape of roof with a large glazing area was
recognized as one critical factor affecting solar radiation transmissivity (including transmission of daylight, PAR,
etc.) (Sharples & Lash, 2007). In an early study (Navvab & Selkowitz, 1984), fourteen roof structures were
examined under different sky conditions and some key findings were therefore produced as follows: 1) Most
monitor roof systems were found to have a similar property of transmittance (direct light), which is more sensitive
to solar altitude than the pyramids, vaults and A-frames. 2) The A-frame roofs, however, have a higher
transmittance for diffuse skylight (overcast sky) than the monitor systems. A later Canadian study (Laouadi &
Atif, 2001) found that the dome is the best shape for admitting sunbeam in winter (low altitude). A numerical
model of radiative PAR transfer was developed to evaluate its distributions in a Barrel-vault glazed greenhouse
(Farkas et al., 2001). Similarly, it has been found that in winter the barrel-vault roofs were more effective on the
beam light transmitting than flat skylights with similar glazing attributes (Laouadi, 2005). In addition, one recent
investigation was conducted to test different elliptic curved surface aspect ratios to reach the optimum design of
barrel-vault greenhouse, on the basis of climates of North Africa and the solar radiation received at the floor (El-
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Maghlany et al., 2015). In general, A-frame and Barrel-vault have been accepted as two typical roof types in
greenhouses according to the solar gain (Sethi, 2009; Tong et al., 2013).
Apparently, in greenhouses, the orientation is another important environmental factor in terms of the amount of
solar gains (including PAR) and relevant energy demand (heating and cooling) across various seasons (Gupta and
Chandra, 2002; Stanciu et al., 2016). The combined effects of orientation and latitude can significantly take effect
on the direct solar radiation transmissivity (Kurata, 1993). One Indian study also investigated the combined effect
of shapes and orientations in one greenhouse on the energy demand and solar radiation availability, using a
proposed thermal model (Sethi 2009). East-west was proved as the best orientation at one subtropical location
(31°N) and suitable for annual greenhouse operation, since this orientation can bring in higher global radiation in
winter and lower solar gain in summer. Similar findings have been achieved in one Iranian study of an east-west
oriented single span greenhouse with north brick wall (Mobtaker et al., 2016), as well as one fundamental study
of greenhouse configurations in Turkey with a focus on the solar energy utilization (Kendirli, 2006). However,
these studies were conducted at the locations dominated by the clear sky. For locations with mixed sky conditions
(overcast, intermediate and clear sky), a climate-based analysis would be required.
In this article, a simulation study of two typical greenhouses were presented based on five daylight climate zones
and seven locations in China. RADIANCE (RADIANCE, 2018), an advanced ray-tracing package, was applied
to simulate the availability of solar irradiance and PAR in these greenhouses. A comprehensive climate-based
analysis was thus achieved to help plan and construct greenhouses across typical regions in this country.

2. Methods and materials
2.1. Daylight climate zones and locations
According to the building regulation (Ministry of Housing and Urban-Rural Development, 2013), five daylight
climate zones are currently used to indicate the daylight / solar availability in the built environment in China. They
were developed using the annual profile of solar irradiation monitored by 14 land-based weather stations across
this country. As shown in Table 1, the ranges of annual-averaged unobstructed illuminance (Eq) can be found for
each zone. Severn Chinese locations have been studied as: Lhasa (zone I; 29.7° N, 91.1° E); Yinchuan (zone II;
38.5° N, 106.2° E); Beijing (zone III; 39.9° N, 116.4° E), Guangzhou (zone IV; 23.1° N, 113.3° E), Wuhan (zone
IV; 30.6° N, 114.3° E), Changchun (zone IV; 43.8° N, 125.3° E); Chengdu (zone V; 30.6° N, 104.1° E). These
locations are representatives of big cities across the country. In addition, they were selected based on an aim to
cover most of the important agricultural regions and big urban-rural areas. The local weather data of these
locations were used to support the solar simulations (section 2.3).
Tab. 1: Daylight climate zones, annual-averaged illuminance (Eq), and locations in China

Zone Number

I

II

III

IV

V

Ranges of annualaveraged
unobstructed
illuminance, Eq (klx)

≥28

[26 28)

[24 26)

[22 24)

<22

Locations studied

Lhasa

Yinchuan

Beijing

Guangzhou,
Wuhan,
Changchun

Chengdu

2.2. Greenhouse models
As displayed in Figure1, the greenhouse model has a rectangular plan (length × width: 15×40 m; area: 600 m2),
and two section types varying in roof: A-frame (Sharples & Lash, 2007) & Barrel-vault (Laouadi, 2005). The
sections show that the greenhouse has a multi-span structure and the width of single span is 3 m. Each section has
two spatial parts of roof space (height: 1.5 m) and normal space (height: 4.2 m). Two orientations were studied
including: the greenhouse length was aligned to east-west or north-south. Therefore, in total, there are four cases
studied, such as A-frame & east-west, A-frame & north-south, Barrel-vault & east-west, and Barrel-vault & northsouth.
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Fig. 1: Configures, dimensions and orientations of two typical greenhouses studied

2.3. PAR calculation and simulation
In the field of plant science, PAR can be expressed by photosynthesis photosynthetic photon flux (μmol/m2s) or
solar irradiance (W/m2) (Sun et al., 2017). The theoretical relationship between the aforementioned two variables
can be defined by the equation:
𝑃𝐴𝑅(λ) =

𝐹𝜆 𝜆
𝑁𝐴 ℎ𝑐

(eq. 1)

where PAR(λ) is the photon flux, Fλ is the solar irradiance, λ is the wavelength, NA is the Avogadro Number, h is
the Planck constant, and c is the speed of light. In addition, there is an experimental method to get PAR through
measuring global solar irradiance in an outdoor environment. In this study, PAR values were then achieved using
an empirical equation (Dong et al., 2011; Zhou et al., 2017):
𝑃𝐴𝑅 = 𝜂0 𝑄 (eq. 2)
where Q is global solar irradiance, W/m2; η0 is the factor related to the location [on average, η0=0.44 according
to 7 Chinese locations studied in this reference (Zhou et al., 2017)]. Thus, PAR was displayed using solar
irradiance (W/m2) in this study.
Developed for ray-tracing lighting/daylighting (irradiance) simulation, RADIANCE (RADIANCE, 2018) can be
used as a tool to calculate the global solar irradiance (W/m2) at a specific position and under various sky conditions
(e.g. overcast, intermediate and clear sky). This study adopted RADIANCE to calculate the global solar irradiance
across the floor of the four greenhouse models mentioned above.

3. Results
This section includes PAR performances in two greenhouses with two orientations and seven locations, and a
comparison of PAR between the two orientations.
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3.1. Orientation: east-west
Figure 2-4 give variations of the monthly-averaged PAR on the floor of two greenhouses at seven locations, with
a longitudinal orientation of east-west.

Fig. 2: Monthly-averaged PAR at the floor of two greenhouses (zone I, II and III).

Figure 2 shows PAR variations at Lhasa (zone I), Yinchuan (zone II), and Beijing (zone III), all of which receive
the highest levels of solar irradiance in China. Generally, A-frame greenhouses have higher PAR than Barrelvault models across 12 months. Taking the Barrel-vault model as a reference, percentage differences of monthly
PAR in A-frame model have the ranges of 2.14~6.56% (Lhasa), 2.82~6.26% (Beijing), and 2.31~6.12%
(Yinchuan). The differences in winter are larger than those in summer. As for the three locations, Lhasa generally
sees the higher PAR than Yinchuan and Beijing, while Yinchuan receives higher PAR than Beijing from April to
August and similar PAR levels as Beijing in other periods. PAR peaks at the period from May to July at all
locations.

Fig. 3: Monthly-averaged PAR at the floor of two greenhouses (zone IV).

According to the regulation (Ministry of Housing and Urban-Rural Development, 2013), there are many important
big cities located in the daylight climate zone IV. Therefore, three locations (Changchun, Wuhan and Guangzhou)
were assessed to represent three Chinese regions with high (north), middle and low (south) latitudes respectively
(Figure 3). Clearly, the latitude takes impact on the peak period of PAR. Changchun, Wuhan and Guangzhou see
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PAR peak during the periods of (May to June), (July to August), and (July to October) respectively. Similar to
Figure 2, Barrel-vault greenhouses will deliver relatively lower PAR than A-frame models, with the percentage
difference ranges of 3.29~6.34% (Changchun), 2.48~5.69% (Wuhan), 3.13~5.19% (Guangzhou). The differences
of PAR between two greenhouses tend to be lower with the decreasing latitude.

Fig. 4: Monthly-averaged PAR at the floor of two greenhouses (zone V).

Figure 4 displays PAR variations in Chengdu, where the lowest solar irradiance level is typically found (zone V).
PAR has a very low level at the beginning of the year (January and February), and starts to go up from early spring
(March) to summer. It peaks at July and August, and dramatically drops in autumn and winter. A-frame
greenhouses can also bring in relatively higher PAR than Barrel-vault models (percentage difference range: 1.284.76%).
Tab. 2: Annual-averaged PAR in the two greenhouses (east-west)
Annual-averaged PAR (W/m2)
Locations

Lhasa

Yinchuan

Beijing

Guangzhou

Wuhan

Changchun

Chengdu

A-frame

26.92

22.55

21.42

18.61

18.45

18.56

14.77

Barrel-vault

25.96

21.63

20.67

17.92

17.75

17.69

14.28

Given the annual-averaged PAR (Table 2), it is normal that Lhasa and Chengdu have the maximum and minimum
values respectively; while the latitude does not take clear effect on this value at three locations of zone IV,
including Changchun, Wuhan and Guangzhou. Yinchuan just has a slightly higher PAR than Beijing. Similarly,
A-frame roof could lead to slightly higher PAR than Barrel-vault roof at all locations.
3.2. Orientation: north-south
As regards the orientation of north-south, Figure 5-7 present variations of the monthly-averaged PAR on the floor
of two greenhouses at seven locations.
Compared with Figure 4 (east-west), Figure 5 (north-south) shows some differences of PAR variations at Lhasa
(zone I), Yinchuan (zone II), and Beijing (zone III). For this orientation, A-frame greenhouses deliver clearly
lower PAR than Barrel-vault models across 12 months. Taking the Barrel-vault as a reference, the ranges of
percentage difference of monthly PAR in A-frame are -14.64~-12.61% (Lhasa), -13.6~-12.46% (Beijing), and 13.71~-12.37% (Yinchuan). The differences in summer tend to be smaller than winter. For the greenhouse with
A-frame roof or Barrel-vault roof, Lhasa generally has the higher PAR than Yinchuan and Beijing, while the
period from April to August sees a higher PAR in Yinchuan than Beijing and other periods see similar PAR levels
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between the two locations. PAR peaks at the period from May to July at all locations.

Fig. 5: Monthly-averaged PAR at the floor of two greenhouses (zone I, II and III).

Fig. 6: Monthly-averaged PAR at the floor of two greenhouses (zone IV).

In Figure 6, three zone IV locations (Changchun, Wuhan and Guangzhou) were assessed according to the
orientation of north-south. Similar to the orientation of east-west (Figure 3), Changchun, Wuhan and Guangzhou
have the PAR peak periods of (May to June), (July to August), and (July to October) respectively. Generally,
Barrel-vault greenhouses can give rise to a significantly higher PAR than A-frame models. The ranges of
percentage difference (Barrel-vault is the reference) of Changchun, Wuhan and Guangzhou are -13.22~-12.83%,
-43.86~-18.43%, -12.78~-12.26% respectively. Interestingly, the largest differences of PAR between two
greenhouses occur at the middle latitude (Wuhan), while the high and low latitudes (Changchun and Guangzhou)
see similar values.
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Fig. 7: Monthly-averaged PAR at the floor of two greenhouses (zone V).

Table 3 shows the annual-averaged PAR at seven locations. For A-frame greenhouses, Lhasa has achieved the
highest PAR while the lowest PAR can be found at both Wuhan (zone IV) and Chengdu (zone V). Barrel-vault
greenhouses can see similar trend as Table 2 (east-west). In general, A-frame roof will deliver lower PAR in
greenhouses at all locations.
Tab. 3: Annual-averaged PAR in the two greenhouses (north-south)
Annual-averaged PAR (W/m2)
Locations

Lhasa

Yinchuan

Beijing

Guangzhou

Wuhan

Changchun

Chengdu

A-frame

12.92

10.67

10.00

8.80

7.05

8.61

7.05

Barrel-vault

14.92

12.25

11.49

10.07

10.00

9.90

8.06

3.3. Comparison between two orientations
In order to further compare the effect of orientation on PAR performances, percentage differences of PAR between
two orientations (RPAR) can be calculated by the following equation:
𝑅𝑃𝐴𝑅 = [1 −

𝑃𝐴𝑅(𝑁−𝑆)
𝑃𝐴𝑅(𝐸−𝑊)

]100% (eq. 3),

where, PAR(E-W) and PAR(N-S) are monthly-averaged PAR or annual-averaged PAR at the floor of two greenhouses
with orientations of east-west and north-south respectively.
Table 4 & 5 give the RPAR values (monthly and annual) in the A-frame and Barrel-vault greenhouses at seven
locations. It can found the orientation of east-west can receive at least 40% more annual-average PAR across the
floor in two greenhouses than north-west. In Table 4, for annual performances, Wuhan (zone IV) has the largest
RPAR value whilst no big differences of the value can be found at other six locations. At the locations in zone I, II,
II, and IV, winter can bring in relatively higher PAR differences (R PAR) than summer. However, the differences
of RPAR between cold and warm seasons could be unclear in Chengdu (zone V). Compared with Table 4, Table 5
(Barrel-vault roof) displays some differences: there are no significant differences of RPAR found at all seven
locations. The RPAR values with A-frame roof are relatively higher than those with Barrel-vault roof, which could
mean that the later has a lower sensitivity to the orientation than the former. Except for Chengdu, other locations
have higher RPAR values in winter than summer.
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Tab. 4: Percentage differences of PAR between two orientations (A-frame)
RPAR (%)
Monthly
1

2

3

4

5

6

7

8

9

10

11

12

Annual

Lhasa

54.50

54.02

52.35

51.23

50.34

49.87

49.99

50.81

51.96

53.64

54.35

54.66

52.01

Yinchuan

55.15

53.78

53.27

52.39

51.55

51.19

51.41

51.93

53.04

53.58

54.64

55.48

52.68

Beijing

56.35

54.67

53.86

52.66

52.10

52.03

52.03

52.39

53.45

54.08

55.40

56.01

53.31

Guangzhou

53.66

53.03

52.67

52.36

52.17

52.06

52.21

51.96

52.45

52.93

53.58

53.92

52.71

Wuhan

66.52

70.18

57.44

56.09

55.03

57.93

59.74

58.96

69.09

62.92

70.15

70.34

61.79

Changchun

56.93

54.99

53.80

52.82

52.28

53.47

52.53

52.55

53.55

54.37

56.03

57.36

53.61

Chengdu

53.71

53.08

52.67

52.18

51.67

51.32

51.50

51.81

52.61

53.14

53.49

53.40

52.27

Tab. 5: Percentage differences of PAR between two orientations (Barrel-vault)
RPAR (%)
Monthly
1

2

3

4

5

6

7

8

9

10

11

12

Annual

Lhasa

44.07

43.63

42.63

42.48

41.68

41.13

41.24

42.06

42.62

43.40

43.59

43.97

42.53

Yinchuan

45.94

44.56

42.43

43.26

43.19

42.13

42.53

43.15

42.25

43.99

45.41

46.30

43.37

Beijing

46.52

45.59

44.95

44.10

43.32

43.17

43.20

43.82

44.65

45.14

46.13

46.74

44.41

Guangzhou

44.77

44.08

43.65

43.68

43.56

43.30

43.51

43.33

43.15

43.92

44.55

44.63

43.81

Wuhan

45.04

44.34

42.82

43.65

43.35

43.31

43.04

43.63

42.94

43.91

44.89

45.25

43.66

Changchun

48.18

45.92

43.51

42.76

43.12

43.50

43.70

42.84

43.38

45.00

47.10

48.63

44.04

Chengdu

44.75

44.05

43.43

43.47

42.95

42.53

43.21

44.26

43.40

43.97

44.44

44.38

43.56

4. Discussion and conclusion
Based on the results above, several key findings are discussed as follows.
1. PAR availabilities (solar irradiance) in the greenhouses are significantly determined by the location (latitude)
and climate conditions (daylight climate zone) in China. In this study, the applications of RADIANCE and local
weather data have led to an analysis under real sky conditions (including all possible sky types). In general, the
overall PAR availability receives higher impact from climate conditions, while the latitude could clearly affect
the peak time of PAR. This study indicates that a climate-based analysis (using daylight climate zones and real
weather data) has be proved as more useful and practical than the methods based on clear sky and solar geometries
(Kurata, 1993; Farkas et al., 2001; Sethi, 2009).
2. Compared with the orientation of north-south, the orientation of east-west can deliver much higher PAR levels
in both A-frame and Barrel-vault greenhouses across various locations in China (at least 40% more). This finding
well agreed with the studies conducted in various countries outside of China (Sethi, 2009; Mobtaker et al., 2016;
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Kendirli, 2006). The longitudinal orientation of east to west is an optimal design solution in greenhouses in terms
of PAR availability, which will not vary in latitudes and climate conditions.
3. With the orientation of east-west, A-frame greenhouses can deliver a slightly higher PAR availability than
Barrel-vault greenhouses, especially for the locations within the daylight climate zones of I, II and III. On the
other hand, the orientation of north-south can lead to clearly lower PAR availability in A-frame greenhouses.
These could be explained by the facts that the solar beam transmittance is higher at the slope of A-frame roof than
the curved surface of Barrel-vault roof, whilst the section of Barrel-vault roof has a larger area to get more solar
beam transmittance in than the section of A-frame (Sharples & Lash, 2007).
Given the discussions above, a protocol to support the design of greenhouse could be considered: 1) Analysis of
climate conditions including solar irradiations and latitudes; 2) Analysis of possible orientations of greenhouse
plan; 3) Planning the roof structures of greenhouse based on the climates and orientations; 4) If applicable,
implementing a PAR analysis of an early-stage plan; 5) If applicable, implementing a comprehensive analysis of
greenhouse plan, taking into account more environmental factors (PAR is one of most important issues); 6)
Decision-making process.
Limitations and future works: This study only investigated two typical greenhouse roofs and two cardinal
orientations. More parametric studies, including non-cardinal orientations, complex roof configurations,
obstructions, etc., will be conducted in the future work.
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Abstract
The recently launched IEA SHC Task 61 aims at fostering the integration of daylighting and electric lighting
solutions for the benefit of higher user satisfaction and energy savings at the same time. In order to drastically
reduce the energy use of buildings daylighting, electric lighting and associated controls must be integrated,
and the role of the user should be considered in the integration process. An effective means for promoting good
examples of integration is reporting on successful case studies. In this perspective, a part of the IEA SHC Task
61, Subtask D, investigates existing knowledge for integrated solutions, proposes a monitoring protocol to
evaluate integrated projects and, finally, presents exemplary case studies of integrated design. In this paper,
we describe the structure and current status of IEA SHC Task 61 Subtask D.
Keywords: daylighting; electric lighting; controls; integration; human centric lighting; circadian lighting;
energy savings; case study; IEA SHC; TEA; OBEA.

1. Introduction
In February 2018, the International Energy Agency (IEA) launched a joint project activity between the Solar
Heating and Cooling (SHC) and Energy in Buildings and Communities (EBC) programs called IEA SHC Task
61/EBC Annex 77 “Integrated Solutions for Daylighting and Electric Lighting: From component to usercentered system efficiency” (http://task61.iea-shc.org/). The overall objective of the activity is to foster the
integration of daylighting and electric lighting solutions for the benefit of higher user satisfaction and energy
savings simultaneously. The project’s hypothesis is that an integrated design approach for the whole system,
combining daylighting, electric lighting, the associated lighting controls and the users’ interaction with them,
can achieve higher energy saving than the simple energy-efficient design of single components. Such approach
entails a close collaboration between façade and lighting design professionals at the early stages of the building
design process. It also requires that the designers incorporate new professional competences from the domain
of social science. In order to facilitate this process, IEA SHC Task 61/EBC Annex 77 operates with four
Subtasks aiming at:


identifying user requirements in the design (Subtask A),

 providing an overview of existing technologies in the two domains of daylighting and electric
lighting (Subtask B),
 supporting the development of software tools and standards supporting an integrated lighting design
approach (Subtask C), and
 inspiring and increasing awareness among stakeholders by presenting exemplary integrated design
solutions (Subtask D).
This paper reports on the activities and the current status of Subtask (ST) D (Figure 1).

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.41.02 Available at http://proceedings.ises.org
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Fig. 1: Structure of IEA SHC Task 61/EBC Annex 77 with Subtask D as the focus for this paper

The Task in its entirety has a duration of three-and-a-half years, and it involves about 30 experts from 16
countries. Roughly a quarter of the experts represents industry, a quarter represents research institutes, and the
remaining half represents universities.
2. IEA SHC Task 61 EBC Annex 77 Subtask D: Structure and content
As mentioned, Subtask D wishes to inspire and increase awareness among stakeholders by presenting
exemplary integrated design approaches through monitoring of a number of case studies. The monitoring
should help to demonstrate and assess currently available and typically applied concepts for daylighting and
electric lighting design and their integration, with a focus on energy savings and users’ acceptance. The
activities of Subtask D comprise four project areas (Figure 2), which are explored in more detail later in this
paper. About ten daylighting and lighting experts are actively supporting different project areas of Subtask D.
Other experts are contributing to the Subtask by conducting case studies in their respective countries.

Fig. 2: Project areas in Subtask D and their interconnections

2.1. D.1. Literature Survey: Quantifying Potential Energy Savings
D.1 collects available scientific knowledge and experience on user-focused lighting systems leading to
significant savings for lighting and related building energy use. In practice, D.1 shows what we know about
integration, as well as the threats and opportunities relevant for the user and energy system choice. The
literature survey is conducted using scientific databases only (e.g. Scopus, Web of Science, Xplore) and it
predominantly includes peer-reviewed journal articles from recent publications (since 2010). Over 400 papers
have been thoroughly scrutinized, but not all of them will be deemed eligible for inclusion in the survey. Other
relevant papers from previous periods have been reviewed and included in the draft of the document.
The fundamental concept on which the literature survey is based assumes that the energy savings may vary,
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and ideally increasing, when lighting components and systems are integrated, even when components and
systems for daylighting, electric lighting, and related controls may have an intrinsic energy-efficiency (Figure
3). Therefore, the literature survey first investigates systems (daylighting, electric lighting, and associated
controls), and then analyzes opportunities and threats of various strategies for their integration. Finally, it
reports on how such integration is already included in existing sustainability and energy rating or certification
schemes.

Fig. 3: Outline of the document in preparation for D.1. Literature Survey

D.1 is already at an advanced stage and a freely available report is expected in 2020. The report will be
available for download at http://task61.iea-shc.org/.
Two main results are expected from the survey:
1) Most importantly, the survey identifies design strategies and methods that rely on the user, rather than
the system, in order to achieve energy savings. We classified such methods as “user-driven
strategies”. Some of the strategies that mostly rely on user interaction are feedback in controls, for
example by displaying individual energy consumption on monitors near the work place (Meerbeek et
al., 2016), the design of manual switch interfaces (Dugar et al., 2011; Maleetipwan-Mattsson et al.,
2017; Sadeghi et al., 2016), persuasive games (Orland et al., 2014), or information strategies (Carrico
and Riemer, 2011). Most of these and similar strategies can be successfully applied in integrated
lighting design, for example, the use of co-located tangible manual switch interfaces for electric
lighting and shading results in more frequent operation of the controls, leading to a more appropriate
visual environment. More information on these and other aspects are provided in Gentile et al. (2019).
Important conclusions on user-driven strategies are that they are insufficiently explored in terms of
energy savings, and that current knowledge relies on too few scientific studies. Therefore, it is difficult
to generalize findings and savings potential. It seems that some studies, generally from the
engineering domain, are particularly detailed in illustrating measured savings, but they may lack
robust theoretical framework at the study design level. Other studies, predominantly from the social
science domain, have a robust theoretical framework for the study design, but they do not provide
quantifiable energy savings. This suggests a need for more interdisciplinary research on the topic of
user-driven strategies.
2) On the technical side, the survey confirms the savings opportunities offered by integrated controls of
shading and electric lighting, which can easily reach more than 60 per cent savings for electric lighting
with respect to traditional systems. Based on recent papers published on controls, we speculate that
rapid development in Visible Lighting Communication and Li-Fi, i.e. data communication via visible
light modulation (Haas et al., 2016), may foster the use of integrated controls. Electric lighting shifts
from being a mere building service to be controlled to being a control mechanism itself (Haas et al.,
2017). Therefore, electric lighting will become a central factor in smart building design and, as
controller, will be intrinsically integrated with other building services. However, the level of
automation of integrated controls should be defined carefully, as users tend to dislike or even sabotage
systems without user override functions. It then becomes a threat to the predicted energy savings.
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Additionally, there is a growing concern with regards to the energy use of the control system devices
themselves. This is a result of booming controls in smart buildings and the increased efficacy of
electric light sources. A report published by the IEA found that the energy use for keeping
connectivity in certain LED smart lamps can exceed the energy used for functional illumination (IEA
4E SSL Annex Task 7, 2016). A recent simulation study based on actual occupancy data projected
that savings from controls become marginal – or they may even be offset – when adequate daylighting
is provided, electric lighting is efficient, and occupancy rates are low (Gentile and Dubois, 2017). To
address this concern, it has been demonstrated that it is technically and economically feasible to aim
for zero standby use for many of these devices (Meier, 2019).
2.2. D.2. Monitoring Protocol
IEA SHC Task 61 deals with system efficiency, and systems include a number of components and aspects that
should be evaluated holistically rather than individually. A thorough evaluation scheme, i.e. a monitoring
protocol looking at the manifold facets of integrated system should be established. This is the purpose of D.2.
D.2 tries to summarize what we should know of integration projects and how this knowledge should be gathered
and evaluated. The protocol should collect and make available a large amount of information, and be able to
summarize this information in an immediate and accessible way.
The monitoring protocol combines scientifically sound technical environmental assessments (TEAs) as well
as observer-based environmental assessments (OBEAs) (Craik and Feimer, 1987). The protocol requires pointin-time field measurements carried out during a couple of days of monitoring, preferably close to solar
equinoxes, conducted with relatively inexpensive and accessible photometric instrumentation. The protocol
welcomes longitudinal investigations for longer periods, if resources are available. The current monitoring
protocol is based on an existing protocol implemented in IEA-SHC Task 50 (Dubois et al., 2016; Gentile et
al., 2016). Additional inspiration is provided by TEAs and OBEAs from different sources, e.g. the European
standards for daylight (CEN/SIS, 2018), the work on circadian potential by Lucas et al. (2014), or validated
OBEAs like the post-occupancy evaluation of daylight in buildings developed by IEA SHC Task 21 (IEA SHC
Task 21/ECBCS Annex 29, 1999).
At the moment, the content of the protocol is dynamic, and it is continuously updated in a feed-forward and
feed-back process alongside the monitoring processes occurring in D.3 Case Studies (Figure 2). This because
D.3 Case Studies includes projects of different nature, and some of the assessments may be irrelevant in some
cases, while other, an perhaps new, assessment methods might be required for other exemplary aspects of a
specific integrated lighting project. If such new assessment methods are being used, they will later be
documented in D.2 Monitoring Protocol.
Despite its dynamic nature, the monitoring protocol always covers the following four macro-areas of
investigation: 1) energy use for lighting, 2) photometry, 3) circadian potential, and 4) user perspective (Figure
4).

Fig. 4: Macro-areas investigated by D.2. Monitoring Protocol

The area ‘energy’ provides information on the energy use for lighting and its associated controls for each case
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study. Considerations on solar gains, or cooling and heating loads from daylighting are also included, although
these might be displayed in rather basic form for some case studies (e.g. simple listing of g-value for the
fenestration system).
The area ‘photometry’ characterizes daylighting and electric lighting via TEAs (or objective assessments), i.e.
metrics measured with technical instrumentation. The simplest example is the Daylight Factor, but other
suitable TEAs are also provided, depending on the case study. When possible, the ‘photometry’ is assessed
largely by using High-Dynamic Range (HDR) imaging, as luminance distribution seems to be an excellent
descriptor for the luminous environment (Kruisselbrink et al., 2018).
The area ‘circadian potential’ gives an indication of the spectral power composition of the light sources at two
extreme points in the space, typically with low and high prevalence of daylight. The circadian stimuli are
assessed via point-in-time-and-space measurements of melanopic lux levels. The melanopic lux levels are
derived from Lucas’ toolbox by entering the measured spectral power distribution at eye level. In most of the
case studies, the latter is measured with a spectro-radiometer in the two conditions of electric lighting only,
and daylight mixed with electric lighting.
Finally, the area “user perspective” includes surveys involving the actual user of the space, e.g. employees in
an office, and interviews with a person responsible for the technical building systems, like the building
manager. Contents of survey and interviews differ based on the characteristics of each case study. For example,
the surveys might focus on the visual environment if an automatic glare control system is being evaluated, or
they might focus more on the acceptance of technology, if the case study introduces a new control system with
some kind of innovative user interface.
Table 1 provides more details about the current assessments required for each macro-area. Please note that
Table 1 serves a purely illustrative purpose and shows just a few of the assessment methods that have been
used for early case study monitoring in D.3.
Tab. 1: Example of the assessments used in the monitoring protocol

Macro-area

Assessment

Details

Energy

Measured energy for lighting
and associated controls

Breakdown energy for illumination and standby

Evaluation of solar gains

Brief description of fenestration system (gvalue, etc.) and qualitative comment

…

…

Daylight factor

Basic characterization of daylighting

Grid-based illuminance
(horizontal or vertical)

Measured for mixed daylighting and electric
lighting

Discomfort glare

Derived by HDR images for critical positions

Directionality

HDR picture of purely diffusive sphere

View out

According to EN17037:2018

Solar exposure

According to EN17037:2018

Circadian
potential

Equivalent Melanopic Lux

Measured for two extreme task positions with
predominantly daylighting and electric lighting.
Derivation based on Lucas et al. (2014)

User perspective

Questionnaire for actual users

Modular questionnaires addressing topic of
interests for the specific case study

Interview with building
management staff

Informal or semi-structured

Photometry
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Early monitoring suggests that the mixed use of TEAs and OBEAs is fundamental for a robust project
evaluation. In fact, some aspects are difficult or impossible to evaluate exclusively with point-in-time
assessments. This maybe the case for system malfunctioning under specific conditions or for discomfort glare
experiences which might only occur at specific times. In such circumstances, the information can be retrieved
only by surveying those continuously occupying the space. Even in the event of a system working as planned,
post occupancy evaluations are important to identify room for improvements.
2.3. D.3. Case Studies: Living Laboratories and Real Buildings
The case studies are the core of this Subtask. They will demonstrate exemplary projects, representing what we
think will inspire lighting practitioners. To date, there are 17 worldwide case studies selected, although this
number may change during the Task. The current list of case studies includes offices, schools, retail spaces,
listed buildings and living labs and cover a wide range of climates (Table 2). A precondition for a case study
to be included is that the spaces are occupied.
Some case studies are already being monitored, for example, an integration project in a large furniture retail
space is presented at this conference (Campama Pizarro and Gentile, 2019). Many of the case studies include
some kind of advanced lighting controls, often steering both daylighting and electric lighting. Some case
studies are particularly interesting for the daylighting part, while those having advanced solutions for electric
lighting rely frequently on automatic tuning of the correlated color temperature (CCT). The latter technology
– also named human centric lighting or circadian lighting (among other names) – seems to gain increasing
popularity in more recent buildings or freshly retrofitted spaces. The vast majority of daylighting and electric
lighting controls included in the selected case studies aim at improving visual comfort (e.g. glare control for
daylighting and contrast control for electric lighting) while saving energy. Type and intent of controls suggest
that the scope of integrated lighting designs is supporting more and more human aspects in addition to energy
savings. More generally, the initial monitoring of case studies shows that many integrated projects are
intentionally planned and designed for aspects beyond energy savings, such as improving the shopping
experience in retail spaces (Campama Pizarro and Gentile, 2019), or increasing the well-being and productivity
of employees. This is important to be highlighted, as it is self-apparent that the building owners’ or
commissioners’ decision to opt for an integrated design is clearly supported by these extra arguments, which
may be economically more relevant for them.
Interestingly enough, even in some cases, where the only scope is to save energy, like for the preschool in
Dalby, Sweden, the human component is central. In that case study, for example, simple manual on-off
switches are installed and the energy saving is achieved by training young children to recognize the importance
of switching off lighting when leaving a room or when daylight provides adequate illumination.
Tab. 2: List of case studies currently included in the monitoring of IEA SHC Task 61/EBC Annex 77- Subtask D
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City, Country

Space use

Distinctive feature

Primary goals for the
design

Aldrans,
Austria

Living lab – office type

Advanced lighting controls

Energy savings, visual
comfort, improve
daylighting

Boa Vista,
Brazil

Offices

Advanced daylight architecture

Maximizing daylighting
while providing adequate
visual comfort

Boa Vista,
Brazil

Offices

Advanced daylight architecture

Maximizing daylighting
while providing adequate
visual comfort

Brasilia,
Brazil

Offices

Advanced lighting controls

Energy savings, visual
comfort

Beijing, China

Educational / meeting
room

Daylighting tubes integrated
with electric lighting controls

Energy savings, visual
comfort, improving
daylighting
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Beijing, China

Offices

Daylight-linked control for
electric lighting

Energy savings, visual
comfort

Shekou, China

Offices

Integrated daylighting and
electric lighting

Energy savings improve
daylighting

Aarhus and
Copernhagen,
Denmark

Offices, classrooms,
health-care facilities

Daylight-linked control for
electric lighting, integrated
daylight and electric lighting,
circadian lighting

Energy savings, visual
comfort, shading, health
benefits

Kaarst,
Germany

Furniture retail facility

Daylighting even in
showrooms, daylight control for
electric lighting and blinds,
human centric lighting

Improve shopping
experience, energy savings

Stuttgart,
Germany

Living lab – office type

Advanced day-/electric lighting
control based on contrast in the
field of view

Energy savings, visual
comfort

Stuttgart,
Germany

Living lab – office type

Façade Integrated Day- and
LED-Lighting Based on MicroOptical Components

Energy savings, improving
daylighting

Lüdenscheid,

Offices

Daylighting and electric
lighting controls

Energy savings, visual
comfort, improve
daylighting

Aversa, Italy

Cellular office

Integration of daylight-linked
control for electric lighting in a
listed building

Energy savings, visual
comfort, minimization of
invasive installations

Sandvika,
Norway

Offices (cellular and
landscape)

Several types of advanced
daylight controls

Energy savings, visual
comfort

Lund, Sweden

Preschool

Training of children in the use
of manual switch on-off

Maximizing energy
savings with low-tech
solutions

Fribourg,
Switzerland

Living lab – office type

Advanced controls for electric
lighting with innovative with
tuneable CCT

Energy savings, visual
comfort

Germany

2.4. D.4. Lessons Learned – Guidance to Decision Makers
The final step in Subtask D is to summarize and present the information collected in the previous project areas
as “lessons learned”.
The lessons learned aim at drawing relevant and generalizable conclusions from the case studies, in a way that
they can be useful for façade and lighting designers, and related professional groups, as well as building owners
and users engaged in the design process. Given these target groups, the lessons learned should also be easily
understood by a non-specialist audience. The lessons learned are mainly drawn from the case studies, but
findings from the monitoring are cross-checked with information retrieved by the literature review (Figure 2).
This document is expected to be available at the very end of the project and its format is currently being
discussed by the experts.
3. Project timeline and concluding remarks
This paper described the content and current status of IEA-SHC Task 61/EBC Annex 77 “Integrated Solutions
for Daylighting and Electric Lighting - Subtask D: Lab and field study performance tracking. The project will
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end in June 2021, i.e. about 24 months from the time of writing. At the moment, some early case studies have
been monitored, while others are expected to be monitored around the next two equinoxes (September 2019
and March 2020). New case studies will be accepted until the second half of 2020, while 2021 will be dedicated
to the collection of findings and the writing of D.4. Lessons Learned.
The first deliverable, which is the D.1. Literature Survey, is on schedule at the time of writing. The final
document is planned for publication in the first half of 2020. The document should be available shortly
afterwards on the Task website. As mentioned in the paper, the progression of D.2 and D.3 is interdependent
and they are expected to be completed by the end of 2020, and published at the end of the task. The final
deliverable D.4 will be available at the end of the Task, after June 2021.
Few early remarks can be drawn from the experience gained so far. On the literature side, it seems that a more
extensive and carefully considered use of integrated controls will foster the adoption of integrated lighting
design. This will raise the need for appropriate design software. Its characteristics are preliminary discussed
elsewhere in this Task (Subtask C). Despite integrated controls playing a central role in future planning, the
literature shows that the human component is just as fundamental as the technical one; in particular, a better
understanding of user cognition, perception and behavior may unleash unexpected energy savings.
On the case studies side, it seems that the energy aspect is often just one of the aspects driving integrated
lighting design. On one hand, it is important for designers to provide energy-efficient integrated design, so that
societal challenges are addressed. On the other hand, designers should be ready to support the design with
other arguments addressing the building owners’ and users’ needs.
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Abstract
The interest for Building Integrated Photovoltaic (BIPV) systems has gradually increased in the last decades. They
represent a way to move buildings from passive to active in terms of energy production without substantial
increase of costs.
By their conception and implantation, BIPV are able to exploit the solar potential in complex configurations.
Indeed, in a dense urban context, multiple phenomena that have impact on power generation potential occur
(shading, inter-building reflections, wind channeling, etc.). In addition, they could be installed on vertical walls,
where the intrinsic potential is lower but surges with urban densification as façade areas are bigger than roofs. In
such configuration the urban environment has a huge effect on operating conditions due to interaction with the
ground and with the surroundings buildings.
This study is a confrontation between numerical and experimental results aiming to evaluate the accuracy of two
models of production (one power model and one single-diode model) and the necessity of taking into consideration
local meteorological conditions instead of weather of typical day.
Keywords: transient energy production, photovoltaic (PV) solar collectors, power generation models,
multifunctional building envelopes, urban environment, microclimate simulation

1. Introduction
Most of studies dedicated to the evaluation of solar potential in urban areas only focus on horizontal façades
because their potential are generally higher (Horváth et al. (2016), Sarralde et al. (2014), Zhang et al. (2019)).
Nevertheless, in a context of urban densification the façade/roof ratio increases. Thus, as shown by DíezMediavilla et al. (2019), the potential of the accumulated vertical façades can surpass the one of roofs (twice
higher in summer and even three times greater in winter). Yet the production models for the latter are much more
developed than the one for vertical walls.
During the last decades, increasing focus has been put on the solar potential of buildings on urban areas. The
methods for solar potential assessment range from very simple ones, like on-field measurements, to more
sophisticated ones, like GIS1/LiDAR2. The latter are more accurate and applicable at the largest scale. Petrichenko
et al. (2019) used LiDAR method to assess the solar energy potential of rooftops of New-York City. Brito et al.
(2017) have extended this kind of study to vertical façades. Aggregated both horizontal and vertical façades can
contribute to 50 % to 75 % of the annual electricity demand. As shown by Lobaccaro et al. (2018), vertical façades,
and more specifically their upper parts, which are less frequently shaded, can significantly contribute to this energy
production.
Even if solar potential can be used to produce thermal energy, most of the studies (as well as this one) only
1
2
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consider the PV production. In this context, BIPV (Building Integrated Photovoltaics) systems offer a good way
to take advantage of the solar potential to turn buildings from passive to active in terms of energy production
without having a negative influence on indoor or outdoor comfort (Jelle et al. (2012)) and negative aesthetic
rendering.
In this paper, two models of power generation, which take the close environment of the studied building into
account, are considered. They may be a useful tool for urban planners or energy producer as the cities are
becoming greener with buildings moving from passive to active in terms of energy production. Tools aimed at the
general public, such as solar cadaster, are currently under development. They are meant to help increase the use
of solar technology in cities and therefore to move the energy mix towards sustainable and clean energy. This is
the main aim of the G2 Solaire project, focusing on the solar potential of buildings’ façades of the greater Geneva,
Switzerland.
This study relies on a confrontation between numerical and experimental results. The electrical power produced
on façades is measured and compared to the one predicted by the two production models. The latter are calculated
with the output data from a simulation carried out with ENVI-met, an urban microclimate simulation software.
Thus, this article is broken into two main parts. The first part is dedicated to the presentation of the two developed
models. In a second part, the models are applied successively to measurements and simulated data in order to
evaluate their accuracy. Finally, the results are discussed and the outlooks are presented.

2. Developed models
Two PV production models, the first one based on the power generation and the second one on equivalent diode
circuit, have been developed for the evaluation of the power generation potential of buildings’ façades. They are
presented in detail in the two following sections.
2. 1. Power model
The first implemented model is a power model. It means that the output power of the PV panel is proportional to
the solar irradiation and inversely related to the surface temperature of the PV panel (see eq.1). This model is a
simplified version of the model proposed by Myers, 2009 and used by Govehovitch et al. (2018).
𝑃𝑜𝑢𝑡 = min (𝑃𝑚𝑎𝑥𝑆𝑇𝐶 ×

𝐺
𝐺𝑆𝑇𝐶

× (1 + 𝛾(𝑇 − 𝑇𝑆𝑇𝐶 )), 𝑃𝑚𝑎𝑥𝑆𝑇𝐶 )

(eq. 1)

where Pout (W) is the output power of the PV panel, Pmax (W) is the maximal power that the PV panel can generate,
G (W/m2) is the solar irradiation, 𝛾 (%/°C) is the temperature coefficient of P max and T (K) is the surface
temperature of the PV panel. The subscript STC stands for Standard Test Conditions (𝑇 = 25 °𝐶 ; 𝐺 =
1 000 𝑊/𝑚2 ; 𝐴𝑀 = 1.5). The minimum function is used to ensure that the calculated output power does not get
higher than the maximum power of the PV panel (it can occur numerically, but would have no physical meaning).
The main strength of this model is its ease of implementation. However, for this model, the PV panel is assumed
to operate at the maximum power point (MPP), regardless of what the weather conditions are. In addition, the
temperature coefficient of maximum power is a set parameter although it depends on the nature of the PV material
and its degree of aging.
This assumption may have an important impact on the power generation estimation by overestimating the actual
performances of the PV panel. Indeed, the evolution of a PV panel is not linear and depends on multiple
parameters, including solar irradiance, surface temperature and wind speed. Thus, the further from the MPP the
PV panel operates, the less accurate the power model.
2. 2. Single-diode model
The diagram below (from the work of Tian et al. (2012)) represents the equivalent circuit for a solar cell, which
is a semiconductor device that is able to convert sunlight into electricity. This equivalent circuit can be extended
to a module (cells connected in series) and to a PV array (cells connected in series and in parallel).
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Figure 1: Equivalent circuit for a solar cell

This single-diode model is a simplification of the double-diode model proposed by Chan and Phang, 1987. As
shown by Ahmad et al. (2016) the double-diode model provides better efficiency than the single-diode model.
Nevertheless, it requires the evaluation of seven parameters, making its implementation more difficult for reasons
related to computational costs. The single-diode model reduces the number of parameters to five:


the photocurrent Iirr (A),



the diode saturation current I0 (A),



the ideality factor n (∅),



the shunt resistance Rp (Ω),



the series resistance Rs (Ω).

As previously said and unlike the power model, the single-diode model is able to take into consideration the
variation of the PV panel I-V curves, which are depending on both the temperature and solar irradiation. This
improves the accuracy of the single-diode model, compared to the power model. Nevertheless, it assumes that the
recombination loss in the depletion region is negligible, which may be a strong assumption, especially at low
voltages.
Taking into consideration the variations of the output current and voltage is important to improve the accuracy of
the prediction of power generation. Thus, the single-diode model is expected to be more accurate than the power
model, while not dramatically increasing computational cost. The greater accuracy of the single-diode model is
due to the presence of the diode. Thus, this model takes better account of the actual behavior of the PV technology,
while the power model relies on linear relation between output power and solar radiation and PV panel
temperature, from a reference point.

3. Study performed
3.1. Studied building
The studied building is a test building located in the R&D Laboratory of EDF 1 in southeast of Paris. On the lefthand side of the figure 2 is represented the actual building and the modelled one is shown on the right-hand side.
The grey building is about 25 m south of the ETNA building. It may represent a mask for it and then have an
influence on the solar potential of the façades.
As a test building, it has plenty of different sensors. In this way, twenty thermocouples are installed on the vertical
and slanted walls, as well as pyranometers. In addition, a weather station is installed on the roof to get local
climatic conditions (air temperature, wind velocity and direction, solar irradiance (total and direct, what enables
to deduce the diffuse irradiance)).

1
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Figure 2: Test building ETNA – EDF R&D Lab. (Real building on the left-hand side – Modeled domain on the right-hand side)

The use of local meteorological measurements is important to improve the accuracy of the results. Indeed, as
demonstrated (Kyriakodis and Santamouris, 2018), the Urban Heat Island (UHI) effect may exceed 6 °C to 7 °C.
The weather stations being usually installed in rural areas (typically airports) the provided temperatures may
induce by themselves a bias in the energy production assessment of several percent.
In addition, on-site measurements can be used as inputs for simulations. Thus, the more accurate the
measurements, the more accurate the experimental/numeric comparison.
3.2. Input data for the PV models
In this study, the simulations were done with the version 4.4 of the software ENVI-met. ENVI-met is a prognostic,
three-dimensional, high-resolution microclimate model, which is specifically designed to simulate phenomena
that occur in urban environment (Bruse and Fleer, 1998).
In ENVI-met, the aerodynamics equations are solved using a RANS (Reynolds Averaged Navier-Stokes) method.
Buoyancy effect is also taken into account with the Boussinesq’s approximation. Regarding radiation, both direct
and diffuse parts are taken into consideration and treated as two ranges of wavelengths wavelengths. The radiation
reflections are playing a greater role as the urban environment gets more and more dense. They are all addressed
via the albedo and the inter-building reflections (the latter being evaluated for shortwave radiations only).
The computational domain (shown in the right-hand side of figure 2) has a spatial resolution of 1 m in all
directions. It allows getting precise results in terms of spatial heterogeneity regarding values such as surface
temperature and solar irradiance.
The input data for air temperature and humidity, wind speed and direction and solar irradiation for the day of the
15th October 2012 are presented in the figures 3 to 5. The solar radiation is broken into two parts:
1.

The shortwave radiation, with wavelengths ranging between 290 and 400 nm,

2.

The longwave radiation, with wavelengths ranging between 400 and 2500nm.
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Figure 3: Evolution of ambient temperature and absolute humidity during the day
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Figure 4: Evolution of wind speed and direction during the day

In ENVI-met, the reference angle (0°) corresponds to a wind from the north. A wind from the east corresponds to
an angle of 90°. The other angles are set clockwise.
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Figure 5: Evolution of shortwave and longwave radiation during the day

The day of Monday 15th October 2012 is then a sunny day and not windy day, given the season of the year, with
a peak of shortwave solar radiation measured on the vertical façade above 750 W/m² and a wind speed between
1.5 km/h and 7.2 km/h. Yet the temperature level stays low, ranging between 1.4 °C and 13.4 °C, while the relative
humidity stays relatively high (between 60 % and 100 %).
As recommended (Bruse, 2015), the last 12 hours of 14th October have been simulated only in order to spin up
the model and to get rid of the influence of the initial conditions on the results. Thus, 36 hours are simulated but
only the 24 last hours are used for analysis.

4. Results and discussion
The experimental/numeric comparison is based on the results of the day of October 15th, 2012. They are used to
evaluate the accuracy of the two models presented in section 2.
4. 1. Application of the models to the local measurements
The figure 6 compares the measured PV power generation on the façades to the modelled ones. The models are
applied to the local measurements of surface temperature and solar irradiation recorded on the prototype.
Measurements are carried out every minute. It makes possible to assess the accuracy of the models regarding the
evolution of actual operating conditions (i.e.: intermittency).
Figure 6 shows that both models react to high frequency changes in surface temperature and solar irradiation. It
highlights the ability of these models to give full account of the variations in operating conditions. However, it
can be noticed a global overestimation of the power generation by the power model (in orange in the figure 6)
and, albeit to a lesser extent, by the single-diode model (in blue in the figure 6). This is particularly marked before
9:00 am. Nevertheless, this overestimation is not due to the production models themselves but to the operating
and regulating modes of the PV façade. Indeed, the estimated power is consistent with the solar radiation curve
(see figure 5). The shortwave solar radiation starts rising at 6:00 am with a first peak at 380 W/m² at 8:30 am,
corresponding to the first peak of predicted production of about 200 W.
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Figure 6: Comparison between the on-site measured power and the modelling results

Regarding the comparison of the two models, according to the table 1, the single-diode model is more accurate
than the power model. Indeed, the lower the RMSD (Root Mean Square Deviation), the more accurate the model.
RMSD and NRMSD (Normalized Root Mean Square Deviation) are defined as follows (eq. 2 and 3):
𝑅𝑀𝑆𝐷 = √
𝑁𝑅𝑀𝑆𝐷 =

2
∑𝑁
𝑛=1(𝑃𝑛 −𝑂𝑛 )

(eq. 2)

𝑁
𝑅𝑀𝑆𝐷

(eq. 3)

𝑂𝑚𝑎𝑥 −𝑂𝑚𝑖𝑛

where N is the number of observations, P is the predicted value and O the observed value. The subscripts max and
min refer to the maximum and the minimum of the observed values, respectively.
Table 1: RMSD and NRMSD of the two production models applied to measurements

Production model

RMSD

NRMSD

Power model

75.3 W

11.4 %

Single-diode model

64.2 W

9.7 %

4. 2. Application of the models to the simulated meteorological data
As solar irradiance is measured in a single spot, the results of simulation carried out with the meteorological tool
ENVI-met are aggregated over the whole green façade (see the left-hand side of figure 2). On the other hand,
measured data are averaged in bouts of five minutes. This corresponds to the shortest time period allowed by
ENVI-met for the values outputs.
The comparison between the predicted power generation from the simulated data and the measured one is
presented in figure 7.
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Figure 7: Comparison between the on-site measured power and the one from simulated data

The overall behavior noticed in figure 6 is also present in figure 7. Indeed, both models respond to solar radiation
changes. The estimated production before 9:00 am is also present but does not reflect any bias in the model since
it is consistent with the solar radiation on the façade (see figure 5).
The higher accuracy of the single-diode model is also confirmed, as shown in table 2. However, the power
generation results from the simulated data seem less accurate than the one from measurements, as evidenced by
the increase in RMSD (respectively +30 % for the power model and +20 % for the single-diode model). This is
due to the time interval of the data (five minutes for simulated data against one minute for measurements). This
underlines the need to take the intermittency of solar radiation into account in order to improve the accuracy of
the power generation prediction.
Table 2: RMSD and NRMSD of the two production models applied to simulation results

Production model

RMSD

NRMSD

Power model

98.0 W

19.5 %

Single-diode model

77.3 W

15.3 %

4.3. Comparison of results between a typical day and on-site measurements
Typical day values1 are often used in simulation whereas they can be widely separated from the on-site
measurements. Thus, it is important to compare them and to evaluate the impact of using typical values instead of
actual values.
As shown in figure 8, the shortwave radiation on the site of ETNA building is very different from the one of a
typical day at the same location and the same day of the year. However, the total energy from the shortwave
radiation over the day (the integral of the total shortwave radiation) is only 1.5 % higher for the on-site
measurements than the one of the typical day.

1

Typical days are defined as International Weather for Energy Calculations (IWEC), which are the results of
ASHRAE Research Project 1015 (ASHRAE, 2001).

1809

B. Govehovitch ISES SWC2019 / SHC2019 Conference Proceedings (2019)

900
800

Solar radiation (W/m²)

700
600
500
400
300
200
100
0

Time (h)
SW direct (measured)

SW diffuse (measured)

SW total (measured)

SW direct (typical day)

SW diffuse (typical day)

SW total (typical day)

Figure 8: Comparison of shortwave radiation on ETNA building and for a typical day (October 15 th, 2012)

As expected and shown in figure 9, the predicted power generation does not match with the measured power
generation. Indeed, both measured and predicted power generation follow their respective radiation curves. Thus,
the power generation in the morning is underestimated whereas the one in the afternoon is greatly overestimated.
This leads to a global overestimation of power generation for both models. Nonetheless, the single-diode model
comes out better than the power model with an overstatement of 53 % compared to the measured power against
63 % for the power model.
In terms of instantaneous values, the difference is even more staggering. Indeed, the NRMSD exceeds 20 % for
both the models, which is higher than the result obtained in the previous section. It highlights the importance of
taking into account the local climatic conditions in order to get results as accurate as possible.
Table 3: RMSD and NRMSD of the two production models applied under conditions of a typical day
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Production model

RMSD

NRMSD

Power model

88.4 W

21.0 %

Single-diode model

88.8 W

21.1 %
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Figure 9: Comparison of the modeled PV generation with typical day radiation and measured power generation

As shown in figure 9, the instantaneous relative errors of the models can reach high levels (more than 2 500 %)
in the afternoon. This is due to the fluctuations in the on-site solar radiation that cannot be reproduced by the curve
of a typical day.
The same amount of incoming energy between a typical day and on-site measurements leading to a very different
instantaneous power generation highlights the need to reason in terms of power and not only in terms of energy
to accurately predict power generation. Indeed, electricity is a type of energy that can hardly be stored at district
scale. Thus, electrical power shall be consumed when it is produced. Reliable and accurate prediction of power
generation is then necessary to exploit the full solar potential of vertical façades at district scale.
3 000 %
2 500 %

Relative error

2 000 %
1 500 %
1 000 %
500 %
0%
- 500 %

Power model

Single diode model

Figure 10: Time evolution of the relative errors
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It should be noted that, in this case, the values are aggregated in bouts of 15 minutes. As mentioned in the previous
section, it may have an impact on the accuracy of the results. In addition, the intermittency cannot be evaluated in
these conditions.

5. Conclusion and outlooks
This study demonstrates the possibility to use ENVI-met to evaluate the PV power generation potential of vertical
façades. Among the proposed models, the single-diode model appears to be more accurate. Despite a higher
computational cost, it turns out to be a good compromise between ease of implementation and accuracy. Then it
can certainly be used to evaluate the PV potential at district scale.
In addition, the use of local measurements in ENVI-met instead of generic results from IWEC shows a significant
improvement in the prediction of power generation. This highlights the need for using the most accurate input
data for the microclimate simulation. Nonetheless, it positions ENVI-met as a useful tool for urban planners and
energy producers in the perspective of making the cities greener.
Some issues still need a deeper investigation. Indeed, this study emphasizes the importance of taking the
intermittency of solar radiation into account. However, because of a lack of information (only one point of
measurements for the solar radiation), the influence of the spatial heterogeneity was not assessed. In a context of
dense urban environment, phenomena such as shading occur frequently and have a negative impact on the solar
energy potential. On the contrary, inter-building reflections have a positive and non-negligible impact
(Govehovitch et al. (2018)) that also need to be considered.
As previously demonstrated (Kawamura et al. (2003), Salam et al. (2010)), the accuracy of the single-diode model
decreases when the PV panel is shaded. In the context of urban installation of PV panels, shadings occur very
often. Then, despite the higher computational cost of this model, a comparison between single- and double-diode
models may be interesting to evaluate the possibility of implementing this model for the evaluation of PV power
generation at district scale.
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Abstract
Life-cycle costs (LCC) and life cycle environmental impact analyses (LCA) of several alternative technical solution sets
identified to reach NZEB and beyond NZEB levels for new multifamily buildings in four European countries (Denmark,
Germany, Slovenia and Italy) have been carried out as part of the work of a current EU Horizon 2020 project “Cost
reduction of new Nearly Zero-Energy Buildings – CoNZEBs (NZEBs)” (www.conzebs.eu). Some of the results obtained
are quite remarkable as they indicate that a balance point between energy saving measures and renewable energy (solar)
supply has been crossed. In other words, the LCC and LCA results show that both for economic and environmental
reasons it pays off to reduce insulation levels and introduce PV-systems and/or solar heating systems for near zero energy
buildings. This paper present the main picture of the results achieved.
Keywords: cost reduction, life-cycle costs, life-cycle environmental assessments, global warming potential, nonrenewable primary energy

1. Introduction
EU Horizon 2020 (https://ec.europa.eu/programmes/horizon2020) research project “Solution sets for the Cost reduction
of new Nearly Zero-Energy Buildings – CoNZEBs” (06.2017-11.2019) (www.conzebs.eu) identifies and assesses
technology solution sets (SS) that lead to significant cost reductions of new Nearly Zero-Energy Buildings in Denmark,
Germany, Italy and Slovenia. The focus of the project is on multi-family houses. The project started by setting baseline
costs for conventional new buildings, currently available NZEBs and buildings that go beyond the NZEB level (Erhorn‐
Kluttig H, et al. 2017). The second step was to identify multi-family buildings designed and constructed in ways, which
are typical for the national building traditions, i.e. buildings that are typically seen in the four countries. The Italian and
Slovenian reference typical buildings are based on selected real buildings, while the Danish and the German are purely
theoretical buildings (figure 1). The designs are not that different, the differences lies in the ways of construction.

Danish

Italian

German

Slovenien

Figure 1. Illustration of the selected typical multi-family houses used as reference for the CoNZEBs LCA and LCC
analyses in Denmark, Germany, Italy and Slovenia.
These typical buildings has then been designed to meet national requirements for NZEBs. Thirdly, analyses of possible
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alternative sets of solutions that show the same calculated energy performance, but have lower investment and potentially
lower energy cost were carried out and documented (Wittchen et al. 2018). The technology solution sets includes
approaches that can reduce costs for installations or generation systems, pre-fabrication and construction acceleration,
local low temperature district heating including renewable energy systems (RES) in the form of solar heating and
photovoltaic solar systems (PV), and hot water saving installations. Obviously, the solutions sets differ substantially
between the four participating countries due to differences in prevailing construction technology and climates.
All solution sets have been assessed by life cycle costs (LCC) analysis and life cycle environmental impact analyses
(LCA) providing a longer-term perspective than the construction costs. The results of the LCC and LCA analyses are to
be compared to those obtained for conventional buildings built according to current building regulations, here referred to
as minimum Energy Performance (minimum EP) buildings, conventionally built NZEBs and to buildings going beyond
the NZEB levels.
The LCA had primary focus on the Global Warming Potential (GWP) - CO2 equivalent-emissions (kg CO2eq/m²) and the
use of non-renewable primary energy (NR-PE).
National tools have been used to assess the energy performance of the solution sets, the national tools are shortly listed
here. Denmark: ASCOT_LCA (Mørck et al. 2015) based on the ISO EN 13790 standard for energy calculations.
Germany: IBP:18599 developed by Fraunhofer IBP based on the DIN V 18599. Italy: EDILCLIMA , version EC700,
which is based on relevant CEN standards and adapted for the specific Italian context and legislative framework. Slovenia:
KI Energija is a software based on a national technical guideline for efficient energy use, which is prepared based on all
relevant EN ISO standards regarding buildings energy efficiency, e.g. SIST EN 13790, SIST EN ISO 13789 , regulations
and technical guides. However, the Danish tool, ASCOT_LCA, has been further developed to handle the input from the
four countries for the developed solutions sets. Thereafter this tool was used for the LCC and LCA analyses of the
developed solution sets in all four countries.
ASCOT_LCA was first developed in a Danish R&D project and then further developed within the EU (FP7) project
“School of the Future” (http://www.school-of-the-future.eu) and the IEA EBC Annex 56 - Cost Effective Energy and
Carbon Emissions Optimization in Building Renovation (http://www.iea-annex56.org).

2. Assumptions and prerequisites
The factors (see Table 1) used to calculate global warming potential (GWP) and NR-PE from the calculated energy
demands are quite different among the four countries. These factors reflect the present energy supply mix in each country.
.
Tab 1: NR-PE and GWP factors used for the use phase LCA calculation for each country. Sources are be found in Gutierrez et al. (2019) at
www.conzebs.eu

Country

Energy source

NR-PEF
[kWh/kWh]

GWP, CO2.Equivalent
[kg/kWh]

Denmark

District heating

0.46

0.248

Electricity

0.86

0.649

Germany

District heating

0.7

0.1517

Natural gas

1.1

0.24

Electricity

1.8

0.55

District heating

1.0

0.254

Natural gas

1.1

0.237

Electricity

2.5

0.602

Natural gas

1.05

0.200

Electricity

1.95

0.445

Slovenia

Italy
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3. The identified solution set with lower investment
costs
Identified solution sets for NZEB presenting lower investment costs than the typical national NZEB are been presented
in detail in the report of the CoNZEBs project (Wittchen et al. 2018). In this paper, the solution sets are briefly presented
in each national (for Italy two climates) chapter. The solutions (technical and/or constructional) constituting the selected
solution sets are quite different for each location. The solution sets in each country has been numbered, for example DK1DK5 in Denmark.
For Denmark, they comprise:
DK1. High efficiency insulation in exterior walls resulting in lower construction cost for foundations, window fittings
and roofs.
DK2. Reduced insulation in walls, roof and floor; DHW solar heating.
DK3. Four-layer windows; Heat recovery on grey wastewater; Natural ventilation (illegal in current legislation).
DK4. Reduced insulation in walls, roof and floor; decentral mechanical ventilation; energy efficient water fixtures.
DK5. Reduced insulation in walls, roof and floor; Decentral mechanical ventilation; PV-panels on the roof .
The German solution sets are based on alternative heating and ventilation systems instead of the typical system of a
condensing gas boiler with solar thermal support and mechanical exhaust ventilation and include:
DE1. Decentral direct electric heating (e.g. heated glass or marble plates) and decentral direct electric DHW system,
decentral ventilation system with heat recovery, roof PV panels, heat recovery from shower wastewater and
reduced insulation level.
DE2. Central supply and exhaust ventilation and heating system with air-air heat pump, decentral electrical DHW
heater and heat recovery from shower wastewater and reduced insulation level.
DE3. Central combined heating and DHW system with district heating, central exhaust ventilation system and reduced
insulation level.
DE4. Central heating system with exhaust air-water heat pump in central exhaust ventilation system supported by
condensing gas boiler, decentral DHW heat exchange modules, roof PV panels and reduced insulation level.
Due to the better efficiency and/or lower primary energy factor of the alternative systems, the insulation level of the
building envelope could be reduced, while still fulfilling the NZEB requirements.

In Italy – two climates: Rome and Turin – other new technologies are:
ITR1. Cheaper construction of external walls and windows. Condensing boiler for both heating and DHW production.
ITR2. Cheaper construction of external walls and windows. Heat pump for both heating and DHW supply. No use of
solar thermal collectors.
ITR3. Cheaper construction of external walls and windows. Electric radiators for space heating mainly supplied by the
PV panels.
ITR4. Cheaper construction of external walls and windows. Condensing boiler for both heating and DHW production.
Reduction of PV panels based on real needs.
ITT1. Cheaper construction of external walls and windows. Condensing boiler for both heating and DHW production.
Combined use of solar collectors both for heating and DHW.
ITT2. Cheaper construction of external walls and windows and extra insulation in the envelope. Condensing boiler for
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both heating and DHW production. Combined use of solar collectors both for heating and DHW. Mechanical
extract ventilation.
ITT3. Cheaper construction of external walls and windows. Air water heat pump for both heating and DHW supply. No
solar collectors.
ITT4. Cheaper construction of external walls and windows and extra insulation in the envelope. Air water heat pump for
both heating and DHW supply. No solar collectors. Mechanical extract ventilation.
ITT5. Cheaper construction of external walls and windows and extra insulation in the envelope. Electric radiators for
space heating mainly supplied by the PV panels.
In Slovenia new technologies taken into consideration are:
SK1. District heating as generation for heating and DHW; use of mechanical ventilation with 85% heat recovery; better
airtightness.
SK2. Air heat pump as generation for heating and DHW; use of mechanical ventilation with 85% heat recovery; triple
glazing windows; better airtightness
SK3. Air heat pump as generation for DHW; condensing gas boiler for heating; use of mechanical ventilation with 85%
heat recovery; triple glazing windows; better airtightness.
SK4. Air heat pump as generation for heating and DHW; roof PV panels; use of hygro-sensible ventilation system; triple
glazing windows; better airtightness

There is thus quite a large variation of technologies combined into different solution sets. Solar heating and PV are among
the technologies used in all countries. The other technologies differ significantly and seen together with the different
GWP and NR-PE factors it becomes clear why no attempt has been made to compare results between the countries.
Representative GWP and NR-PE results
To illustrate the main results of this work some of the plots from the different national parts have been selected to be
presented here in this paper. These are comparison (minimum energy performance (EP) as basis) plots for the LCA and
LCC results for the typical NZEB, the range obtained for the NZEB solution sets and for beyond NZEB buildings.
The first selection of plots shows the comparison of the GWP for Denmark and Rome – figure 2 and figure 3. These two
plots are representative for all five plots from the national parts. All improved energy performance level buildings show
decreased GWP numbers. The ranges are different, as explained above due to both the different conversion factors used
and to the different construction traditions and finally to different energy requirements in the countries.
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Fig. 2: GWP for the different improved energy performance levels compared to minimum EP – Denmark

Fig. 3: GWP for the different improved energy performance levels compared to minimum EP – Rome, Italy

Similarly, the next two plots represent the results for non-renewable primary energy (NR-PE) from all the five climates
(for Italy, the calculations were made fort two climates: Rome and Turin). Here results have been selected from Germany
– figure 4 and Slovenia – figure 5. Again, the plots show that from an environmental point of view all the buildings with
improved energy performance exhibit very good results. Same reasons for the differences in the ranges between the
countries as mentioned above for the GWP.
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Fig. 4: NR-PE for the different improved energy performance levels compared to minimum EP – Germany

Fig. 5: NR-PE for the different improved energy performance levels compared to minimum EP – Slovenia

It needs to be emphasised at this point that the GWP and NR-EP calculations do take into account the energy use at the
production stage of the energy saving and renewable energy producing measures. The plots show that these “investments”
are outbalanced by the reduced energy use over the building’s lifetime compared to the minimum EP building levels.

4. Representative LCC results
Looking at the LCC results – expressed in net present value (NPV) - there are larger differences between the five locations.
Two countries, Germany (figure 6) and Slovenia (represented by figure 6), show increased expenses (NPV) for all the
improved building levels. As it can be seen on figure 6 the results for typical NZEB and for the range of the solution sets
show that the NZEB level in Germany can be reached at almost the same NPV costs as that of minimum EP buildings.
The costs of reaching the beyond NZEB level is however too high to be balanced by the financial value of the energy
savings. It should be noted, though, that for Germany the beyond NZEB level is a plus-energy house including household
electricity consumption. For Slovenia, the NPV is significantly above that of the minimum EP for all the improved
building types.
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Fig. 6: NPV for the different improved energy performance levels compared to minimum EP – Germany

Denmark represents the picture in between. Here one of the solutions sets and the building built beyond the NZEB level
have lower total costs (NPV) than a minimum EP building- see figure 7. However, the typical NZEB and the other
solutions sets show higher costs.

Figure 7:

NPV for the different improved energy performance levels compared to minimum EP – Denmark

The two Italian climates show quite different results. In Rome all the solution sets and the beyond NZEB building show
reduced total costs (NPV) compared to the minimum EP and the typical NZEB almost the same cost – see figure 8. For
the Turin situation, only the analysed solution sets show lower total costs than the minimum EP building. Both the typical
NZEB and the beyond NZEB buildings have higher costs – see figure 9.
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Fig. 8: NPV for the different improved energy performance levels compared to minimum EP – Rome, Italy

Fig. 9: NPV for the different improved energy performance levels compared to minimum EP – Turin, Italy

All improved energy performance levels show clearly improved environmental results compared to the minimum EP
building levels in all locations. The picture is more varied when looking at the total costs from the LCC analysis. For
Slovenia and Germany, it does not pay off to aim at a better energy performance than the minimum energy performance
level at this moment, whereas in the other three countries some of the solution sets also show good financial results.

5. Conclusions
Summary of the results for each climate
Denmark
All solution sets show improved NPV compared to the typical NZEB. However, when comparing them to the minimum
EP level only one of the solution sets (DK3 – based on natural ventilation) comes out with a lower NPV. It is very
interesting that the buildings designed and built to the beyond NZEB level actually show better LCC than the buildings
built to minimum EP due to the financial value of the large energy savings of a 0-energy house.
When comparing greenhouse gas emissions in the form of kg CO2,eq./m² and non-renewable primary energy over the 30
year period of the LCA analyses all solution sets, the typical NZEB and the beyond NZEB all show improved
environmental results compared the minimum EP building.
The right choice for the future will depend on the local energy infrastructure. If the building is located outside a district
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heating area , the best solution may be to design and build beyond the NZEB level, whereas in the situation where a CO2neutral supply within relatively few years can be expected a DK3 NZEB would be the right choice, provided special care
is taken to assure adequate ventilation rates.
Germany
The results of the LCA analyses for Germany show that the typical NZEB, the range of solution sets and the beyond
NZEB level are more environmental friendly than the minimum EP building. This is true for both the examined parameters
(global warming potential and non-renewable primary energy use). Thanks to the changes in heat generation, ventilation
and the huge PV system, the beyond NZEB has a much lower environmental impact than the typical NZEB, since the
savings during the use phase dominate the higher embodied energy for these building levels.
None of the alternative NZEB solution set was able to generate a lower net present value than the minimum EP level, but
three solution sets only result in a slightly higher net present value of about 20 €/m² (net floor area) or lower. This means
additional costs of 0.055 €/m² per month or 3.67 €/month per average apartment. These rather low additional costs should
be accepted when building a new multi-family house, even more when carbon taxes might be introduced in the EU
member states in the near future.
Italy – Rome
The LCA results show that the best performing solution in the long term perspective of 30 years is ITR2 with a reduction
of non-renewable primary energy up to 335 kWh/m2 and a reduction of greenhouse gas emissions up to 2 kg CO 2eq./m2
compared to a typical NZEB.
LCC results show that the most profitable solution is ITR4, both in terms of investment costs (up to 93 €/m2 less than the
typical NZEB) and net present value over 30 years (up to 113 €/m 2 less than the typical NZEB). These savings are even
larger if compared to a minimum EP building.
Additionally, it has to be noted that the beyond NZEB solution achieved the best environmental results compared to the
minimum EP level for non-renewable primary energy (468.6 kWh/m2) within the 30 years period. The beyond NZEB is
also more profitable than the minimum EP due to the large energy cost reduction over 30 years. Savings in running costs
do indeed compensate for the higher investment costs.
Italy – Turin
The LCA results show that the best performing solution in a long-term perspective of 30 years is ITT1 with a reduction
of non-renewable primary energy up to 302 kWh/m2 and a reduction of greenhouse gas emissions up to 33.3 kg CO 2eq./m2 compared to a typical NZEB.
LCC results show instead that the most profitable solution is SS2, with a reduction in the NPV up to 103 €/m2 compared
to the typical NZEB. Regarding the investment costs, all solutions are in the same range with a maximum difference of
15%.
As in Rome, the beyond NZEB configuration showed very good environmental results compared to the minimum EP,
namely reductions of 98 kg CO2eq./m2 and of 663 kWh/m2 of non-renewable primary energy. Thanks to savings in the
energy costs during the operating phase, the beyond NZEB is also more profitable than the typical NZEB.
As a conclusion, both in Rome and Turin, the alternative solution sets and the beyond NZEB are more environmental
friendly and cheaper in the long term than the typical NZEB. These results pave the way for a wider development of highefficient buildings in the Italian market; reaching optimal environmental and economic results if optimized design
strategies are applied.
Slovenia
Looking at the greenhouse gas emissions in the form of kg CO 2eq./m² and the non-renewable primary energy use over
the 30 year period of the LCA analyses, all solution sets, the typical NZEB and the beyond NZEB houses show improved
environmental results in comparison with the minimum EP building.
None of the solution sets was cheaper in the 30-years lifetime than the building fulfilling the minimum EP level, due to
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implementation of the technologies with higher investment costs in all solution sets. However, both the investment costs,
and the net present value over 30 years is lower than that of the typical NZEB for all solution sets.
General findings
The overall results indicate that a balance point between energy saving measures and renewable energy (solar thermal or
PV) supply has been crossed. In other words, the LCC and LCA results show that both for economic and environmental
reasons in most countries and climates it pays off to reduce insulation levels and introduce PV-systems and/or solar
heating systems for nearly zero energy buildings.
Reductions of GWP and NR-PE are difficult to comprehend; here we try to illustrate the importance by comparing to:
 the GWP and NR-PE due to the embedded energy in constructing new NZEB buildings in Denmark,
 the emissions from different transportations means and
 the CO2-reductions from planting trees.
Two of the new low energy buildings (also used in the first work phases of the CoNZEBs project to establish the
references) have been analysed in Denmark as part of a Sustainable Certification according to the Danish DGNB-DK
certification scheme (www.dk-gbc.dk/english/). From this, the total GWP emissions and the NR-PE from the construction
phase were identified. To serve as a reference here the average for these have been calculated. For the construction itself
the GWP was 262.5 kg CO2eq./m² and the NR-PE: 1,350 kWh/m² (calculated over a 30 year period). As the GWP- and
NR-PE factors of the different countries are so varied it is meaningful only to compare the results of the Danish LCA
analysis with these numbers. Here we see that the GWP reductions are between 50 and 300 kg CO2eq./m² and the NR-PE
reductions between 50 and 350 kWh/m². In other words the GWP reductions of the beyond NZEB building compared to
the minimum EP in Denmark are of the same size as that from the embedded energy in the construction (incl. the technical
building systems). This corresponds very well with the general understanding in Denmark today that the energy used for
new construction is at the same level as the energy used over a 30-year period. The reduced NR-PE is about one fourth
of the used NR-PE under construction of new buildings.
The next comparison is to the GWP of different transportation means. Figure 10 shows the GWP for 1000 person-km
using different transportation means.

Train

Bus

Electric car

Hybrid car

Fossil fuel car
(diesel/petrol)

Airplane
(domestic)

Airplane
(international)

Ferry
(Large variations)

Fig. 10: GWP (kg CO2eq./1000 person-km) for different transportation means (source: CONCITO)

From figure 10 it can be seen that 1000 person-km in a traditional fossil fuel-car results in the emission of 120 kg CO2
eq. The annual GWP reductions from the Danish beyond NZEB example building (12 flats) thus corresponds to 6369
person-km in a fossil fuel car.
The third comparison is to the growing of trees. 1,000 m² forest results in GWP reductions of approx. 1,000 kg
CO2eq./year or 1 m² ~ 1 kg CO2eq./year. So, the 286.6 kg CO2eq./m² reductions of the Danish beyond NZEB houses over
30 years could also have been obtained by increasing the forest area by 286.65/30 = 9.55 m² * 80 (size of the flat, m²)
=764 m² of forest for 30 years..
Looking at the LCC results, they show – as mentioned above – large variations. From 30 year NPV savings of about 100
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€/m² to no additional costs. Annually, this is around 240 € for an 80 m² flat (20 €/month) – still a considerable amount.
But in some cases the additional cost (NPV) is rather limited and in the light of potential new carbon taxes being
introduced soon in EU member states, these low additional costs should be acceptable when building new multi-family
houses.
The impact of evolving factors like changing primary energy factors, technology efficiencies, technology costs and
possible carbon taxes were studied in another task of the CONZEBs project and has been documented in a project report
https://www.conzebs.eu/index.php/thinking-ahead.
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Abstract
Emerging countries like Chile in Latin America with their rapidly growing economy and energy use in the
housing sector present new challenges for ecological and social sustainability. Sustainable passive and solar
housing, including passive cooling and passive solar heating here, is a promising strategy to improve thermal
comfort in the Mediterranean climate of Central Chile with its hot and dry summers and cool, but sunny winters.
The investigation applied a strategy of using advanced methods of research in order to develop simple and
flexible concepts and tools for the design of solar and passive houses, which are extendable to similar climate
zones of Latin America and emerging countries in other regions.
The evaluation of thermal building behavior is based on extensive parametric studies, both for a reference room
and for complete passive houses. The thermal simulations were realized with a test year for Central Chile and
hourly climate data, prepared with an own methodology.
The systematic design recommendations for simple and advanced solar and passive houses show that with an
optimized design and thermal management of houses, it's possible to improve significantly the thermal comfort
conditions in economically accessible dwellings of the region.
Latest results of the author's participation in international scientific cooperation in Europe and Latin America
and the research for his advanced PhD-thesis are presented as a contribution to sustainable building.
Keywords: solar architecture, passive design, thermal comfort, thermal simulation, sustainable building

1. Introduction
Emerging countries like Chile with their rapidly growing economy and energy use in the housing sector present
new challenges for ecological and social sustainability. Sustainable passive and solar housing, including passive
cooling and passive solar heating here, is a promising strategy to improve thermal comfort in the Mediterranean
climate of Central Chile with its hot and dry summers and cool, but sunny winters. This type of climate presents
a challenge because overheating and cold both present serious problems in dwellings. On the other side, it offers
interesting potentials as well, because - different from very cold septentrional or warm-humid tropical climate
regions - thermal problems can be managed to a large extent with passive strategies, as will be shown below.
Although rarely mentioned explicitly, earthquake resistance of designs was always considered as a condition in
a seismic country like Chile. Sustainability in an emerging economy requires that building materials and
elements should be regionally producible in the long run and maintenance viable with local resources.
Until the 1990s there was only a small number or publications from Chile available on the improvement of
thermal comfort and energetic efficiency in dwellings with limitations in their climatic and constructive scope or
methodology and without access to thermal simulations or large-scale measurements. According to urgent
necessities, many authors concentrated on small improvements of thermal insulation on critical building
elements like (Rodriguez et.al. 1990), (Campos 1994) or (Sarmiento 1995). The last source adds some simple
information on passive solar systems and climate data. Other studies like (Román 1991) were scientifically
detailed, but refer to special or extreme climate conditions as in the high Andes. In the present millennium, some
new efforts have been published to improve dwellings in Chile, that have concentrated on the thermal and
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energetic improvement of dwellings in the near future, without putting emphasis on the final aim of houses with
full passive climatization and the respective constructive requirements in the mediterranean climate of Central
Chile or another important Chilean climate zone. Publications typically refer to special projects or small, but
more realistic thermal improvements in the near future for all Chilean climate zones from the desert north, dry
and cold Andes in the east, the meditarreanean center to the cold and humid or even subpolar south as described
in (NCh 1079-2008) and (Peel et. al. 2007). In his PhD, (Bustamante 2001) elaborated a residence climate
zoning methodology and proposals for the thermal improvement of dwellings for Chile as a whole, based on
thermal simulations with daily profiles from monthly mean values and aimed at the reduction of (calculated)
energy consumption for heating. The PLEA conference 2003 took place in Santiago and counted with some
interesting Chilean publications: for example, (Fissore 2003) from Concepción in southern Chile avoids thermal
simulations as too onerous for small projects and determines cost efficient insulation levels with a simplified
computer model. (Trebilcock 2003) analyses simple options to improve energy efficiency in 3 low cost housing
examples in 3 different Chilean climate zones. Due to the lack of hourly climatic data for simulation, her climate
data for simulation were based on “synoptic data plus maximum and minimum”. In (Bustamante 2009a) and
(Bustamante 2009b), Bustamante makes proposals for the improvement of energy efficiency in low cost housing
in different Chilean climate zones.
Corresponding to what was and is already available from Chile, this investigation uses a different approach and
can use hourly climate date for a complete test year for the most populated and important climate zone of Chile.
In its final proposals, it takes into account the typical restrictions of time and resources for design and thermal or
energetic optimization. Accordingly, the investigation was based on the strategy of applying advanced methods
of research in order to develop simple and flexible concepts and tools for the design of solar and passive houses,
which can later be effectively adapted to their implementation under varying conditions in different regions with
comparable conditions and restrictions.
In this study, sustainable passive and solar housing, including passive cooling and passive solar heating, means
that no non-renewable energy is used for thermal purposes neither complicate active solar systems; only
mechanical use of electric energy for simple ventilation systems is considered in some cases. Motorized or even
computerized systems for thermal management are avoided to prevent problems with cost and maintenance in a
region where they are not common in dwellings or private houses.

2. Methodology
The evaluation of thermal building behavior is based on extensive parametric studies, both for a reference room
and for complete “passive” houses. The thermal simulations were realized with a test year for Central Chile with
hourly climate data, prepared with an own methodology, that was published by the author of this paper in
(Müller 2001). The original hourly climate data for Santiago were obtained thanks to the cooperation of the
National Centre for the Environment CENMA from measurements of the National Environmental Commission
CONAMA, both in Santiago de Chile; the mean reference values that oriented their combination came from
(Dirección Meteorológica de Chile 1991) and (Sarmiento 1995). The climate of the central region of Chile can
be characterized as mediterranean according to (NCh 1079-2008), (Peel et. al. 2007) and (Instituto Nacional de
Estadísticas 2000). It’s challenging because it combines thermal problems in summer (high maximum
temperature and solar radiation) and winter (low temperatures) with a promising potential for passive
climatization, thanks especially to its low night temperatures in summer and high levels of solar radiation in
winter.
The evaluation of thermal building behavior is now based on an increased number of simulations for extensive
parametric studies with the thermal simulation program Derob-LTH, which could be used thanks to the
cooperation with Lund University (Sweden), both for a reference room (now >1000 cases) and for complete
(passive) houses (>100 houses). Therefore, the investigation and publication can consider and present an
extended range of building elements, passive climatization strategies and building parameters in comparison to
previous versions.
Thermal simulations with DEROB-LTH permit the hourly determination of interior operative temperatures o,
defined as the mean value of indoor air temperature and the indoor surface temperatures weighted by their
respective areas. Internal heat gains from a “typical” residential use are considered in all simulations. From the
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simulation results, mean daily degree-hours of heat Gh26o and mean daily degree-hours of cold Gh19o could be
calculated in (Kh/d) for each period of N hours with especially written own software according to the following
definition:
Ghbase =

N

 (o -  base)  1h   24 / N (Kh/d)
 i 1


(eq. 1)

The index of Gh26o and Gh19o indicates the base temperature base and the use of operative temperatures and in
this publication values for the hot period (December - February) and cold period (May - September) were
calculated and analyzed.
Parallel to the thermal simulations, classic building code calculations were adapted and applied: simple building
characteristics were calculated in a spreadsheet according to (German versions of) ISO or European building
codes ((E DIN EN ISO 13790, 1999) and related ones), which are similar to, but more complete than local
Chilean codes; basic characteristics of local building materials were taken from Chilean code (NCh 853.Of91)
when available; necessary characteristic values and correction factors in building codes were determined with
special thermal simulations; special simple models for passive design aspects that are not considered in building
codes, e.g. night ventilation, were established. This way, the calculation methods originally created for the
description of thermal behavior in winter and the determination of energy needs, were adapted for the new
climate zone and extended to determine basic thermal parameters for passive and solar houses with free-floating
temperatures in the cold and hot period. An earlier version of crucial building parameters had been published
with more details by the author of this paper in (Müller 2006).
The three crucial building parameters, which can be defined both in the cold and hot period based on the
adapted calculation methods, are size independent:
 gains-to-loss ratio GL
(dimensionless)
GL describes the relative size of heat gains compared to heat losses in the climate zone (at the selected
comfort level base);
 time constant  (tau)
(h)
 describes how fast a building reacts to varying thermal influences and how long it is able to compensate
them;
 utilization factor  (eta)
(dimensionless)
 describes how efficient a building is making use of passive and internal heat gains (at the selected comfort
level base) and depends on thermal capacity, heat gains and heat loss coefficient.
classical building code calculations
basic primary thermal parameters: size dependent
total heat loss coefficient Ht
building codes:
energy needs
for heating
in winter

thermal capacity C

total heat gains Pg

passive design characteristics included in
basic thermal parameters
crucial secondary thermal parameters:
size independent combinations of basic parameters
gains-to-loss ratio GL, time constant , utilisation factor 

thermal simulations  correlation functions :
not adequate for
passive design

effective gains-to-loss ratio GLeff

excess gains-to-loss ratio GL exc

winter:

summer:

mean daily
degree-hours
of cold

mean daily
degree-hours
of heat

evaluation of passive design performance

Fig. 1: Concept for the development of crucial building parameters and design recommendations
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Fig. 2: Correlation for winter (May - September), indicating main orientation N-S-E-W
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Fig.3: Correlation for winter (May - September), indicating range of time constant  (tau)
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Fig. 4: Correlation for summer (December - February), indicating night ventilation NV
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Fig. 5: Correlation for summer (December - February), indicating main orientation N-S-E-W
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The adapted calculation methods and crucial building parameters were developed and verified with the thermal
simulations to permit good correlation with just a minimum of free parameters determined as part of the process.
This process is summarized in figure 1, the results are presented in figures 2 and 3 for the cold period, “winter”,
and in figures 4 and 5 for the hot period, “summer”.
Each data point in figures 2 to 5 represents a different reference room considering its construction and thermal
management (shading and ventilation). The correlation functions for the hot and cold period connect the
building code calculations for each case with its resulting comfort conditions determined from simulation. The
simulations here intentionally cover an increased and very wide range from extremely heavy thermal problems
resulting from inappropriate traditional and modern designs to (almost) perfect comfort conditions in solar and
passive design proposals. The symmetric scattering of data points both above and below the correlation curves
confirms that there is not systematic bias according to the marked parameter. The correlation is for all data
points combined; their distinctive markings in these example figures permit the separate analysis of different
parameters for – positive or negative – design recommendations..

3. Results
3.1. Simulations with the reference room
Design recommendations can be derived and formulated corresponding to the intended target group and
purpose:
For building physicists, engineers and other mathematically oriented professionals, important design aspects can
be derived in terms of the crucial building parameters, from the correlation graphs with indicated parameters and
their analysis according to their dependencies:
 The cold period in figures 2 and 3 requires a considerable constructive effort with maximized solar heat
gains, a sufficient amount of thermal mass (combined with external thermal insulation) for a very large time
constant  and minimized heat losses as is shown by the small, but available number of cases on the right side
of figures 2 and 3 with high GLeff values close to the maximum value of 1 and presenting only minimal
thermal problems in winter. Very low time constants and wrong orientation, especially south / away from the
sun, are the source of the largest thermal problems; only correct solar orientation to the north with a
maximum time constant permits effective use of solar energy and thus a passive solution for thermal comfort
in this season.
 The hot period in figures 4 and 5 is easier to resolve with an adequate design, although there exist many
cases in theory (and reality) with unnecessary and large or extreme thermal problems (typical of “modern”
and low cost dwellings), because of the wrong orientation to the east or west combined with deficient solar
protection and no or inefficient night ventilation. Even without night ventilation (sometimes complicate in
urban regions), it’s possible to minimize thermal problems with minimized solar heat gains, a reasonable
amount of thermal mass to compensate for daily temperature variations and minimized solar heat gains
through windows and the roof/ceiling (cf. figure 7 and its analysis below) as is shown by the considerable
number of cases with very low GLexc in figures 4 and 5 offering good to perfect thermal comfort conditions
in the hot season.
Together, these 4 figures offer a first proof that passive design is possible in this climate region; its efficiency is
predicted correctly by modified classical building code calculations and verified by hourly dynamical thermal
simulations for the reference rooms here.
Accordingly, design recommendations can be resumed in terms of the two most condensed crucial building
parameters when you are conscious of their dependencies:
 The "effective-gains-to-loss ratio" GLeff for the cold period (“winter”) describes the relative size of heat
gains that are useful for thermal comfort, compared to thermal losses (at the selected minimum comfort level
of 19°C) - GLeff should be as close as possible to 1.
 The "excess-gains-to-loss ratio" GLexc for the hot period (“summer”) describes the relative size of heat
gains that are harmful to thermal comfort, compared to thermal losses (at the selected maximum comfort
level of 26°C) - GLexc should be as low as possible.
For the initial design stage, architects and other professionals with a more graphical or practical focus, design
recommendations can be derived directly from the simulation results for the reference rooms without referring

1830

E. Müller ISES SWC2019 / SHC2019 Conference Proceedings (2019)

to the modified building code calculations. They are shown and formulated directly for the different aspects of
thermal design:
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Figure 6 gives a first example of this approach, showing the combined effect of different basic construction
types on comfort conditions in the reference room in the hot and cold period according to the four main
orientations of windows on the main façade: Each data point represents a mean value for different, but
corresponding designs with window types, insulation, shading and ventilation levels corresponding to the basic
house type. Optimized solar orientation (north in the southern hemisphere here) is crucial for reducing
overheating in summer and maximizing solar gains in winter; southern orientation lacks solar gains in winter,
being uncritical in summer, east and west orientations present heavy overheating problems in summer without
sufficient solar gains in winter; the heavier rammed earth houses with their increased thermal capacity in
comparison to wood panel houses permit better use of solar gains in winter and reduce overheating in summer.
The correctly north oriented solar house proposals with even better thermal insulation including high quality
windows and optimized ventilation strategies, improved solar gains respective shading prove what can be
obtained with simple but carefully optimized solar design in this climate zone: thermal problems both in
summer and winter are widely resolved.
wood panel
house
(summer)
rammed
earth house
(summer)
solar house
(summer)
wood panel
house
(winter)
rammed
earth house
(winter)
solar house
(winter)

Fig. 6: Analysis of orientation for different house types for daily degree-hours of heat and cold of operative temperatures;
for summer (December – February, base 26°C, >0) and winter (May – September, base 19°C, <0) in Santiago (Chile)

As a second example, the following figure 7 analyzes priorities for thermal insulation, depending on thermal
mass and construction type: the most striking result is the importance of roof insulation in summer, but not so on
other surfaces. It can be understood from the low latitude of -33.6° that results in an almost vertical and
therefore high incidence of solar radiation on roofs in summer in Santiago. Thermal capacity increases from
wood panel houses, passing through brick constructions and reaches its maximum in rammed earth houses,
improving thermal comfort in summer accordingly. In winter, thermal comfort improves gradually with
improved insulation as you would expect, but only passive houses with maximized solar gains and maximum
thermal capacity (from thick rammed earth walls, “tapial” in Spanish) combined with lowest heat losses offer
the best results.
Some additional examples of this type of presentation and analysis, although based only on the hottest (January)
and coldest month (July) of the year, can be found from the author in (Müller 2007; in Portuguese) and in his
Spanish manual (Müller 2002) together with traditional design methods, more detailed descriptions and
recommendations. The complete set and final systematic design recommendations will be part of the PhD thesis
itself in the near future.
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passive house

wood panel house (summer)

brick wall house (summer)

rammed earth house (summer)

wood panel house (winter)

brick wall house (winter)

rammed earth house (winter)

Fig. 7: Analysis of priorities for thermal insulation depending on thermal mass and construction type
for summer (December – February, base 26°C, >0) and winter (May – September, base 19°C, <0) in Santiago (Chile)

3.2. Simulations and comparison of complete houses
A second series of hourly thermal simulations was realized and analyzed with the same tools for complete
houses with a more complex geometry but a reduced parameter range, considering just the most interesting and
logical combinations ranging from conventional, “normal” or “standard” designs to passive design proposals.
Figures 8, 9 and 10 show different examples of simulated houses without roof surface, so that the interior
distribution of rooms and windows on the opposite side of the house are equally visible. The graphs were
generated with the thermal simulation program itself and show its geometric model for the latitude, date and
hour indicated in the graph (15th of July, 14:00 true solar time if not indicated differently), seen from the sun’s
position, so that solar incidence and shading can be judged directly. The yellow surfaces represent external
shading surfaces of the model, in the case of vertical shading surfaces they represent the shading effect of very
thick walls made of rammed earth (at least 43cm thick depending on insulation with the windows in the center);
windows are blue, walls and floor seen from inside/outside are orange/red. The simulation results presented in
figure 11 are for the living room - the big center one - and the bedroom in front seen on the right side; both have
windows on the same main façade with its orientation as indicated for the house.

Fig. 8: Normal house without shading devices and thin walls (left); standard rammed earth house with shading (right)
(shown without roof, front: north side; 15.7. 14:00 true solar time, seen from the solar position)
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Fig. 9: Passive houses, rammed earth: with Trombe wall on right side (left graph); with winter garden in front (right graph)
(shown without roof, front: north side; 15.7. 14:00 true solar time, seen from the solar position)

Figure 10 shows the same passive house, made of rammed earth and optimized for direct solar gain in winter:
The two graphs verify and demonstrate that geometric calculations for overhang size and position are correct, so
that the solar gain – window is fully exposed to the sun on the design day in the coldest month of July (left
graph) and fully shaded in the design day for in the hottest month of January (right graph). It can be observed
that fixed shading for the west (and east) façade is not feasible, but obviously the passive houses here have
additional mobile shading applied in summer for all windows (simulated, but not shown in the geometric
model).

Fig. 10: Passive house, rammed earth, optimized for direct solar gain winter (left graph) and in summer (right graph)
(shown without roof, front: north side; representing coldest month on 15.7. and hottest month on 15.1.; 14:00 true solar time)

The following analysis refers to the houses shown above and their short descriptions in figure 11, showing their
simulated thermal behavior depending on thermal design and management. They are grouped according to basic
wall construction (separated by green lines for easier reading of the graph) and sorted approximately with step
by step thermal improvements from left to right. The main parameter variations are:
 construction type: light walls (hollow wood panels), 140mm of brick, 400mm of rammed earth with
normal or low density (for reduced heat loss) with corresponding plaster;
 level of exterior insulation on walls (when indicated in the title) with corresponding roof insulation;
varying window orientation, size and quality (simple, double, double low emissivity glazing);
 different passive heating strategies in corresponding cases: in summer night ventilation; in winter
Trombe walls in the northern bedrooms, winter garden on the north façade (see figure 9), increased direct
solar gains with large or maximized windows to the north (see figure 10).
The normal light and brick houses, constructed of thin hollow wood panels or simple bricks, serve as a
reference: they are typical for traditional economic housing in Chile with no fixed shading, simple curtains,
simple glazing, no insulation, constant ventilation of 3ach in summer and high infiltration of 1,5ach in winter.
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They present severe thermal comfort problems in both seasons, though even worse constructions than here could
easily be found (cf. figures 2 to 5). The two groups of these houses show the negative influence of their typically
arbitrary orientation (with minor differences between east and west not shown).
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Fig. 11: Comparison of the thermal behavior of normal, improved and passive houses
for Santiago de Chile: daily degree hours of heat and cold for hot period (12~2, base 26°C, >0) and cold period (5~9, base 19°C, <0)
for living room and bedroom (bedroom option: Trombe wall; both with option winter garden)

The other “standard” proposals have an optimized roof overhang, better curtains for solar protection in summer
and at least 80mm of roof insulation. The standard house with rammed earth walls still has simple glazing, but
only 1ach of infiltration and night ventilation in summer, resolving problems in summer but still deficient
comfort conditions in winter, that can be reduced with larger, direct gain windows.
A first set of simple passive houses, made of light rammed earth with better insulation characteristics (due to
low density) and better windows, demonstrates that, depending on the technical and financial effort, it is
possible to design simple passive houses for a mediterranean climate which can offer improved thermal comfort
during the whole year. Trombe walls are thermally less efficient, but offer the earthquake resistance of massive
walls if their ventilation openings are reinforced appropriately, whereas a winter garden offers additional living
space, but direct gain windows present the thermally most efficient solution in winter. Insulated wood panel
houses (with heavy floor) offer similar efficiency in winter, but can present some problems in summer due to
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their lower thermal capacity. Light rammed earth with 100mm additional external insulation offers some
additional but still incomplete improvements in all three cases.
Light rammed earth with low emissivity double glazing and 100mm or 200mm additional external insulation in
the direct gain design finally can offer really passive solutions for summer and winter (except a few cold hours
especially in the morning when lower temperatures are acceptable). Thanks to careful design, this can be
achieved with a still reasonable technological level for an emerging economy and without the necessity of
complicate and/ or non-renewable energy consuming active systems.
This way, the comparison in figure 11 offers a second and comprehensive proof that passive design is possible
in this climate region. As discussed in the introduction, this had not been shown systematically and based on
hourly thermal simulations with a test year for Chile before. It is confirmed that passive design is possible here
without the need of non-renewable energy for thermal purposes or complicate installations, offering good
thermal comfort conditions both in the hot and cold period of the year.

3.3. Resume of design recommendations for passive houses in a Mediterranean climate
The crucial building parameters and extensive simulation and analysis of both reference rooms and complete
houses permit the optimization of passive design projects and the formulation of design recommendations, based
on an improved qualitative and quantitative understanding of thermal building dynamics:
 For the whole year, it is important to have a large time constant  with sufficient thermal mass in floors
and walls to reduce both overheating in summer and make efficient use of solar gains in winter (heavy
ceilings are not recommendable in seismic zones). Thermal insulation of the roof/ceiling is always important,
both in the hot and cold period. The recommended orientation for the main façade with the largest windows
is towards the equator and winter midday sun (north in the southern hemisphere, south in the northern
hemisphere). Such windows receive much less solar radiation in summer than in winter due to the seasonal
variation of solar declination and altitude and can receive selective fixed solar protection by overhangs.
 In the cold period the recommended strategy is to increase the effective-gains-to-loss ratio GLeff. This
requires reducing heat losses with thermal insulation (on walls, windows and roof/ceiling) and increasing
solar gains in an equilibrated way, combined with a sufficient thermal mass permitting good utilization of
passive gains. The reduction of ventilation losses through infiltrations from windows and doors is an
important part of low heat losses and is only possible when internal contamination from heating systems is
avoided in a passive house. High solar gains during the day are only effective if they can be accumulated for
colder hours in thermal mass. Especially recommended elements are large window areas of high quality for
increased direct solar gains on the north façade, but winter gardens and Trombe walls for indirect gains are
interesting solutions as well.
 In the hot period the recommended strategy is to minimize the excess-gains-to-loss ratio GLexc. This
requires the limitation of solar gains with efficient solar protection from fixed shading by carefully designed
horizontal overhangs on the north façade (on relatively low latitudes in the southern hemisphere) and
effective mobile shading on all windows. A high thermal capacity and appropriate (protected) external and
internal openings permit effective night ventilation.

4. Conclusions
The design recommendations for simple and advanced passive houses now show that with an optimized design
it's possible to improve significantly the thermal comfort conditions in economically accessible dwellings of the
region. Thermal energy use can be limited to renewable sources, mainly solar energy. The methodology and
approach developed are extendable to other regions and similar climate zones of Latin America and emerging
countries. Hopefully this will contribute to the further diffusion of solar and passive housing as an important
element of sustainable development.
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Abstract
The thermal gain of glazings in buildings is usually modelled using concepts such as the solar factor (SF), the
sum of the normal-incidence solar transmittance plus the ratio of the thermal energy emitted indoors to the
incident solar irradiance. An important part of the SF of a vertical glazing is the visible solar transmittance
which depends on the sky conditions and the relative amounts of beam and diffuse components of incident solar
radiation. The directional transmittance of both components can be very different for large incidence angles.
Using three years of 1-min measurements under outdoor conditions, this dependence is investigated and three
global solar transmittance models are locally adjusted and evaluated. When the diffuse fraction of global solar
radiation is measured, all models show good performance, with relative RMSD under 3% of the average
transmittance and negligible bias. However, if the diffuse irradiance measurements are not available and it is
estimated from locally adjusted diffuse fraction models, it is found that the rRMSD increases to 10% . This
increase in accuracy is associated mostly with cloudy conditions.
Keywords: solar transmittance, transparent glazings, diffuse radiation

1. Introduction
The solar transmittance of transparent glazings is a key factor in determining the solar gain and thermal
balance of a building. Usually the solar factor is used to characterize the thermal performance of a glazing. This
factor is defined as the sum of the solar visible transmittance and a thermal transmittance term (Jelle, 2013) and
it can be calculated from spectral transmittance and reflectivity measurements following standard methods
(ISO9050, 2003). In this work we focus in the role of diffuse irradiance in the visible solar transmittance part of
the solar factor.
The global solar irradiance incident on a given surface has a direct component, Gb, incident on the
surface from the Sun's direction (with incidence angle θ) and a diffuse component, Gd, due to atmospheric
scattering which has essentially no directional dependence. The global irradiance on the surface is the sum of
both components,
. Under clear skies, about 15% of the irradiance is diffuse, but under
cloudy conditions, 100% can be diffuse. The solar global transmittance τg of a transparent glazing is defined as
(1)
where Gt is the solar global irradiance transmitted by the glazing. Both Gi and Gt can be measured in W/m 2
using pyranometers and extend over the solar spectrum (wavelengths between 0.3 μm and 3 μm). Frequently,m and 3 μm and 3 μm). Frequently,m). Frequently,
solar transmittance is modeled either as a constant factor which does not take into account the directional
properties of the incident solar irradiance or as a directional beam (Duffie and Beckman 2006), which does not
account properly for the diffuse component. Under partially cloudy skies (the most frequent condition in
temperate climates), neither the directional model nor the constant transmittance models are fully adequate.
Uruguay’s climate, with latitudes within 30-35 o S, is classified as temperate with mostly hot summer or Cfa in
the Köppen-Geiger climatic classification scheme (Peel et al., 2007). More than half of the daylight hours
correspond to skies with partial cloud cover. In a previous work (Vitale et al., 2018), we considered the global
transmittance of horizontal glazings in order to study the transmittance dependence on the diffuse component of
solar irradiance in a simpler context, in which the radiation reflected from neighbouring surfaces can be
neglected. In this paper, the more relevant case of vertical glazings is considered. A framework in which beam
transmittance models can be combined with diffuse transmittance to obtain the global transmittance of a vertical
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transparent material is proposed. Three directional transmittance models are adjusted and experimentally
evaluated within this framework. The seasonal variation in the average albedo of neighbouring surfaces is
obtained from the irradiance measurements and taken into account. Finally, the impact of modeling (instead of
measuring) the diffuse component of the incident solar irradiance is also assessed.

1.1 Framework for combining transmittance models
If an isotropic distribution for diffuse irradiance is assumed, the incident global irradiance on a vertical glazing
is (Duffie and Beckman 2006)
(2)
where Gh is the horizontal global irradiance, Gdh is the diffuse component and ρ is the ground albedo for diffuse
reflection. The scheme in Fig. 1 illustrates the geometry of the situation.

Fig. 1. Scheme showing the components of solar irradiance relevant to transmittance in a vertical glazing. In this context,
“sky radiation” is a synonim of diffuse irradiance. Adapted from Marion and Wilcox, 1995.

The solar irradiance transmitted by a vertical glazing comes in part from beam irradiance and in part from
diffuse irradiance. Different transmittances apply, mainly due to the directional properties of the former. Beam
and diffuse transmittances can be defined as τb = Gbt /Gbi and τg = Gdt/Gdi , respectively, see Eq. (2) for the
incident components. The global irradiance transmitted by the vertical glazing is

.

(3)

As a result, the global transmittance in Eq. (1) can be expressed as the weighted average of the beam and diffuse
transmittances,
(4)
where the weighting factor is expressed in terms of
incidence angles) and the diffuse fraction
(Vitale et al., 2018).

(see Fig. 1, for a visualization of the
. For a horizontal surface, the weight is simply

The isotropic model is simple, but systematically underestimates solar irradiance on a tilted surface because it
does not consider the anisotropic distribution of diffuse irradiance in the sky. A more accurate model is that of
Hay and Davies, which deals with the anisotropic distribution of diffuse irradiance in an effective way by
treating a portion of circumsolar irradiance as directional beam irradiance (Hay and McKay, 1985). In practice,
the use of this model reduces to using a modified diffuse fraction
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(5)
where
is the atmospheric solar beam transmittance. It can be expressed in terms of the diffuse
fraction fd and the clearness index
, where G0 is the solar irradiance at the top of the
atmosphere (i.e. the conventional solar constant 1367 W/m 2 corrected by the orbital variation in Sun-Earth
distance), see (Duffie and Beckman 2006) for details. In sum, the modified diffuse fraction, Eq. (5) is used in
Eq. (4), and this implies that the improved anisotropic transport model of Hay and Davies is being used.
Eq. (4) combines the directional (beam) transmittance properties with the isotropic (diffuse) transmittance
taking into account the proportion of diffuse irradiance, as indicated by the diffuse fraction. Irradiance reflected
from the ground can be a relevant contribution to the diffuse irradiance incident on a vertical glazing. It is
included in Eq. (4) with the dependence on the ground reflectivity (albedo) parameter ρ. This is a meta-model
for solar transmittance, in which transmittance models with directional properties can be used for
and diffuse
fraction models (Abal et al., 2017) can be used to obtain fd, from global horizontal irradiance, when its diffuse
component is not measured.

1.2 Directional transmittance models
The first model to be considered is a physical model for directional transmittance, which we label DB for easy
reference. It is based on Snell's law and Fresnel’s relations, as described in (Duffie and Beckman 2006). Beam
transmittance can approximately be expressed as a product
in which τa accounts for the loss due to
absorption in the glazing material and τ r represents the losses due to reflection. The absortion-related
transmittance is obtained from the Lambert-Beer-Bouguer law as,
(6)
where L is the thickness of the glazing, K is the optical extinction coefficient of the material and θ’ is the angle
of the refracted beam in the glazing, obtained from Snell’s law in terms of the incidence angle and the index of
refraction n of the glazing. For unpolarized sunlight, transmittance across a semi-transparent refracting glazing
can be expressed as,
(7)
where

and

are the reflectances for the parallel and perpendicular polarization components of the beam

respectively, obtained from the Fresnel relations. Taking into account multiple reflections within the glazing, the
directional transmittance from the DB model can be expressed as
DB:

.

(8)

Assuming that the index of refraction is known from specification sheets (or can be independently measured as
in this work), the only parameter in the DB model is the optical thickness of the glazing, KL. At normal
incidence, Eq. (8) reduces to

.

(9)

Thus, within this physical model, the normal incidence beam transmittance,
, is determined by the value of
the parameters n and KL. This physical model is the basis of the solar transmittance calculation implemented in
the popular simulation software Energy Plus (Crawley, 2001; Winkelmann, 2001).
The second model, labeled ISO, is a simple parametrization for beam transmittance used in the ISO9806
standard for testing solar collectors (ISO9806, 2013),
ISO:

(10)

where b0 is an adjustable dimensionless parameter.
The third model considered, SS, is a simple parametrization initially proposed as a substitute for global
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transmittance in a simulation software (Schultz and Svendsen, 1998),
SS:

(11)

where p is a dimensionless parameter which depends on the glazing (p=4 for float glass). This model turns out
to be useful for modeling global transmittance in composite semi-transparent surfaces, such as polycarbonate
sheets.

1.3 Diffuse transmittance
Diffuse transmittance on a vertical glazing results from the incident diffuse radiation from the sky and
surrounding surfaces (considered as perfect diffuse reflectors). Diffuse irradiance has no directional dependence
and the diffuse transmittance is independent of the incidence direction. In actual practice, each situation must be
analized carefully as there may be nearby surfaces with some specular reflection (i.e. white metallic surfaces or
large bodies of still water), but the basic model assumes an isotropic distribution of diffuse irradiance in the
hemisphere defined by the surface. Brandemuehl and Beckman originally calculated the diffuse transmittance
under the isotropic hypotheses and concluded that it can be expressed easily by using expressions for beam
transmittance at an effective angle θe that depends on the receiving surface tilt angle β. For horizontal or vertical
receiving surfaces, the effective angle is approximately θe = 60o (Brandemuehl and Beckman 1980). In sum, for
vertical glazings, diffuse transmittance τd can be modeled as having the constant value

.

(12)

For each directional transmittance model considered, both transmittances, τb and τd, are combined according to
Eq. (4) to produce the global transmittance of the glazing.

2. Measurements and Results
The three transmittance models presented in Section 1 are adjusted and tested against data for a real vertical
glazing with the Sun as light source.

2.1 Experimental facility
The experimental setup was located at the Solar Energy Laboratory at Salto, Uruguay (latitude = 31.28 o S,
longitude = 57.92o W, altitude = 56 m above sea level). The glazing sample was common window float glass
with an average thickness (measured at several points) L = 5.90 ± 0.05 mm. It was located on a vertical plane, at
ground level, facing North. Two Licor 200R solar radiometers were mounted on a vertical plane one of them
behind the glazing and the other in front of it, as shown in Fig. 2a. These instruments measure the global
irradiances Gi and Gt from which the global transmittance τ g is calculated using Eq (1). They where calibrated
before and after the measurement period, against a secondary standard (Kipp & Zonen CMP22 pyranometer)
with trazability to the World Radiometric Reference (WRR) at PMOD, Davos. The Licor instruments were
chosen because of their fast response time and their better performance under inclined conditions compared
with dome-equipped pyranometers. Data was recorded at every minute, using a Fischer Scientific DT85 data
acquisition system. At a distance of 20 m, from the vertical glazing, a precision solar tracking system (Kipp &
Zonen, SOLYS2) was fitted with two CHP1 pyrheliometers, two CMP11 pyranometers and one Licor 200R
sensor. One of the pyranometers was shaded by a ball assembly to measure the diffuse horizontal irradiance,
Gdh. The other two provide the global horizontal irradiance Gh and the pyrheliometers measure the direct normal
irradiance, Gb. Measurements are recorded at every minute by another Fischer Scientific DT85 data acquisition
system. These instruments are calibrated every two years following the ISO 9847:1992 standard against the
above mentioned secondary standard (Kipp & Zonen CMP22) normally kept in storage at the Solar Energy Lab.
A minute-based dataset for the solar irradiance variables Gh, Gb, Gbh, Gi and Gt was assembled for this work.
Additionally, the usual meteorological variables (ambient temperature, atmospheric pressure, wind direction and
speed, relative humidity) are recorded every minute by a research-grade meteorological station located less than
100 m from the main setup.

2.2 Laboratory characterization of the glazing
A sample of the float glass was tested under laboratory conditions to determine its optical properties. Normal
incidence optical spectral transmittance was measured for wavelengths between 0.3 − 2.5 μm and 3 μm). Frequently,m. For the UV-
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Visible region, a 150 W Xe lamp (Newport 96000) was used as a source of optical excitation (solar simulator).
The signals were coupled into an Ocean Optics spectrometer (FLAME-S-UV-VIS) by a 50 μm and 3 μm). Frequently,m optical fiber also
from Ocean Optics. For the Visible-NIR characterization, a tungsten lamp was used as a source of excitation,
the light was chopped with a SRS SR540 chopper and coupled into a monochromator (Oriel 77250 with a 77299
grating). The transmitted light was detected with an InGaAs thermo-cooled photodiode (Newport 71586).
Finally, the signal was measured with a lock-in amplifier (SRS 530 Stanford Research Systems). For the IR
region the same lamp was used, but after chopped, the light was coupled into a Newport cornerstone 260
extended-range monochromator. The transmitted light was measured with a thermocooled InAs photodiode
from Sciencetech and the signal was detected by the Lock-in amplifier. The resulting spectral transmittance is
shown in Fig. 3.

(a)

(b)

Fig. 2. Setup used for solar measurements. (a) Two Licor 200R pyranometers are mounted on the vertical plane, facing
North, parallel to the vertical glazing (float glass). Behind the glass there are a few Platinum RTD temperature sensors, since
the setup is part of a Trömbe wall facility made with Adobe bricks. (b) SOLYS2 precision solar tracker with ventilated
measurements of direct normal, diffuse and global horizontal solar irradiances.

Fig. 3. The black curve shows the spectral transmittance T(λ) of a sample of float glass (under normal incidence)
measured under laboratory conditions for the solar spectrum range (0.3 − 2.5 μm.) .
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The total beam transmittance of the sample was calculated from the measured spectral transmittance T( λ)) using
the AM 1.5 standard solar spectra G-173-03 (ASTM 2012) as follows
(13)
The index of refraction of the glass sample was determined (using a red laser with λ)=633 nm and a precision
goniometer) to be n = 1.53 ± 0.01.

2.3 Ground albedo determination
Frequently, in the absence of more reliable information, an ad-hoc value is chosen for the reflection coefficient
of the ground (albedo), ρ, which appears in Eqs. (2) and (4). For instance, in (Marion and Wilcox, 2995) a value
of ρ = 0.20 is used to generate all the information and the value recommended in (Hunn y Calafell, 1977) for
grass ranges between 0.2 and 0.3. The ground surrounding our experimental setup is composed of a small
wooden deck and an area of grass. A seasonal effect in the albedo, due to the different pigmentation of the grass
between summer and winter can be expected.
Since we had several years of simultaneous measurements of global irradiance on the vertical (G i) and
horizontal (Gh) planes and the diffuse fraction fd was also measured, the average reflectivity could be determined
from Eq. (2) using linear regression. An overall average reflectivity (albedo) of ρ = 0.32 was obtained and the
seasonal behaviour shown in Fig. 4 emerges when the data is separated by month. The solar reflectivity of the
surrounding grass varies significantly (between 0.25 and 0.42), being lower in Summer (December-February)
and higher in Winter (June-July).

Fig.4 Mean albedo or ground reflectivity at the experimental facility for each month of the year. Gray dots are estimated from
the data. The blue line is a linear interpolation of the monthly averages (the bars correspond to ± one std. deviation).

2.4 Methodology and data filtering
As mentioned, global solar irradiances were measured and recorded at each minute. However, for this work, the
1-minute solar irradiance database was integrated to 5 minute averages in order to minimize the effect of shortlived, over-irradiance events due to transient cloud reflections. The resulting 129020 daytime records of 5-min
data where filtered following to the recommendations of the Baseline Solar Radiation Network - BSRN (Long
and Dutton, 2002). Three additional filters where applied in order to remove data points affected by conditions
such as low Sun or large incidence angles, associated to large experimental uncertainties:
i) low Sun:
ii) transmittance:
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iii) incidence angle on glazing:

or

After these filters are applied, a set of 30113 5-min records with valid τg and fd are obtained and these form the
basis for the adjustment and evaluation of the transmittance models. Half of the data set is selected randomly as
the “training set” for adjusting the model parameters (as described below) and the other half is used as the
“evaluation set”. For each record, the incidence angle is computed and Eqs. (6-11) are used to obtain the beam
and diffuse solar transmittances for each model and using Eq. (4) the estimated global transmittances are
obtained. The modified diffuse fraction from Eq. (5) is used to include anisotropy in the transport model
(effectively using Hay and Davies transport model), although this step is not essential.
The models are evaluated using the standard Mean Bias Deviation (MBD) and Root Mean Square Deviation
(RMSD) indicators. For a set of N measurements and estimates they are defined by,
(15)
and they can be expressed in relative terms, as a percentage, relative to the average of the measured values.
Tab. 1. Parameters for each transmittance model. KL, τn and b0 are fitted by multiple linear regression to the transmittance
data, the index of refraction n is measured in the lab and p is fixed at 4 for float glass. The diffuse transmittance was
calculated from Eq. (12 ).

model for
DB, Eqs (8) and (4)
ISO, Eqs (9) and (4)
SS, Eqs. (10) and (4)

normal global
transmittance
0.800
0.803
0.795

diffuse
transmittance
0.711
0.714
0.706

parameters
KL = 0.136; n = 1.53
b0 = 0.109
p=4

For each model, the free parameters (either KL or τ n and b0) are adjusted to the adjustment dataset by
standard multiple linear regression. Table 1 shows the results of the adjustment and derived parameters, such
as diffuse transmittance, from Eq. (12). The index of refraction was measured indoors as described in Section
2.3. These results show that the normal beam transmittances obtained from the three models are consistent and

Fig. 5. Measured transmittance. (a) Transmittance vs diffuse fraction (the red dots correspond to incidence angles under 45 o).
(b) Transmittance vs incidence angle

τn = 0.80 for this sample under solar light in average outdoor conditions. Laboratory measurements made for a
standard solar spectrum with a specific airmass (AM = 1.5) result in a higher normal transmittance (0.855). The
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outdoor experimental conditions include air masses up to 11.5 and a mix of cloudy and clear-sky conditions,
therefore different solar spectra are involved. About 37% of the data records correspond to mostly clear-sky
conditions, 60% to mixed cloudiness and less than 3 % to total cloud cover. The diffuse transmittances obtained
from Eq. (12) are also consistent between models, with
. Fig. 5 shows the measured global
transmittance as a function of (a) diffuse fraction and (b) incidence angle. Under clear-sky conditions (fd < 0.2) a
range of transmittances between 0.3 and 0.8 are obtained, depending on the air mass. Under cloudy conditions
(fd = 1) the global transmittance is approximately 0.70 with a small spread.

3. Results
A scatter plot for the SS model estimates (global transmittance vs the measured values) is shown in Fig. 6
(upper panel). The lower panels show the global transmittance as function of the incidence angle, as predicted
by each model against the filtered dataset in the background. The three models follow the decreasing trend of
beam transmittance with incidence angle (relevant under clear-sky conditions) correctly and produce similar
results for diffuse transmittance under cloudy conditions. A quantitative assessment is made using the evaluation
dataset and the indicators defined in Eq. (15). The results for each model, are expressed in relative terms as a %
of the average of the measured global transmittance,<ττ g> = 0.691, and they are shown in Table 2.

Fig. 6. Scatter plot for modeled transmittance vs measured transmittance for the SS model.

Fig. 7. Dependence of global transmittance with incidence angle. Models in black, data represented by gray dots.
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All models perform well when combined in Eq. (4) under all-sky conditions with an average rRMSD of 2.9 %
and small biases. When analyzed under clear-sky, partially cloudy or full cloudiness conditions, the rRMSD
indicators increases only slightly (to an average of 3.3 % across models) under partial cloudiness (worst case)
and biases remain under ±1% in all cases.
In order to use Eq. (4), the diffuse fraction must be known and diffuse irradiance is not an easily available
variable for the average user of transmittance models. An estimate of the diffuse fraction can be obtained from
global horizontal irradiance using phenomenological separation models (Abal et al, 2017) and its interesting to
assess the impact of estimating the diffuse fraction on the performance indicators of the transmittance models.
The analysis in (Abal et al, 2017) considered ten models for diffuse fraction and evaluated their performance
using solar irradiance data for the territory of Uruguay. Taking into account simplicity and performance, one of
the best models is the one proposed in (Ruiz-Arias et al. 2010), based on a double exponential function
(16)
where the air mass m can be approximated by
, unless θz is close to 900 (sunrise or sunset
conditions) in which case a corrected expression must be used. The localized version of this model, RA2s, using
the parameters ai as listed in Table 10 of (Abal et al, 2017) estimates the diffuse fraction with an rRMSD under
20% of the measured mean of fd in the region of interest in this work. The indicators obtained from the
transmittance models when the diffuse fraction is estimated from global irradiance using Eq. (16) is shown in
the two rightmost columns of Table 2 (marked in gray). Small biases (under 2 %) appear, and the rRMSD
Tab. 2. Indicators for the three global transmittance models expressed as a % of the mean value of the measured global
transmittance <τg> = 0.691

model for
DB, Eqs (8) and (4)
ISO, Eqs (9) and (4)
SS, Eqs. (10) and (4)

measured difuse fraction
rMBD (%) rRMSD (%)
0.0
2.8
1.2
3.0
0.0
2.9

modeled difuse fraction
rMBD (%)
rRMSD (%)
-0.7
10.1
2.3
10.4
1.5
10.3

Tab. 3. Indicators for the three global transmittance models with modeled diffuse fraction separated by sky condition,
expressed as a % of the mean value of the measured global transmittance <τg> = 0.691.

clear sky

partial clouds

full cloud cover

rMBD

rRMSD

rMBD

rRMSD

rMBD

rRMSD

DB

-2.5

3.6

-0.6

12.7

7.7

15.8

ISO

1.0

3.5

2.5

12.9

10.6

17.5

SS

0.0

3.2

1.6

12.9

9.5

16.9

model for

indicators increase from 3.3 % to an average of 10.3 % across models. This may be acceptable, depending on
the desired application. In Table 3, these results are resolved for the different sky conditions. There are large
positive biases (between 7 and 11%) under full cloud cover, indicating considerable transmittance
overestimation by all models in this condition. A large difference appears in the rRMSD indicator, which
increases only slightly under clear-sky conditions but becomes large (between 13-17%) under cloudy skies.
This reflects a weakness of most diffuse fraction models, which are known to perform worst under partial
cloudiness conditions (Abal et al., 2017). However, in the conditions in which models perform worst (under
cloudiness), the transmitted energy flux should also be small. Under clear-sky conditions, when the energy flux
is expected to be large, the transmittance models are accurate, even if the diffuse fraction is calculated.
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4. Conclusions
This paper focuses on models for the solar transmittance of vertical glazings under real outdoor conditions. It is
shown experimentally that properties of incident solar irradiance such as the incidence angle or the diffuse
component (determined mainly by cloudiness) have a relevant impact on solar transmittance of a vertical
glazing and can decrease it by more than 60% with respect to the normal-incidence, clear-sky value.
A theoretical framework is proposed to incorporate a dependence of the global transmittance on the diffuse
component of the incident radiation (diffuse fraction). Solar irradiance (incident and transmitted) measurements
were made, at 1-minute intervals, during a three-year period on a vertical glazing made of 6 mm thick float
glass. The two components (beam and diffuse) of horizontal solar irradiance were also measured using a
precision solar tracker and quality-controlled instruments. All data was filtered according to well established
quality control procedures. Three beam transmittance models were locally adjusted and assessed in their ability
to predict global solar transmittance under all-sky conditions. They perform similarly and accurately under all
sky conditions (rRMSD under 3% with negligible bias) if the diffuse irradiance component is measured. The
beam normal and the diffuse transmittances found by fitting all models to the data was 80 % and 71%
respectively. And these results are consistent across the three models.
The effect on the solar transmittance models of using an estimated diffuse fraction from a locally adjusted
separation model has also been evaluated. It was found that this increases the rRMSD from 3% to 10 %, on
average under all-sky conditions. When these results are desaggregated for different sky conditions, it becomes
clear that the main impact due to the use of a separation model takes place under cloudy conditions when
rRMSD can reach 17% with large biases. Since the main energy exchange occurs under clear skies, and in this
case the impact on all transmittance models is small, the methodology may be useful in energy efficiency
applications in buildings. The best model for directional transmittance, based on simplicity and good
performance, is the SS model even though it was initially formulated for global transmittance (Schultz, J.M. and
S. Svendsen, 1998) . It has a single adjustable parameter and can potentially describe the solar transmittance of
other kind of transparent materials with internal structure, such as polycarbonates or corrugated plastics,
commonly used in buildings. This aspects will be investigated in a future work.
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Abstract
Chinese government has been encouraging the deployment of renewable energy resources such as solar PV for
many years. However, up to date building integrated photovoltaic (BIPV) system is still not a common practice
in construction industry and encounters many barriers for entry into public realm especially in residential
buildings. In this study, a comprehensive survey was conducted in June 2019 to investigate the public responses
to and expectations for installing BIPV system to residential buildings in Wuhan, China. A sample size of 206
has been collected from different residential buildings. The results show that agreement is not a real barrier for
the installation of BIPV to residential buildings; however, knowledge, technology, economic, social and
political barriers are the hurdles for BIPV adoption. Based on the data analysis, some recommendations have
been made to address the barriers. The results of this study will assist policymakers and relevant stakeholders of
building industry in making informed BIPV-related decisions and in targeting future research and development
efforts.
Keywords: Public Response, BIPV, residential buildings; barriers

1. Introduction
Chinese government has been encouraging the deployment of renewable energy resources such as solar PV for
many years. As a result, China has become not only the world's largest energy consumer but also a leader in the
solar PV industry (Zhang et al. 2016). Based on the statistics of China's National Energy Administration, the
total installed capacity of solar PV power generation in China reached 174 GW by the end of 2018, of which the
large-scale grid-connected solar PV power plants have a total installed capacity of 123 GW and the distributed
solar PV power generation systems have a total capacity of 51 GW, generating 177.5 billion kWh electricity per
year (Statistics of China’s National Energy Administration, 2018).
Despite the strong growth in recent years, at present, large-scale ground-based solar PV power plants account
for 90% of the total solar power generation in China, while small-scale distributed solar power generation units
account for only 10%. To promote the development of distributed solar PV power generation, the central and
local governments of China have introduced a series of subsidy and supporting policies to reduce the users'
investment pressure and investment risks and, thus, stimulate their enthusiasm for solar energy (Shuai et al.,
2019). However, up to date, Building-integrated photovoltaics (BIPV) is still not a common practice in
construction industry and encounters many barriers for entry into public realm especially in residential
buildings, in spite of huge market capacity of BIPV in residential buildings in China. At present, the total
building floor area of China is more than 80 billion square meters, among which residential buildings accounts
for 2/3, and industry and commercial buildings accounts for 1/3. More than 7 billion square meters of the
rooftop and 3 billion square meters of the facade in residential buildings can be installed with BIPV system,
which amounts to 10 billion square meters area with an installation capacity of 1500GW. Despite the huge
installation capacity BIPV is rarely recognised as an option for energy saving in residential building design in
China. There are only a small number of vendors in the market and BIPV solutions are considered only
applicable for very high-end developments for commercial and industry buildings. Consumers are skeptical
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about BIPV especially for home buyers and owners who are difficult to be convinced to invest into BIPV.
Therefore, it is important to carry out an investigation to understand the public awareness and perception of this
emerging renewable technology for residential buildings in China.
From literature review, it can be seen that there are numerous barriers existing in the utilization of BIPV system
in China. A major barrier to promote BIPV system application in buildings is lack of consumer confidence in
BIPV systems due to the high capital cost of purchase and installation, and later on-going cost in maintenance
(Yang and Zou 2015). Zhao et al. (2013) summarized that in China, the main factors that affect the PV power
industry are technologies, industry plan, laws, price and incentive polices. Shuai et al. (2019) also found that the
major problems restricting the rapid extension of distributed solar PV power generation are high initial
investment (costs), difficulty in financing, and long investment payback periods. These problems are
particularly prominent for household distributed solar PV installations. However, Zhang et al. (2015) found that
cost is not a significant barrier to distributed-generation PV development in China as the soft costs of
distributed-generation PV installation in China appear to be very low compared to those in other countries,
suggesting that there must be other important market and policy constraints. Therefore, more studies should be
carried out to identify the major barriers to adoption of BIPV applications in residential buildings in China. The
identification of these barriers through public response is vital to develop strategies for more rapid entry of
BIPV into the residential sector in China.
In the study, the barriers to BIPV development in residential buildings are investigated using Trudgill's
AKTESP framework (1990), which focuses on agreement, knowledge, technological, economic, social, and
political aspects of BIPV development. A case study with a comprehensive survey has been carried out in
Wuhan, China to identify the major barriers affecting the installation of BIPV system to residential buildings in
Wuhan, China. The results of this study will assist policymakers and other relevant stakeholders in making
informed BIPV-related decisions and in targeting future research and development efforts.

2. Research Methodology
2.1 Survey Design and Data Collection Procedure
The survey region, Wuhan, is one of the major economic centres of China and the most populous city in Central
China, with a population of over 10 million (National Bureau of Statistics of China, 2014).
The survey was conducted in June 2019 and a total of 206 valid questionnaires were collected from different
residential buildings in Wuhan. The city of Wuhan is divided into 3 districts, which are Wuchang, Hankou, and
Hanyang. The data collection ensured an equal number of samples from these 3 districts. In addition, it is
important to note that all the respondents surveyed should be the residents who have not installed any solar PV
generation equipment. A small gift was provided to compensate the participants after the survey.
The questionnaire design was based on Trudgill’s framework which consists of six major groups of barriers:
agreement, knowledge, technology, economic, social and political (AKTESP) (as shown in Fig.1). The
‘AKTESP’ Framework has proven its versatility in helping to explain a diverse array of environmental
challenges, including Amazonian deforestation (Trudgill, 1990), cumulative effects assessment (Piper, 2001),
cultural landscape conservation (Selman, 2004), public resistance to solar energy (Haw et al., 2009),
implementing renewable energy policy (Sulaiman et al., 2014) and barriers to wind energy development
(Mercer et al., 2017).
2.2 Statistical Analyses
For the purpose of identifying the barriers for the BIPV installation, descriptive analysis and independent ChiSquare test were applied using SPSS 20.0 software to interpret and analyse some of the survey results. The ChiSquare Test is a nonparametric test and determines whether there is an association between categorical variables
(i.e., whether the variables are independent or related) (Dowdy et al., 2004). Thus, this test can reveal whether
there is a significant relationship between the residents’ responses and the six groups of barriers.
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Fig. 1: The AKTESP groups of barriers (Source: Trudgill, S., 1990)

3. Results and Discussion
3.1 Respondents Characteristics
As shown in Table 1, for the demographic factor of gender, approximately 55% of the respondents are male and
45% are female. For the age factor, the majority (73.3%) of the respondents are within the 20 to 40 years old
range. For the education factor, more than 70% of the respondents are well educated with at least a bachelor’s
degree. For the income factor, nearly 70% of the respondents earn more than 5000 RMB per month. This is
consistent with the average monthly income (5883 RMB) of Wuhan residents in 2018 according to Wuhan
Statistical Bureau (Wuhan Statistical Bureau, 2018).
Tab. 1: The distribution of respondent characteristics

Factors
Male
Gender
Female
Under 20
20-29
Age
30-39
40-49
Above 50
Secondary school
High school
Vocational school
Education
Bachelor Degree
Master Degree
PhD
Below 1500 RMB
1500-2999 RMB
2999-4999 RMB
Monthly income
5000-6999 RMB
7000-10000 RMB
Above 10000 RMB

1850

Frequency
113
93
17
67
84
29
9
14
13
22
87
57
13
4
23
37
37
38
67

Percentage
54.9%
45.1%
8.3%
32.5%
40.8%
14.1%
4.4%
6.8%
6.3%
10.7%
42.2%
27.7%
6.3%
1.9%
11.2%
18.0%
18.0%
18.4%
32.5%
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3.2 Agreement barrier
In assessing the agreement barrier from the respondents, the following two questions were asked:
(1) Do you know that using solar energy is helpful for the environmental protection?
(2) Do you think PV power generation have a promising future?

100

100

80

80

Frequency (%)

Frequency (%)

As shown in Figure 2, 96% of the respondents agree that solar energy is helpful for the environmental
protection. Most of the respondents (70.9%) vote for “very bright” and “bright”, which suggests that they
consider that the solar energy power generation industry has a bright future.

60
40
20
0
Yes
No
Agreement of solar energy being helpful
for the environmental protection

60
40
20
0
Very Bright

Bright

Neutral

Not Bright

Agreement of the future of solar energy

Fig. 2: Agreement barrier

The above results indicate that agreement is not a real barrier for the development of BIPV for residential
buildings in Wuhan. Most of the respondents acknowledge the benefits of solar energy for reducing
environmental problem and the bright future of solar power generation industry.
3.3 Knowledge Barrier
In assessing the knowledge barrier among the respondents, the following two questions were asked:
(1) Do you know about PV power generation?
(2) Have you seen any type of solar energy system or product? Four options were provided (No, Solar hot water
heater, BIPV, Solar lighting product) and respondents can choose more than one answer for this question).
For the first question, 7.8% of the respondents are professionals in this area and they fully understand PV power
generation. 55.3% of the respondents understand it to a certain extent from books, TV and other social media.
31.5% the respondents do not understand the PV power generation very well, and 5.3% understand nothing
about it (as shown in Figure 3).

60

Frequency (%)

50
40
30
20
10
0
Fully understand

Understand to a
Not understand very Understand nothing at
certain extent
well
all
Understading of PV power generation

Fig. 3: Knowledge barrier
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For the second question, it can be seen from Table 2 that solar water heater has been chosen for 168 times, solar
lighting product has been selected for 81 times, but BIPV has been chosen only for 23 times. The exposure of
BIPV is much less compared to solar hot water system. Since 2013, it is compulsory for new buildings to install
solar hot water system in order to comply with the Design Standard for Residential Buildings of Low Energy
Consumption (DB 42/T 559-2013) in Wuhan, which to some extent increases the people’s knowledge on solar
hot water system. It should be noted here that solar lighting product refers to the solar lights and Buildingintegrated photovoltaics (BIPV) refers to the photovoltaic materials that are used to replace conventional
building materials in parts of the building envelope such as the roof, skylights, or facades.
Tab. 2: Responses on solar energy system or product

Responses

Solar Energy Product

Number
33
168
23
81
306

No
Solar hot water heater
BIPV
Solar lighting product
Total

Percent of Cases

Percent
10.8%
55.1%
7.5%
26.6%
100.0%

16.0%
81.6%
11.2%
39.3%
148.1%

a. Dichotomy group tabulated at value 1.

It has been also found that the knowledge of PV power generation has significant relationship with education
level as shown in Table 3. People with higher education understand PV power generation better than people
with lower education. The Chi-square test shown in Table 4 indicates that this correlation is statistically
significant.
Tab. 3: Knowledge and Education Crosstabulation

Understanding of PV
power generation
Fully
understand
Understand
to a certain
extent
Understand
not very
well
Understand
nothing at
all
Total

Count
% within
Education
Count
% within
Education
Count
% within
Education
Count
% within
Education
Count
% within
Education

Education
Total

Secondary
school
0

High
school
0

Vocational
school
0

Bachelor
degree
8

Master
degree
6

PhD
2

16

.0%

.0%

.0%

9.2%

10.5%

15.4%

7.8%

4

8

8

48

36

10

114

28.6%

61.5%

36.4%

55.2%

63.2%

76.9%

55.3%

8

5

11

26

14

1

65

57.1%

38.5%

50.0%

29.9%

24.6%

7.7%

31.6%

2

0

3

5

1

0

11

14.3%

.0%

13.6%

5.7%

1.8%

.0%

5.3%

14

13

22

87

57

13

206

100.0%

100.0%

100.0%

100.0%

100.0%

100.0%

100.0%

Tab. 4: Chi-Square Tests for Knowledge and Education

Pearson Chi-Square
Likelihood Ratio
Linear-by-Linear Association
N of Valid Cases
Pearson Chi-Square

Value
27.125a
31.602
18.264
206
27.125a

df
15
15
1

Asymp. Sig. (2-sided)
.028
.007
.000

15

.028

a. 14 cells (58.3%) have expected count less than 5. The minimum expected count is 0.69.

The above results suggest that BIPV has not yet entered into public realm in the city of Wuhan. There is a lack
of promotion of BIPV technology to the public. This can be addressed by introducing more BIPV education
programs through more effective communication means or channels like TV and internet. In addition, more
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educational programs regarding the awareness of renewable energy in particular solar energy and benefits of
BIPV system such as make buildings more thermally comfortable and energy efficient (Yang et al. 2014), need
to be channelled and introduced into secondary schools, high schools and vocational schools.
3.4 Technology barrier
In assessing the technology barrier from the respondents, the following question was asked:
What do you care most about the installation of BIPV system? Three options were provided (Cost, System
Stability, System Maintenance) and respondents can choose more than one answer for this question.
As shown in Table 5, cost has been selected for 110 times, system stability has been selected for 176 times, and
maintenance has been selected for 114 times. Among the 206 respondents, 85.4% considered system stability as
the most important factor for the installation of BIPV.
It is known that BIPV modules are integrated with the building surface and might not permit airflow between
module and supporting structure which may experience higher operating temperatures and cause early failure of
the system. Beside this, there are other technical barriers such as fire safety, structural capacity needed to be
considered in order to promote the adoption of BIPV system.
Tab. 5: Responses on cost, system stability and system maintenance

Responses
Percent of Cases
Number

Percent

Cost

110

27.5%

53.4%

System Stability

176

44.0%

85.4%

System Maintenance

114

28.5%

55.3%

Total

400

100.0%

194.2%

a. Dichotomy group tabulated at value 1.

3.5 Economic barrier

Frequency (%)

The economic barrier in this study is analysed by the expectation of payback period of the BIPV system. As
shown in Figure 4, 68.4% of the respondents hope that the payback period is below 5 years and 14.1% of the
respondents hope within 6 to 10 years. Only 4.9% of the respondents indicate more than 10 years. In addition,
12.6% of the respondents reveal that they do not care about the payback period because environment protection
is of paramount importance.
100
90
80
70
60
50
40
30
20
10
0
less than 5 years

6 to 10 years

more than 10 years do not care as long as
it is good for
Payback Period of BIPV system
environment
Fig. 4: Expected payback period

A further analysis into the payback period and income level is shown in Table 6 which suggests that there is no
significant relationship between the expected payback period and income. Even for people with high monthly
income (more RMB 10,000 per family per head, which can be characterized as high income in China), 74.6% of
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those respondents still hope that the payback period is less than 5 years.
The above result indicates that payback period could be a barrier for the development BIPV system in Wuhan.
Therefore, reducing BIPV cost in short term is still the major challenge for its development in residential
sectors.
Tab. 6: Monthly income and payback period Crosstabulation

Monthly income
Below 1500
RMB

Less than 5
years
2

Count
% within
income
Count
% within
income
Count
% within
income
Count
% within
income
Count
% within
income
Count
% within
income
Count
% within
income

1500-2999
RMB
2999-4999
RMB
5000-6999
RMB
7000-10000
RMB
Above
10000 RMB

Total

Payback period
More than 10
6 to 10 years
years
0
1

Total
Do not care
1

4

50.0%

.0%

25.0%

25.0%

100.0%

17

2

0

4

23

73.9%

8.7%

.0%

17.4%

100.0%

20

8

3

6

37

54.1%

21.6%

8.1%

16.2%

100.0%

25

8

1

3

37

67.6%

21.6%

2.7%

8.1%

100.0%

27

3

3

5

38

71.1%

7.9%

7.9%

13.2%

100.0%

50

8

2

7

67

74.6%

11.9%

3.0%

10.4%

100.0%

141

29

10

26

206

68.4%

14.1%

4.9%

12.6%

100.0%

3.6 Social Barrier
In assessing the social barrier from the respondents, the following question was asked:
Will you support the installation of BIPV system for your building?

Frequency (%)

As shown in Figure 5, only 48% of the respondents choose “yes”, 35% are “not sure”, 5.4% choose “No” and
11.6% indicate that they do not care about it. One reason for the low social acceptance of BIPV may be due to
the fact that only 11.2% of the respondents have seen BIPV or photovoltaic system in their life as discussed in
Section 3.4 knowledge barrier. BIPV is still a relatively new concept for residents in Wuhan, which impedes a
broader penetration of BIPV into residential buildings in Wuhan. Therefore, more demonstration residential
buildings with BIPV system should be built and residents should be invited to visit these demonstration
buildings more frequently so that residents can appreciate more benefits of BIPV system and then perhaps
change their view on the installation of BIPV system.
80
70
60
50
40
30
20
10
0
Yes

Not sure

No

Do not care

Attitdue of supporting the installation of BIPV system for your building
Fig. 5: Social barrier
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3.7 Political Barrier
The Chinese government subsidies for the PV industry have brought a booming time for the substantial
development of solar PV companies in China. In the long-term, nevertheless, governmental subsidies for solar
PV companies should be maintained and strengthened (Xiong and Yang 2016). Apart from the government
subsidies, there are some other political barriers.
This survey asked whether the respondent has ownership of the roof top. Only 41.3% of the respondents have
ownership of rooftop. Most of the respondents (58.7%) live in high-rise apartment buildings for which the
rooftop is shared by all the residents in the building. For existing buildings, the installation of BIPV system
requires all the residents to sign on, which needs effective communication and coordination. There is an
apparent lack of policy or regulations to govern the installation of BIPV system for existing buildings and to
resolve the disputes among residents regarding the different opinions on the installation of BIPV system.
Therefore, it is necessary to have some polices in place for the property management company to install BIPV
for existing buildings. Regulations to resolve the disputes among the residents for the installation of BIPV are
also needed.

4. Conclusions
Results of a comprehensive survey on public responses to and expectations for installing building integrated
photovoltaic (BIPV) to residential buildings in a Chinese city Wuhan has been presented in this paper. Based on
‘AKTESP’ Framework, six barriers in terms of agreement, knowledge, technology, economic, social and
political in installing BIPV to residential have been discussed. SPSS 20.0 software has been employed to
interpret and analyse the survey results from which some recommendations have been proposed to address these
barriers.
From the analysis of the survey results, it has been found that agreement is not a real barrier for the installation
of BIPV to residential buildings; instead, knowledge, technology, economic, social and political barriers are the
hurdles for BIPV adoption. It has also been found that knowledge barrier in terms of understanding of BIPV
system and technology barrier in terms of BIPV system stability are of most concerns to residents. There is an
apparent lack of policy or regulations to govern the installation of BIPV system for existing buildings and to
resolve the disputes among residents regarding the different opinions on the installation of BIPV system. It is
recommended that more demonstration residential buildings with BIPV system should be built and residents
should be invited to visit these demonstration buildings more frequently so that residents can appreciate more
benefits of BIPV system. It is also necessary to have some polices in place for the property management
company to install BIPV for existing buildings. Regulations to resolve the disputes among the residents for the
installation of BIPV are also needed.
It can be concluded that the results of this study can assist policymakers and relevant stakeholders in making
informed decisions relating to installation of BIPV to residential buildings and in setting future research and
development directions in this area.
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Abstract
This work presents a new one-minute diffuse fraction model based on the BRL-minute model, with a new
predictor added to it and the use of a robust nonlinear regression method that can minimize the effects of outliers
on the dataset without removing them. The presented model is also regressed using the BSRN and BOM data
from many stations belonging to the same climate according to the Köppen-Geiger classification. A formal
error analysis is also performed comparing the new model with the BRL and Engerer models.
Keywords: Diffuse and direct irradiance, BSRN, Köppen-Geiger climate, Robust regression, Separation models

1. Introduction
Diffuse fraction models, or separation models, have been extensively studied since the initial developments in
the 1960s by Liu & Jordan (1960). In general, these models are based on measured data from different stations
in different climatic conditions, use different temporal scales (e.g. monthly, daily, hourly, minute) and make
use of one or several predictors (independent variables) (Aler, Galván, Ruiz-Arias, & Gueymard, 2017).
The developments in this area are driven by the need of accurate values of the three irradiance components,
namely the global horizontal irradiance (𝐺), diffuse horizontal irradiance (𝐺𝑑 ) and direct normal irradiance
(𝐺𝑏 ), which are fundamental for the correct design and performance assessment of solar energy systems.
However, measuring these three components requires complex tracking devices and significant operational
efforts, which lead to high costs. As a result, there are several stations measuring only global irradiance, mainly
because it requires less operational efforts and costs. A common solution to overcome the absence of
measurements of the other two components is to use some sort of separation model to estimate both diffuse and
direct components from global irradiance observations. Several separation models have been developed using
hourly irradiance data, however such models do not appropriately describe fast transient episodes in solar
irradiance, which happen at time scales much smaller than an hour. As a result, these models are not adequate
to meet the current demands of the industry (Gueymard, 2017a, 2017b; Gueymard & Ruiz-Arias, 2016).
Gueymard and Ruiz-Arias (2016) reported an extensive validation study with 140 separation models using oneminute data and reported that cloud enhancement events (CEE) and high-albedo effects intensify the errors in
irradiance estimates of separation models. Based on new criteria to evaluate the robustness of a separation
model and comparing each model’s performance within different climate zones, the authors recommended the
development of separation models for each climate zone. The authors also concluded that models that consider
variability and clear-sky irradiance as predictors tend to perform better.
Recently, Starke et al. (2018) presented a logistical model for one-minute irradiance based on the BRL model.
The proposed model, named the BRL-minute model, uses a piecewise function, defined by two sub-domains,
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one for CEE and the other for non-CEE. The authors proposed a model for Brazil and another for Australia,
using one-minute data from four BSRN stations and four stations of the Australian Government Bureau of
Meteorology (BOM).
The main goal of this study is to present the further developments of the BRL-minute model, as one-minute
irradiance data from many stations spread worldwide were used to develop diffuse fraction models for climate
zones from the Köppen-Geiger climate classification, following the suggestion by Gueymard and Ruiz-Arias
(2016). Also, a new predictor was added to the model and a robust nonlinear regression method was used to
account for the data heteroscedasticity and possible outliers. Finally, to assess the performance of the new
models, a formal error analysis was performed, based on comparisons between this work and the models of
Ridley et al. (2010) and Engerer (2015), which figured among the best performing models selected in the work
by Gueymard and Ruiz-Arias (2016).

2. Methodology
The model proposed here is based on the work of Starke et al. (2018), which proposed a piecewise logistical
model that can predict the fast transient phenomena observed in 1-min data. The division of the model in two
parts aimed to separate diffuse fraction values that correspond to cloud enhancement from those that do not. As
proposed by Starke et al. (2018), the variables 𝑘 𝑇 and 𝐾𝐶𝑆𝐼 were used to determine the domain breakpoint, i.e.
to identify whether a data point is a cloud enhancement event or not,. In this way, variables with physical
interpretation are used to identify cloud enhancement events, thus the value of the domain breakpoint is not
arbitrarily defined, nor does it need to be defined by the regression process.
A few changes were made to the original model, as the hourly clearness index (𝐾𝑇 ) was added as a model
predictor. The reason of adding this predictor is based on the same logic used at the BRL model when the daily
̅̅̅̅𝑇 ) was used as predictor – if it seems logical to use daily clearness index to classify similar
clearness index (𝐾
days on an hourly model, therefore it also seems logical to use hourly clearness index to classify similar hours
on an one-minute model. It is worth mentioning that there is no additional complexity of adding this predictor,
since it is easy to obtain the hourly clearness index using the predictors already present on the model – one
minute and daily clearness indexes. The subdomain intervals were also reorganized in a clearer form, where the
first equation models the cloud enhancements events and the other equation models the other events. The model
proposed on this work is given by,
1

𝑑̂ = {1+𝑒

̅ 𝑇 +𝛽5 ψ+β6 𝐶𝑆𝐼+𝛽7 𝐾𝑇 )
(𝛽0 +𝛽1 𝑘𝑇 +𝛽2 𝐴𝑆𝑇+𝛽3 𝛼+𝛽4 𝐾

,

1
̅

1+𝑒 (𝛽8 +𝛽9 𝑘𝑇 +𝛽10 𝐴𝑆𝑇+𝛽11 𝛼+𝛽12 𝐾𝑇 +𝛽13 ψ+β14 𝐶𝑆𝐼+𝛽15 𝐾𝑇 )

𝐾𝐶𝑆𝐼 ≥ 1.05 𝑎𝑛𝑑 𝑘 𝑇 > 0.65
,

𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒

(eq. 1)

where 𝑑̂ is the modelled diffuse fraction, 𝑘 𝑇 is the clearness index at minute basis, defined as the ratio of the
global horizontal irradiance (𝐺) to the horizontal extra-terrestrial irradiance at the top of the atmosphere (𝐺𝑜 ).
̅̅̅̅𝑇 ) is the daily clearness index and
𝐴𝑆𝑇 is the apparent solar time in hours, 𝛼 is the solar altitude in degrees, (𝐾
𝜓 is a persistence factor defined by Ridley et al. (2010). 𝐶𝑆𝐼 is the clear-sky irradiance in W𝑚−2 , 𝐾𝑇 is the
hourly clearness index and 𝐾𝐶𝑆𝐼 is the ratio of the measured G and the CSI. It is worth mention that the values
of the breakpoint were maintained the same as the ones presented by Starke et al. (2018). Moreover, to avoid
any confusion and misunderstanding, the CSI inputs to the Eq. (1) are now given in W𝑚−2 , unlike the originally
proposed by Starke et al. (2018), which were in MJ ℎ−1 𝑚−2 .
2.1. Irradiance Data
The quality of any separation model depends on the limitations and experimental error of the measured
irradiance, depending on the radiometer’s performance, radiometer calibration, station maintenance and
instrument cleaning (Gueymard & Ruiz-Arias, 2016). To mitigate the impact of these factors on our model,
only data from research-class stations were used.
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The one-minute database used contains the three irradiance components measured with thermopile radiometers.
Most of the stations (51) belong to the Baseline Surface Radiation Network (BSRN) and one station belongs to
the Australian Government Bureau of Meteorology (BOM). A summary of all stations considered herein is
presented in Table 1. It is worth mentioning that only data after the year 2000 is being considered, as most
stations do not have one-minute irradiance measurements before that.
2.2. Climate classification
The Köppen-Geiger climate classification was used to classify the different stations considered on the present
work. To do so, data provided on the work by Chen and Chen (2013) were used. The authors used global
temperature and precipitation observations over the period of 1901–2010 to build the Köppen classification
dataset on the interannual, interdecadal, and 30-year time scales. The result is a classification indicated by a
letter code, where the first letter indicates the main climate type (A for tropical, B for dry, C for temperate, D
for continental and E for polar), and the following letters denote the specific climate type. The reader is referred
to the work by Chen and Chen (2013) for a more detailed description of the letters in the Köppen classification
scheme. In the present work, the 30-year time scale was used, with data from 1981-2010, comprising most of
the measurement period of the stations used. The Köppen climate of each station is also presented in Table 1.
2.3. Clear-sky model
The clear-sky irradiance (CSI) values needed in this work were calculated by the broadband simplified
analytical version of the Solis model (Ineichen, 2008). This model estimates clear-sky irradiance at the
evaluated site by multiplying the extraterrestrial irradiance (calculated using site latitude and longitude) by a
correction factor that is a function of aerosol optical depth (AOD), atmosphere water vapor content (W) and
site altitude. AOD and W values were taken from the CAMS Reanalysis dataset, which provides atmospheric
composition data from 2003 up to 2017. For stations with data extending beyond 2017 (or before 2003), the
information of the last (first) year is used as an approximation of the following (previous) years, as Starke et al.
(2018) have shown that this approximation has a minor impact on the model performance.
Some of the stations used in this work are placed in areas where the site elevation is much higher than the
average pixel elevation for the dataset used, which caused inconsistencies when computing the CSI estimate.
In order to address this problem, an altitude correction was implemented as described by Bright and Gueymard
(2019) to equalize the reference altitude for all datasets and it is calculated using the equation:
𝐴𝑂𝐷(ℎ) = 𝐴𝑂𝐷(ℎ0 ) × exp [

(ℎ−ℎ0 )
𝐻𝑎

]

(eq. 2)

Where 𝐴𝑂𝐷(ℎ) is the AOD at the station altitude ℎ, 𝐴𝑂𝐷(ℎ0 ) is the AOD estimate from the CAMS dataset
with reference altitude ℎ0 , which was obtained using the geopotential measurement for the considered pixel
(Bright & Gueymard, 2019b), also available on the CAMS dataset, and 𝐻𝑎 is the scale height, whose value was
adopted as a constant of 2100m, the value suggested by the referred authors for coastal sites. The same
procedure was used to correct atmospheric water vapor content, by using W instead of AOD in the equation
and the same scale height.
2.4. Quality control
The first quality checks applied to the solar data were the ones used by Gueymard and Ruiz-Arias (2016) in
their extensive review. These checks ensure that the measured irradiance value is physically possible and that
the three components of solar radiation are mutually coherent. Further quality checks were made based on the
quality control methodology described by Lemos et al. (2017), such as the “Rayleigh limit test”, which
guarantees that the measured diffuse irradiance is not below a minimum physically possible value. The
“overcast test”, also listed by the referred authors, was applied as a lower allowable limit to G.
The number of valid data points (i.e. qualified data) for each station is presented in Table 1. Stations with less
than 262800 qualified data points (roughly the sunlight minutes within one year) were removed from the pool.
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Table 1 – General information on the 52 stations whose data were available for this study, including, in order of appearance, a
three letter code, the station complete name, latitude and longitude in degrees, elevation in meters above sea level, the data
source, the Köppen-Geiger climate and the number of valid data points after the quality control.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
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Code
Station
ADL
Adelaide
ALE
Alert
ASP
Alice Springs
BAR
Barrow
BER
Bermuda
BIL
Billings
BOS
Boulder
BOU
Boulder
BRB
Brasilia
CAB
Cabauw
CAM
Camborne
CAR
Carpentras
CLH
Chesapeake Light
CNR
Cener
COC
Cocos Island
DAA
De Aar
DAR
Darwin
DOM
Concordia Station
DWN
Darwin Met Office
E13
Southern Great Plains
EUR
Eureka
FLO
Florianopolis
FUA
Fukuoka
GCR
Goodwin Creek
GOB
Gobabeb
GVN Georg von Neumayer
ISH
Ishigakijima
IZA
Izaña
KWA
Kwajalein
LAU
Lauder
LER
Lerwick
LIN
Lindenberg
LRC Langley Research Center
MAN
Momote
MNM
Minamitorishima
NAU
Nauru Island
NYA
Ny-Ålesund
PAL
Palaiseau
PAY
Payerne
PSU
Rock Springs
PTR
Petrolina
REG
Regina
SAP
Sapporo
SBO
Sede Boqer
SMS São Martinho da Serra
SON
Sonnblick
SOV
Solar Village
SPO
South Pole
SYO
Syowa
TAM
Tamanrasset
TAT
Tateno
TOR
Toravere

Lat.
-34,929
82,490
-23,798
71,323
32,267
36,605
40,125
40,050
-15,601
51,971
50,217
44,083
36,905
42,816
-12,193
-30,667
-12,425
-75,100
-12,424
36,605
79,989
-27,605
33,582
34,255
-23,561
-70,650
24,337
28,309
8,720
-45,045
60,139
52,210
37,104
-2,058
24,288
-0,521
78,925
48,713
46,815
40,720
-9,068
50,205
43,060
30,860
-29,443
47,054
24,910
-89,983
-69,005
22,790
36,058
58,254

Long.
138,601
-62,420
133,888
-156,607
-64,667
-97,516
-105,237
-105,007
-47,713
4,927
-5,317
5,059
-75,713
-1,601
96,835
23,993
130,891
123,383
130,893
-97,485
-85,940
-48,523
130,376
-89,873
15,042
-8,250
124,164
-16,499
167,731
169,689
-1,185
14,122
-76,387
147,425
153,983
166,917
11,930
2,208
6,944
-77,933
-40,319
-104,713
141,329
34,779
-53,823
12,958
46,410
-24,799
39,589
5,529
140,126
26,462

Elevation
61,7
127
547
8
8
317
1689
1577
1023
0
88
100
37
471
6
1287
30
3233
32
318
85
11
3
98
407
42
5,7
2372,9
10
350
80
125
3
6
7,1
7
11
156
491
376
387
578
17,2
500
489
3108,9
650
2800
18
1385
25
70

Source
BOM
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN
BSRN

Climate Data points
C
444557
E
860461
B
3414376
E
571991
C
727767
C
1326227
C
443931
C
685784
A
960528
C
2101994
C
1700709
C
3230394
C
2579937
C
1362716
A
1795630
B
1046750
A
2221262
E
1134106
A
1797528
C
1839161
E
601728
C
737731
C
1247060
C
303879
B
1227162
E
1820132
C
1369626
C
1736789
A
581434
C
2479489
C
1285996
C
2191444
C
579563
A
2121929
A
1654583
A
1602723
E
1786803
C
1918094
C
1568043
D
363090
B
1199345
D
1875990
D
1284085
B
788147
C
1040359
D
431596
B
473645
E
1126294
E
1656897
B
1595877
C
3220673
D
1894408
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2.5. Regression method
Boland and Ridley (2008) demonstrated the procedures for the construction of the logistical separation model,
while Ridley et al. (2010) presented the method for building the BRL model using a nonlinear least-squares
(NLS) regression method. However, the presence of outliers in the data can severely affect the results when the
separation model equation is adjusted to measured data through a least-squares fit. Outlier removal methods
have been presented by Younes et al. (2005) and Lemos et al. (2017), which consist of creating an envelope
around plausible data, using specified functions. However, these methods require the individual inspection of
each station’s data and site-specific knowledge of the climate and irradiance behavior. Therefore, building an
envelope-based outlier removal procedure for a heterogeneous database such as the BSRN is an infeasible task.
One solution for building the separation models without removing the outliers in advance is to use robust
statistics, i.e. a robust nonlinear regression method. The methods of the robust approach can be employed to
produce reliable parameter estimates when the data follow an arbitrary, non-normal distribution, that is, when
the data is heteroscedastic. As highlighted by Riazoshams et al. (2018), in real-life data, the homoscedastic
assumption might not be correct for every dataset. This can happen because of the natural behavior of the data,
or because the data is affected by some discrepancy on the observations – the outliers.

(a)

(b)

Fig. 1 – Q-Q plots of the residuals of the regressions for Florianopolis/Brazil using (a) a NLS regression method and (b) a robust
nonlinear regression method; The red dashed lines represent a normal distribution for each regression, while the blue markers
represents the distribution for the residuals of each regression.

In the case of the data from Florianopolis/Brazil, Fig. 1(a) shows that the residuals of the adjusted model that
uses a NLS regression method , deviates a lot from a normal distribution, while Fig. 1(b) shows that when a
robust least-square method is used, this discrepancy becomes a lot smaller, guaranteeing that the statistical
indicators will be closer to the exact ones. Because of that, a robust nonlinear regression method, available in
the MathWorks (2018) software MATLAB, was adopted to build the diffuse fraction models of the present
study, i.e. determine the 𝛽𝑖 coefficients. An iterative reweighted least squares algorithm (Dumouchel &
O’Brien, 1991; Holland & Welsch, 1977) is used in the software, which recalculates the weights at each iteration
based on the residual of the observations of the last iteration. This approach reduces the influence of the outliers
on the fit at each iteration, where the process continues until the weights converge. A weight function and a
tuning constant need to be defined for the robust fitting. After testing different equations for the weight’s
estimation, we decided to use the following logistic function,
𝑤𝑖 =

tanh(𝑟𝑖 )
𝑟𝑖

(eq. 3)

where 𝑤𝑖 is the robust weight for the residual of the regression 𝑟𝑖 on the observation 𝑖. The tuning constant used
was 1.205, the default given by the MATLAB function. Fig. 2 shows the estimated weights for the
Florianopolis/Brazil dataset and it can be seen that the majority of high weight values are on a region
comparable to the envelopes proposed by Younes et al. (2005), which is the reason for the robust method to

1863

C.M. Barni et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

work without the need of an outlier removal procedure. Even though this method does not completely remove
the influence of obvious outliers, it assures that even values that may be improbable but are rightfully measured
are considered on the diffuse fraction model.

Fig. 2 – Observed clearness index (𝒌𝑻 ) and diffuse fraction (𝒅) correlation of 1-min irradiance data from Florianopolis/Brazil;
The colormap denotes the estimated weight 𝒘𝒊 for each point.

Also, since the proposed model is a piecewise equation, the regression method is used to estimate the model
coefficients of each part of the domain. That is, for every dataset, the datapoints were split in two classifications,
CEE or non-CEE, and each subset was individually submitted to the regression method in order to estimate the
coefficients for each part of the final model and the weights for each datapoint.
2.6. Building local and climate-specific models
After the qualification procedure, the regression method was applied to the data from each individual station to
create a locally optimized model, valid for that station. On the other hand, to create a model valid for a region
(climate, country or “universal”) the data from individual stations had to be merged to a single data set, and
then analyzed with the defined regression method to create a regional model. In both cases, two thirds of the
local data were randomly selected to feed the model, while the remaining third was used to evaluate it.
To build the climate models, we randomly selected the same amount of datapoints from each station belonging
to the same broad climate zones in the Köppen classification (A, B, C, D and E), making the contributions from
each station to the climate dataset to be equal. To each of these datasets a robust regression was made using the
new proposed model and generating a set of coefficients for each, available on Table 2.
2.7. Statistical indicators of model performance
Gueymard (2014) presented a complete review of performance indicators that can be used in radiation models
for validations purposes. Among those, three statistical indicators were considered for the formal error analysis:
normalized RMSE, normalized MBE, and the KSI. In the present work, two of those indicators have been
slightly modified to be able to use weighted residuals, as in the following expressions,
𝑛𝑅𝑀𝑆𝐸 =
𝑛𝑀𝐵𝐸 =

𝑟2
100 ∑𝑛
√ 𝑖=1 𝑖
𝑑̅
𝑛

100 [∑𝑛
𝑖=1 𝑟𝑖 ]
𝑑̅
𝑛

(eq. 4)
(eq. 5)

where 𝑑̅ is the mean value of the diffuse fraction of the measurements data set, and 𝑟𝑖 is the residual of the
measurement 𝑖, of a set of 𝑛 measurements, which, when using a robust regression method, can be defined as
𝑟𝑖 = √𝑤𝑖 (𝑑̂𝑖 − 𝑑𝑖 )

(eq. 6)

where 𝑑𝑖 is the actual value of the diffuse fraction calculated, 𝑑̂𝑖 is the estimated value of the diffuse fraction

1864

C.M. Barni et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

for the point 𝑖, and 𝑤𝑖 is the weight estimated using the robust method for the point 𝑖.
When using data without removing the outliers, the use of weighted residuals is a logical way to calculate the
goodness of fit (GoF) of the regressed model, that is, how well the model can predict the main trend of the
dataset it was created with, reducing the penalty for predicting a different value for an outlier. However, when
using these indicators to evaluate the robust generated model performance on a different dataset, or another
model where the weights are not available, setting the weights as 𝑤𝑖 =1 for all points reduces Eq. (6) to the
standard residuals of the NLS method:
𝑟𝑖 = (𝑑̂𝑖 − 𝑑𝑖 )

(eq. 7)

The third statistical indicator is the Kolmogorov–Smirnov test Integral (KSI), which was proposed by Espinar
et al. (2009) as a measure to compute the differences between CDFs, and is calculated as follows,
𝐾𝑆𝐼 =

100
𝛼𝑐

𝑥𝑚𝑎𝑥

∫𝑥

𝑚𝑖𝑛

𝐷𝑛 𝑑𝑥

(eq. 8)

where 𝑥𝑚𝑖𝑛 and 𝑥𝑚𝑎𝑥 are the values that limit the independent variables, 𝐷𝑛 is the difference between the CDFs
of the measurements and the estimated values, while 𝛼𝑐 is determined by 𝛼𝑐 = 𝑉𝑐 (𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛 ). The critical
value 𝑉𝑐 is given by 𝑉𝑐 = 1.63⁄√𝑛,, for a 99% level of confidence, on a population size of 𝑛 ≥ 35. As the KSI
becomes closer to zero, the distributions can be considered equivalent, and for large values, the model is
considered non-fitting to the dataset. It is important to note that two different large datasets may rarely be
considered equivalent, as small differences between them can become huge when added. Also, for large
populations, like the ones used in this work, the critical value tends to zero, in consequence 𝛼𝑐 tends to a small
value and KSI will become a large value, possibly larger than 100 %.
2.8. Other separation models
In order to assess the performance of this new model, an error analysis is performed which is based on
comparisons between our work and the models of Ridley et al. (2010) and Engerer (2015). The models selected
for comparison are well known and are often referred to in the literature. Indeed, these models are among the
ones selected in the review by Gueymard and Ruiz-Arias (2016) as the best performing separation models.

3. Local adjusted models

Fig. 3 – CDFs for the diffuse fraction in Florianopolis/Brazil. The continuous line represents the actual dataset, while the
dashed line represents the results from the model generated using a NLS (left) and a robust (right) regression methods.

In order to assess the improvements of the model when regressed using a consistent dataset, two regressions for
each station on Table 2 were made, one using the NLS method and another using the robust method. Both
regressions produce similar results, but the robust method suffers less influence from the points that do not
follow the main trend, like occasional outliers. The results for Florianopolis/Brazil are presented on Fig. 3,
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where the robust method generates a model whose CDF resembles the data points CDF more than the NLS
adjusted model, especially on the clear sky region.
We also performed a formal error analysis using the statistical indicators presented on section 2.7 for each
model. The benefits of the proposed methodology – a robust regression method – can be seen on Fig. 4 on the
top, which depicts the KSI indicators of the estimated data created by each local adjusted model. The proposed
methodology is consistently better than the NLS method, resulting in lower values of KSI, therefore, the models
created by the robust regression provide estimates with better similitude to the measured data. This is achieved
because this method reduces the influence of outliers, providing a set of coefficients that gives better estimates.

Fig. 4 – Comparison between KSI (top), nRMSE (middle) and nMBE (bottom) error indicators for each station when using a
NLS or a robust regression method. The black markers represent the robust method and the blue markers represent the NLS
method. The stations are grouped by climate. The lines between each marker are presented just to ease the visualization.

The middle and bottom plots on Fig. 4 present the goodness of fit of the regressions performed by the robust
and NLS methods, in terms of the nRMSE and nMBE. As mentioned before, when using the robust method
these indicators were calculated using the weighted residuals. Thus, the influence of the large values of residuals
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caused by the outliers are reduced, thereby providing a “real” measure of accuracy of the models.
The nRMSE values calculated by the models created using the robust method are significantly lower than the
ones calculated by the models created using the NLS method, obtaining results lower than 20%, with some
exceptions from climate B and E, and reaching less than 10% in some cases. It is important to note that if no
weights are employed on the calculation of the nRMSE of the models created using the robust approach, it will
result in values similar to the ones observed for the models created by the NLS method, which demonstrates
that the differences between the nRMSE values obtained with the two methodologies are due to the existence
of the outliers on the dataset, and that the proposed methodology is a feasible solution to create diffuse fraction
models without having to deal with the problems caused by them.
Fig. 4 also shows on the bottom plot the nMBE calculated using the models created with the two methodologies,
resulting in larger biases for the robust approach than for the NLS. This behavior is expected, because the
models created with the robust method are created to be biased to the main trend, allowing it to ignore the
outliers, while the models created with the NLS tends to fit the outliers. The weighted residuals tend to reduce
the influence of outliers on the nMBE, but it does not remove it completely. On the other hand, it also can be
observed that the robust approach tends to remove some atypical behavior – large values of nMBE observed at
some station with the models created with the NLS regression method (e.g. TAM, BOS, BOU, IZA, SON, SPO,
SYO) – which may be due to the large amount of outliers on the dataset. In general, the proposed methodology
produces models with bias lower than one percent.

4. Climate zone models
As the main objective of this work, we created diffuse fraction models for each major Köppen-Geiger climate.
As described on section 2.6, we merged the data for each major climate and regressed the model coefficients to
each of these datasets. The coefficients generated by the robust regression are available on Table 2.
Table 2 – Set of coefficients generated for each climate model

Climate model
A
B
C
D
E
0,42564
-0,34423
0,36991
1,04274
1,20864
𝛽0
-3,59398
-3,40409
-3,45296
-4,02595
-5,76996
𝛽𝟏
-0,00165
0,00870
0,00401
0,00033
-0,00067
𝛽𝟐
-0,01270
-0,03086
-0,02946
-0,03336
-0,08691
𝛽𝟑
1,76296
2,22625
1,43024
1,44008
1,63921
𝛽𝟒
0,78023
0,71716
0,80691
0,76189
0,60128
𝛽𝟓
0,00230
0,00317
0,00314
0,00341
0,00611
𝛽𝟔
1,15743
1,84879
1,63014
1,49343
3,30922
𝛽𝟕
-6,97014
-6,52494
-7,22087
-7,73779
-11,23789
𝛽𝟖
6,05413
6,38235
6,80208
7,27602
10,07770
𝛽𝟗
-0,00197
0,01248
0,00263
-0,00033
0,00711
𝛽𝟏𝟎
0,00004
-0,01927
0,01965
0,09402
0,50304
𝛽𝟏𝟏
2,97457
1,95447
2,41274
2,06922
1,77769
𝛽𝟏𝟐
1,07312
0,76189
0,81176
0,99505
0,30251
𝛽𝟏𝟑
-0,00093
0,00044
-0,00278
-0,00784
-0,03284
𝛽𝟏𝟒
2,79782
2,57401
3,30092
3,76271
5,93868
𝛽𝟏𝟓
After that, we reapplied each model for all the data in each station that belonged to that climate to perform a
formal error analysis. Since we applied each climate model to each station and compared the performance with
other models, the error indicators were calculated without any weights. Therefore, the errors presented herein
Coefficients
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consider the outliers present in the datasets.
Fig. 5 shows the formal error analysis of the proposed climate models, BRL model, Engerer model, and GoF
of the locally adjusted models, presented here as the best estimation for that station. Significant improvements
for climate B, D and E can be observed on Fig 5 at the top and middle plots, where the proposed climate models
perform significantly better than the BRL and Engerer models, two “universal” models.

Fig. 5 – Comparison between the KSI (top), nRMSE (middle) and nMBE (bottom) error indicators for the climate (black), BRL
(red), Engerer (lighter blue) and locally optimized (darker blue) models. The stations are grouped by climate. The right axis
represents the values for climate E only. The lines between each marker are presented just to ease the visualization.

In the middle of Fig. 5 the climate models proposed produce nRMSE values lower than the values observed on
the other models on most occasions. It can be observed that the proposed models perform significantly better
for climate B and E, showing that our model can behave much better than any of the other compared models.
Regarding the nMBE, the climate models present lower bias when applied in each station, especially for climate
C, showing nMBE values closer to the ones observed on the local adjusted models, when compared to the BRL
and Engerer models. However, there are some stations where the climate models presented unusually high
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nMBE (e.g. IZA, PTR, TAM), which could indicate that the station doesn’t belong to this climate or doesn’t
behave like the other stations on this climate. This result indicates that there may exist a better way to classify
stations with similar behavior, perhaps using cluster analysis or machine learning techniques.
The main advantage of the proposed methodology is depicted on the bottom plot of Fig. 5, in terms of the KSI.
It can be observed that, in general, the climate models have KSI values like the ones observed on the local
adjusted model, which shows that the climate models estimate diffuse fraction values with the same similitude
observed on real data. Unfortunately, some exceptions can also be observed, which can reinforce the idea that
a particular station doesn’t behave like the other stations on the proposed climate.
When comparing the KSI of the proposed model and the one for the BRL model, it is expected to see a
significant improvement, as the BRL model was developed using hourly data, which does not capture
satisfactorily the CEE. However, even when compared to a minute model as the Engerer, it still holds better
results in most cases, mainly on stations from climate B and E.

5. Conclusions
Even though information about the three components of solar irradiance is extremely important for designing
and assessing the performance of solar energy systems, measuring them is expensive, and requires significant
operational resources and efforts. In order to obtain this information, a common practice is to use some sort of
separation model to estimate both diffuse and direct components from global horizontal irradiance. Having this
in mind, this study provides a separation model based on a logistical function derived using 1-min data that is
reliable and accurate worldwide. To do so, we propose a new version of the BRL-min model, adding 𝐾𝑇 as a
new predictor. Also, instead of generating one set of parameters for a “universal” model, we propose that for
each climate a different set of parameters should be used. Lastly, we introduce the use of a robust nonlinear
regression method in order to adjust the coefficients to the irradiance data, reducing the effects of outliers on
the dataset, while preserving all the already qualified data for each station. Other regression methods could have
been used in this case, e.g. a support vector machine regression, which is also capable of handling outliers and
could bring up promising results.
The results presented show that the proposed model performs equally well or better than the original BRL and
Engerer models for most stations, figuring as a strong alternative for the separation models which can be
considered as the best available today.
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Abstract
This study inter-compares the most important retrieval methods that derive atmospheric turbidity from measured
Direct Normal Irradiance. A number of parametric solar radiation models are used backward to estimate the
atmospheric turbidity indices. To reduce error propagation, each turbidity index are derived using a specific set
of models. Then, an inter-comparison between all the selected models are carried out to establish degree of
agreement between the models. High-resolution solar radiation data, at one-minute intervals, taken from
Plataforma Solar del Desierto de Atacama, is used in this investigation.
Results shows that seven models (among 11 models) generally agree well, with a maximum difference of 0.004
in the estimation of the Angstrom coefficient. Besides, Kasten’s pyrheliometric method performs as good as
sophisticated solar radiation models such as METSTAT, MWLT1, MWLT2, REST and Yang.
Keywords: Atmospheric turbidity, Linke turbidity factor, AOD, Angstrom coefficient, retrieval method.

1. Introduction
The evaluation of atmospheric turbidity from measured solar radiation has been widely used as an alternative to
complex and expensive instruments. Indeed, the convenient turbidity indices are Angstrom turbidity coefficient
(β), Linke turbidity factor (TL), and Aerosols Optical Depth (AOD) (Yousef et al. 2012).
To retrieve atmospheric turbidity from solar irradiance data, previous studies have frequently used Kasten’s and
Louche’s methods to determine TL and β, respectively. Based on these retrieval methods, Chaâbane (2008) has
investigated the daily and monthly variations of TL and β, at two different sites, in Tunisia. Dos Santos and
Escobedo (2016) have estimated the hourly and monthly average values of TL over São Paulo, Brazil.
Chaiwiwatworakul and Chirarattananon (2004) have used radiation measurements to evaluate the atmospheric
turbidity at Bankok. Ellouz et al. (2013) have used Kasten’s pyrheliometric formula to derive TL over Sidi Bou
Said, Tunisia. Marif et al. (2019) have used Kasten’s and Dogniaux’s methods to estimate the mean TL and β over
Adrar, Algeria. Zakeya et al. (2004) have used hourly measurements of Direct Normal Irradiance (DNI) at Aswan
and Cairo, Egypt, to estimate AOD, TL, and β.
Recently, Gueymard (2013) has investigated the potential of parametric solar radiation models to derive AOD
from irradiance measurements. The performance of seven models, including REST2, CPCR2, MLWT1, MLWT2,
REST, Louche and METSTAT have been examined, under the US climate.
The objective of the present study is the inter-comparison of the most important retrieval methods that derive
atmospheric turbidity indices from measured DNI to establish their degree of agreement and to examine the
potential of Kasten’s pyrheliometric formula against high-performance radiation models. Various parametric solar
radiation models, which evaluate solar irradiance as a function of atmospheric parameters, are used backward to
derive turbidity indices including AOD, TL and β. As the first step, each turbidity index is derived using a specific
set of models. After that, an inter-comparison between all the models is carried out. Northern Chile was selected
to carry out this investigation. The next section highlights the methodology used to derive turbidity indices.
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Section 3 describes the solar radiation data and the models’ inputs. The results are discussed in section 4 and the
conclusions are summarized in the last section.

2. Methodology
Retrieval methods are an inverse technique that derive turbidity from measured solar irradiance. For each turbidity
index, a set of radiation models is sued with the aim to reduce error propagation. The selection criteria are the
model’s inputs. Some models require broadband turbidity information and thus they are more suitable to derive
TL and AOD. However, other solar radiation models need spectral information, therefore, they are more
appropriate to determine β.
The approach used herein to get the atmospheric turbidity consists in the use of an iterative process to find the
turbidity parameters that match the estimated and measured DNI values. The following sections highlight the
selected models to derive turbidity.
2.1. Derivation of the Linke turbidity factor
Typical solar radiation model that predicts DNI as a function of TL has the following form:

G𝑏 = 𝐸𝑒𝑥 exp(−𝑀𝛿𝑐𝑑𝑎 𝑇𝐿)

(eq. 1)

Where: Eex is the extraterrestrial radiation, δcad is the clean-dry atmosphere optical depth, M is the air mass and
TL is the Linke turbidity factor.
Three solar radiation models namely Ineichen (Ineichen and Perez, 2002), ESRA (Gueymard, 2012) and
Molineaux (Molineaux et al., 1998) are used to determine TL. In addition to these models, Kasten’s pyrheliometric
method (Kasten, 1980) is also considered.
2.2. Derivation of the aerosols optical depth and the Angstrom turbidity coefficient
The most appropriate solar radiation models to derive AOD and β from measured DNI have the following form:

G𝑏 = 𝐸𝑒𝑥 ∏𝑛𝑖=1 𝜏𝑖

(eq. 2)

Where: τi is the scattering -transmittances of the individual extinction processes (i).
Indeed, solar radiation models use different approaches to estimate aerosols scattering -transmittance. The AOD
could be derived from the models that estimate aerosols scattering-transmittance (τa) based on Bouguer-LambertBeer’s law:

𝜏𝑎 = exp(−𝑀𝑎 𝐴𝑂𝐷)

(eq. 3)

Where: subscript “a” refers to aerosols.
Two solar radiation models “METSTAT (Maxwell, 1998) and CEM (Atwater and Ball, 1978)” and the method
proposed by Gueymard (Gueymard, 1998) are considered to estimate the AOD.
To determine β, four high-performance parametric models that require spectral turbidity information are used:
MWLT1 (Gueymard, 1998), MLWT2 (Gueymard, 2003), REST (Gueymard, 2003), and Yang (Yang et al., 2001).

3. Solar radiation data and models’ inputs
High resolution (one-minute intervals) radiometric and climate data have been taken from the radiometric station,
Plataforma Solar del Desierto de Atacama (PSDA), which belongs to and is managed by the Centro de Desarrollo
Energético Antofagasta (CDEA) of the University of Antofagasta (UA). It is located in the north of Chile
(Latitude: 69,929 S, Longitude: 24,090 W, Elevation: 965 m). PSDA The measured data used in this study (from
1 January to 31 March 2018) includes ambient temperature, relative humidity, atmospheric pressure, wind speed
and DNI. Since some of the models’ inputs were not measured during the selected, the following data are used:
- The ozone amount has been estimated using Van Heuklon’s model (Van Heuklon, 1997),
- The amount of nitrogen dioxide have defaulted to 0.204 matm-cm,
- Reanalysis data of Precipitable Water (PW) and Angstrom exponent (α) have been taken from NASA’s Modern-
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Era Retrospective analysis for Research and Applications (MERRA) (https://giovanni.gsfc.nasa.gov/giovanni/).
The potential of MERRA’s reanalysis data are already proven in previously published works (Gueymard, 2013,
2014). MERRA provides gridded data at hourly intervals with a 0.67° x 0.5° spatial resolution. For this reason,
time area-averaged interpolation are used to get one-minute interval data. For the case of measured DNI,
Ineichen’s method (Ineichen, 2006) is applied to identify clear sky data to meet the requirements of retrieval
methods (Gueymard, 2013). Aa a result, 12724 data are considered in the present investigation. Figure1 (left)
illustrates the filtered clear sky DNI data while Figure 1 (right) shows the hourly MERRA’s PW data observed on
January 21, 2018.

Fig. 1: Clear-sky DNI data selection (left) and MERRA’s PW data (right) during January 21, 2018

4. Results and discussion
In this section, the derived turbidity indices from the above-cited models are discussed. In the first step, the models
that belong to the same set are compared to each other to examine their potentials to derive specific turbidity
index. Then, an inter-comparison between all the models is carried out to establish the degree of agreement
between the models in the prediction of atmospheric turbidity and to examine the potential of Kasten’s formula.
4.1. Aerosol Optical Depth
Figure 2 shows the diurnal and the monthly variations of the derived ADO for a 3-months period in 2018, using
Gueymard, METSTAT, and CEM models. METSTAT and Gueymard agree generally well with occasional minor
differences at low aerosols turbidity (low values of AOD). CEM seems to overestimate AOD at a high
atmosphere’s turbidity (compared with METSTAT and Gueymard’s method).
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Fig. 2: Variations of the modeled AOD at PSDA, Chile, January-March 2018 using three different models. Diurnal variation (left)
and monthly variation (right).

Figure 3 illustrates an inter-comparison between the AOD-derived models. It is apparent that Gueymard model
agrees well with METSTAT. Table 1 illustrates the statistics of each model. Overall, the CEM model provides
the highest AOD values, whereas Gueymard’s AOD values are the lowest. Besides, METSTAT has the lowest
standard deviation.
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Fig. 3: Inter-comparison of AOD-derived models
Tab. 1: Statistics of the derived turbidity information

Turbidity index

Statistics

Max

Mean

Std

Gueymard

0.0838

0.0411

0.0116

AOD

METSTAT

0.0841

0.0430

0.0104

CEM

0.1041

0.0526

0.0143

Kasten

3.20

2.15

0.15

Ineichen

3.84

2.39

0.13

TL

β

ESRA

3.33

2.23

0.17

Molineaux

3.08

2.05

0.13

MWLT1

0.0520

0.0259

0.0070

MWLT2

0.0518

0.0250

0.0074

REST

0.0416

0.0227

0.0061

Yang

0.0484

0.0231

0.0064

4.2. Linke turbidity factor
Figure 4 illustrates the diurnal and the monthly variations of the derived TL using four models: Kasten, Ineichen,
ESRA, and Molineaux. There is a significant difference between the models. Indeed, the value of TL is strongly
related to the expression used to estimate the optical thickness of the Clean-Dry-Atmosphere (δcda) [22]. The four
considered models use different expressions to estimate δcda, which results in different values of TL. Interestingly,
this results in a minor difference in the mean values of TL, as highlighted in Table 1.

1875

O. Behar et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 4: Derived TL at PSDA, Chile, January-March 2018 using four different models. Diurnal variation (left) and monthly
variation (right)

Figure 5 illustrates an inter-comparison between the TL-derived models. Kasten, ESRA, and Molineaux follow a
similar temporal pattern. In fact, the definition of TL for these models depends on the air mass (Ineichen and
Perez, 2002), which in its turn depends on solar elevation (see Figure 4, right). Ineichen’s model uses air-massindependent TL (Ineichen and Perez, 2002), thus, it provides different values compared to the three other models.
Overall, Ineichen provides the highest values of TL (blue color in Figure 5), whereas Molineaux’s values
(margarita color) are the lowest.
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Fig. 5: Inter-comparison of Linke-derived models

4.3. Angstrom turbidity coefficient
Figure 6 shows diurnal and monthly variations of the derived β during a 3-months period. Four high-performance
solar radiation models are used to derive β from measured data of DNI: MWLT1, MWLT2, REST, and Yang.
Indeed, β is the most important turbidity index and it represents the amount of aerosols in the atmosphere
(Jacovides, 1997). The results indicated that PSDA is a low-turbidity region, which shows that Chilean Atacama
is very promising for solar energy applications (at least around PSDA). As illustrated in Table 1, the mean values
of β ranges from 0.0227 to 0.0259, depending on the derived-model. The maximum value of β is 0.052, a value
that is so much lower than those measured at the MENA region (Gueymard, 2012).

Fig. 6: Variations of derived β at PSDA, Chile, during January-March 2018 using four different models. Diurnal variation (left)
and monthly variation (right)

Figure 7 illustrates an inter-comparison between the derived βs using four different models. It can be observed
that MWLT1, MWL2, and Yang agree generally well, with a slight difference at low aerosols turbidity. REST
seems to underestimate β (compared to the three other models). However, the four models provide almost the
same mean β (see Table 1).
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Fig. 7: Inter-comparison of β-derived models

5. Inter-comparison of the models to predict the Angstrom turbidity coefficient
This section aims to assess the degree of agreement between the all considered models in this study. For the case
of Linke-dependent models, β is extracted from TL using expression of Remund et al. (2003):
𝛽=[

𝑇𝐿

0.8662

− (1.8494 + 0.2425PW − 0.0203PW 2 )]

(eq. 4)

Where: PW is the amount of precipitable water in the atmosphere.
For the case of AOD-dependent models, Angstrom’s law is used to derived β from AOD:
𝐴𝑂𝐷𝜆 = βλ−𝛼

(eq. 5)

The results are highlighted in Table 2. It is apparent that the use of mathematical relations to derive turbidity
parameters from each other is an efficient technique. A good agreement between seven models (among 11 models)
has been observed. The maximum difference of less than 0.004 in the prediction of β is obtained between Mestat
and REST.
Tab. 2: Inter-comparison of 11 models to derive Angstrom turbidity coefficient

Set of models
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AODdependent
models

TL-dependent
models

Β-dependent
models

Gueymard

0.0494

0.0253

0.0069

METSTAT

0.0496

0.0265

0.0061

CEM

0.0614

0.0324

0.0086

Kasten ajusted

0.0565

0.0254

0.0113

Ineichen

0.0770

0.0435

0.0095

ESRA

0.0928

0.0315

0.0123

Molineaux

0.0933

0.0184

0.0098

MWLT1

0.0520

0.0259

0.0070

MWLT2

0.0518

0.0250

0.0074

REST

0.0416

0.0227

0.0061

Yang

0.0484

0.0231

0.0064

Interestingly, Kasten’s method has shown good agreement with high-performance solar radiation models, such as
MLWT1, MWLT2, and Yang. The difference in the estimation of β between Kasten’s method and MLWTs is less
than 0.0005, which is negligible. It also agrees well with AOD-dependent models, particularly METSTAT (a
model developed by the US NREL).
Figure 8 shows an inter-comparison between Kasten’s method, METSTAT, and four β-dependent models. Good
agreement is obtained, particularly at moderate aerosols turbidity. Therefore, the use of Kasten’s method to derive
TL and then extracte β and OAD from TL using mathematical expressions “eqs. 4 and 5” is an efficient
methodology to estimate the atmospheric turbidity. The advantage of such a methodology is that does not need
any atmospheric data except PW. Only two measured data are needed namely DNI and PW, which will not induce
a significant error propagation in the estimation of the atmospheric turbidity. Nevertheless, this recommendation
does not discount the potential of high-performance radiation models, which could be more accurate when detailed
data about the atmosphere is available.
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Fig. 8: Density plots of Kasten’s method and METSTAT model vs. high-performance solar radiation models

6. Conclusion
A comprehensive inter-comparison of the most important retrieval methods that derive atmospheric turbidity from
measured DNI is presented in this paper. Eleven models are used to derive three turbidity indices namely: TL, β,
and OAD. The study focused on the Chile’s Atacama, a region that is rarely considered in previously published
studies. A number of parametric solar radiation models were used backward to derive atmospheric turbidity. To
reduce error propagation, each turbidity index was derived using a specific models. For the case of the AOD,
METSTAT, and CEM in addition to the method proposed by Gueymard are employed. METSTAT and Gueymard
showed a good agreement, while CEM relatively overestimates the AOD. To determine TL, three solar radiation
models namely Ineichen, ESRA, and Molineaux were used and particular attention has been given to Kasten’s
method. A remarkable difference between TL-dependent models was observed. Indeed, Kasten, ESRA, and
Molineaux are air-mass-dependent and thus they provide a similar temporal pattern. For the case of β, four highperformance parametric models are used: MWLT1, MLWT, REST, and Yang. These models agree generally
well with a slight difference at low aerosols turbidity.
To examine the degree of agreement between the 11 selected models in this study, β was extracted from from TLdependent and AOD-dependent models using simple expressions. The study concludes that the use of
mathematical relations to derive turbidity parameters from each other is an efficient technique. Good agreement
between seven models was observed with a maximum difference of less than 0.004 between Mestat and REST.
Particular interest was given to Kasten’s method with the goal to select a simple-efficient methodology to
determine turbidity from minimum measured parameters. Remarkably, the method has shown good agreement
with high-performance solar radiations models such as MLWTs with a difference of less than 0.0005 in the
estimation of β. Moreover, it performs similar or better than METSTAT.
Some practical information was also obtained through the present analysis. Indeed, PSDA has shown lowturbidity. Overall, β values are around 0.025, which is lower than the values measured in the MENA region.
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Abstract

The characterization of sky conditions according to the CIE Standard General Sky classification requires
knowledge of diffuse luminance angular distribution in the sky vault. This variable is usually measured by sky
scanners. However, commercial sky scanners have different drawbacks related to their resolution and
measurement time. An alternative to these devices is the use of sky images captured with a digital camera
equipped with a fisheye lens. The range of luminances that may occur in the sky makes it necessary to use high
dynamic range (HDR) images obtained by the fusion of a series of low dynamic range (LDR) images. Two
procedures for the characterization of sky conditions according to the CIE standard using HDR images have
been applied and evaluated.
Keywords: CIE standard skies, Sky imager, HDR imaging

1. Introduction
The optimal use of natural daylight in buildings requires an accurate knowledge of sky luminance distribution.
Early research in the field of sky luminance distribution focused on overcast and clear skies modeling. This is
the case of the Moon and Spencer (1942) model for overcast skies and the Kittler (1965) model for clear skies
that resulted in two International Commission on Illumination (CIE) standards (CIE, 1955, 1973, respectively).
However, clear and overcast skies represent only the extremes of a wide range of variability of real sky
conditions. In order to deal with this reality, a second type of luminance distribution models for all sky
conditions emerged, including the models developed by Perraudeau (1988), Matsuura and Iwata (1990), Perez et
al. (1990), Brunger and Hooper (1993), Perez et al. (1993), Igawa et al. (2004) and Igawa (2014). For their part,
Kittler et al. (1998, 1997) proposed a set of 15 sky standards whose luminance distributions, called Standard
Sky Luminance Distributions (SSLD), were described in the SSLD Catalog. This proposal was consolidated in
2003 with the CIE Standard General Sky (CIE, 2003) that incorporated the existing CIE standard skies. Since
the proposal of the CIE Standard General Sky, a number of research work has centered on the development of
procedures to classify the sky from luminance measurements according to it.
The measurement of sky luminance distribution is carried out by the so-called skyscanners. Sometimes, these
devices are experimental prototypes as it is the case of the one used by Perez et al. (1990) or the portable
spectral sky-scanner developed by Kómar et al. (2013). However, commercial skyscanners are the most widely
used. These latest devices measure the luminance corresponding to the 145 patches of sky hemisphere,
according to the CIE Guide (CIE, 1994). Apart from their high cost, the use of commercial skyscanners has a
number of drawbacks. Firstly, skyscanners measure luminance in a series of discrete sky positions with a certain
field of view, therefore they are not able to cover the whole sky hemisphere. In addition, some of commercial
models spends more than four minutes scanning the 145 sky positions. On unstable days, the sky conditions may
change during this measurement period.
The use of calibrated images of the sky, in which the pixel counts are converted into a luminance level, has been
positioned as a feasible alternative to sky scanners. Commercial digital cameras equipped with a fisheye lens
can cover the whole sky with a higher resolution (dependent on the number of sensor pixels) than sky scanners.
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In addition, the image capture time is noticeably lower. However, the dynamic range of conventional digital
cameras is not high enough to capture the whole range of luminances that can occur in the sky, especially when
the sun is visible. In this regard, the use of high dynamic range (HDR) images, obtained by the combination of a
number of low dynamic range (LDR) images taken with different exposures, can cover the whole range of sky
luminances. There is a number of references in the literature related to the use of HDR images for determination
of luminance: (Cai, 2015, 2012; Cai and Chung, 2010; Inanici, 2010, 2006).
Previous research on the use of HDR images for generating illuminance maps in Chile was conducted by Piderit
et al. (2014). Souza et al. (2016) proposed a procedure for the determination of the CIE standard from sky HDR
images. The indicatrix and gradation functions were extracted from a calibrated HDR image by an adaptation of
the procedure described by Kovab et al. (2012), originally oriented to the characterization of sky scanner
measurements.
In this work, an alternative procedure for sky characterization according to the CIE standard using HDR images
is proposed. The method applied by Souza et al. (2016), called Relative Gradation and Indicatrix method (RGI)
and the new proposed procedure, named Relative Zenith Luminance (RZL) have been used to characterize the
skies of Pamplona (Spain) from July to October 2018. The results of RGI and RZL procedures have been
compared in order to analyze the uncertainties in the classification. Likewise, the image-based standard skies
have been contrasted with those obtained from skyscanner measurements.

2. Materials
The characterization of sky conditions according to CIE standard has been performed both from sky HDR
images and from luminance distribution measurements obtained from the Public University of Navarre
radiometric station (42º47’32’’ N, 1º37’45’’ W, 435 m above sea level) located in Pamplona (Spain). Images
were taken using a Canon EOS 6D digital camera with a CMOS full-frame sensor which has a maximum
resolution of 5472 x 3648 pixels. The camera exhibits a particular response curve which links the luminance to
the digital value of the pixels in the image. Not all luminance range can be extracted from the image, as low
luminance values result in undesired noises whereas saturation takes place with high values.
The camera is equipped with a Sigma 8mm F/3.5 fish-eye lens, which let obtain images with a 180º field of
view. The lens has been geometrically calibrated in order to accurately determine its projection function. It has
been checked that the empirical lens projection fits to the theoretical equisolid projection. In addition, the
vignetting effect, which produces a luminance attenuation at the edges of the image with respect to its center,
has been estimated and corrected. Radiometric camera calibration has not been necessary for the
characterization of the CIE standard since luminance values relative to the zenith are used in the sky
classification process.
The measurement campaign was conducted between July and October 2018. A total of 1888 HDR images were
obtained, each one composed of eight LDR images. Every set of LDR images have been fused using the
HDRgen command from Radiance software (Ward, 2005) to obtain a HDR image. Each of these LDR image
sets was taken with the same aperture (f/22) and the exposure times presented in Table 1.
Simultaneously to the capture of sky images, sky luminance distribution was measured by a skyscanner EKO
MS-LR321. Three criteria have been considered for the quality control of the luminance measurements. Firstly,
all records of individual sky patches exhibiting values out of the skyscanner measuring range (0-50 kcd·m-2)
have been discarded. Likewise, all individual scans corresponding to sky sectors whose center is closer than 6º
to the sun have also been discarded since the luminance and the radiance of the sun exceed the measuring range
of the skyscanner's sensors by several orders of magnitude. Thirdly, all records whose integration on the
horizontal plane deviates more than 30% from the measured diffuse irradiance in the same time period have
been discarded.
Tab. 1: Exposure times of each image of the set.

Image number
Exposure time (s)
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1

2

3

4

5

6

7

8

1/1600

1/800

1/400

1/200

1/100

1/50

1/25

1/15
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3. HDR images classification methods
This section details two procedures for sky characterization from HDR images according the CIE standard.
However, both methods have also been adapted and used for the sky classification from skyscanner
measurements.
3.1. Relative Gradation and Indicatrix (RGI) method
This procedure, described by Kobav et al. (2012) and adapted by Souza et al. (2016), is aimed at determining the
gradation and indicatrix sky functions. The CIE standard results from the combination of the obtained gradation
and indicatrix functions. The process of identifying gradation and indicatrix functions from HDR images as well
as of obtaining the CIE sky type by combination of both functions is described below.
a)

Determination of the indicatrix group

According to the CIE and ISO standard CIE S 011/2003 (CIE, 2003), the luminance relative to zenith at a given
point of the sky vault, 𝑙(𝑍, 𝛾), is given by the Eq. 1. The indicatrix function, 𝑓(𝜒) expresses the relationship
between the luminance at a sky point located at an angular distance from the sun (𝜒) and that at the point where
χ is equal to 90º. The indicatrix function is related to the scattering of the solar radiation as it passes through the
atmosphere. The gradation function, 𝑔(𝑍) characterizes the luminance variation from the zenith (𝑍 = 0) to the
horizon (𝑍 = 90º).
𝑙(𝑍, 𝛾) =

𝐿(𝑍, 𝛾) 𝑓(𝜒) · 𝑔(𝑍)
=
𝐿0
𝑓(𝑍2 ) · 𝑔(0)

(eq. 1)

Considering Eq. 1, if the relative-to-zenith luminance values of the pixels belonging to a certain almucantar
(constant 𝑍) are retrieved, the quotient between such luminances in the different points of said almucantar
(which will have different 𝜒) and that of a point of this in which χ = 90º, will provide the successive points of
the observed indicatrix function, according to Eq. 2.
𝑓(𝜒3 ) · 𝑔(𝑍)
𝐿(𝑍, 𝛾3 )
𝑓(𝜒3 )
𝑓(𝑍2 ) · 𝑔(0)
𝐿0
=
=
= 𝑓(𝜒3 )
𝐿(𝑍, 𝛾)4567º
𝑓(90) · 𝑔(𝑍) 𝑓(90)
𝑓(𝑍2 ) · 𝑔(0)
𝐿0

(eq. 2)

The existence of a point with 𝜒=90º in a given almucantar implies that the inequality of Eq. 3 is verified.
8

1
8≤1
tan(𝑍) · tan(𝑍2 )

(eq. 3)

As an example, two almucantars are represented in Fig. 1. In the almucantar 1 there are two points where 𝜒=90º,
symmetrical to the solar meridian, whose azimuths meet the Eq. 4. In contrast, in the almucantar 2, there is no
point where 𝜒=90º since the maximum angular distance to the sun is lower than 90º.
1
(𝛾 − 𝛾? ) = ± cosDE F
G
tan(𝑍) · tan(𝑍2 )

(eq. 4)

Fig. 1: In this representation of the sky vault, two almucantars are shown, denoted as 1 and 2. Points with 𝝌 = 90º are also
represented. In almucantar 1 there are two points where 𝝌 =90º. In contrast, there is no point where 𝝌=90º in almucantar 2.

According to Eq. 3, in case the almucantar corresponding to the sun elevation is chosen at a given moment,
there will be points with 𝜒=90º only when 𝑍2 is higher than 45º. In case other almucantar is chosen to identify
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the indicatrix function, it must be taken into account that, as its zenith angle moves away from 𝑍2 , the minimum
distances to the sun increase. This causes a loss of information about the indicatrix function for small values of
𝜒. In order to extend the observed indicatrix function to a wider range of 𝜒 values, which will ensure a better
identification of the indicatrix group, the following criteria have been adopted in this work:
• If 𝑍2 ≥ 66º, pixel values corresponding to the solar almucantar, where 𝑍 = 𝑍2 , are used. This ensures
that the range of 𝜒 extends from 6º to 132º.
• If 𝑍2 < 66º, the pixel values corresponding to two almucantars are used. The first one is the closest to
the solar almucantar with 𝑍 > 𝑍2 , where points with 𝜒=90º can be found. These measurements allow to
define the experimental indicatrix function for small values of 𝜒. The second almucantar is that of 𝑍 = 78º.
In this way, it is ensured, in the worst case (which corresponds to the solar noon of the summer solstice), that
the experimental indicatrix function extends to values of 𝜒 ranging from 51 to 97º. According to the Eq. 2,
there is no restriction to the joint use of the two aforementioned almucantars, provided that the luminances
relative to the points where 𝜒=90º in each almucantar are used.
Subsequently, it is calculated the RMSD between the experimental indicatrix function values and those
corresponding to each of the six standard indicatrix functions. The standard indicatrix group exhibiting the
lowest RMSD is assigned to the sky under study.
b) Determination of the gradation group
The relative-to-zenith luminances of interest are those corresponding to the points with a constant distance to the
sun (𝜒). In these points the indicatrix function remains constant and the luminance variation that can observed is
only attributable to the gradation function. For a given 𝜒, these points are located in the circumference that
results from the intersection of the sky vault and a cone whose vertex is in the center of said vault, its axis
follows the sun vector direction and has an opening angle of 𝜒 (see Fig. 2). If an angular distance to the sun is
chosen which satisfies that 𝜒 = 𝑍2 , the Eq. 1 is reduced to the Eq. 5. Therefore, the observed luminance relative
to the zenith in the successive 𝑍3 provides the values of the experimental relative gradation function.
𝐿(𝑍, 𝛾)450O 𝑓(𝑍2 ) · 𝑔(𝑍) 𝑔(𝑍)
=
=
𝐿0
𝑓(𝑍2 ) · 𝑔(0) 𝑔(0)

(eq. 5)

Fig. 2: When 𝒁𝑺 > 𝟒𝟓º, the line defined by the points with 𝝌 = 𝒁𝑺 sweeps all sky almucantars (a). When 𝒁𝑺 < 𝟒𝟓º, such line is not
enough to cover the lower almucantars. Therefore, it is necessary to include the line defined by the points with 𝝌 = 𝟗𝟎º (b).

It can be seen in Fig. 2 that if 𝑍2 > 45º, when taking the luminances of the points where 𝜒 = 𝑍2 , the complete
experimental gradation function can be described from 𝑍 = 0 to 𝑍 = 90º. In contrast, if 𝑍2 < 45º the information
from the lower almucantars is lost. In this case, the comparison among the experimental gradation function and
the standard ones is less accurate. For this reason, the following criteria have been adopted in this work:
•

If 𝑍2 > 45º the pixel values corresponding to the distance to the sun 𝜒 = 𝑍2 is considered (see Fig. 2).

• If 𝑍2 < 45º the pixel values at two different distances to the sun are considered. The first one is equal to
𝑍2 and the second one is equal to 90º, as already proposed by Kittler (1985) (see Fig. 2). In this case, for 𝜒 =
90º, the Eq. 1 becomes Eq. 6. Unlike what happens when 𝜒 = 𝑍2 , the luminance values relative to the zenith
do not provide the relative gradation function values. To obtain 𝑓(𝑍2 ) it is enough to divide the luminance
values relative to the zenith for the same 𝑍 in the two circles represented in Fig. 2, as described in Eq. 7. The
successive values of the experimental gradation function are those corresponding to 𝜒 = 𝑍2 plus those
corresponding to χ = 90º multiplied by 𝑓(𝑍? ).
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𝐿(𝑍, 𝛾)4567º 𝑓(90º) · 𝑔(𝑍)
𝑔(𝑍)
=
=
)
𝐿0
𝑓(𝑍2 · 𝑔(0)
𝑓(𝑍2 ) · 𝑔(0)
𝑓(𝑍2 ) =

(eq. 6)

𝐿(𝑍, 𝛾)450O
𝐿(𝑍, 𝛾)4567º

(eq. 7)

As in the case of the indicatrix function, the assigned standard gradation group is the one with the lowest RMSD
in relation to the experimental values.
c)

Determination of the CIE sky according to the gradation and indicatrix group

By combining the six gradation groups with the six indicatrix groups, it would be possible to identify up to 36
different sky types. However, only 15 of all possible combinations are considered as standard by the CIE. In this
sense, Dumortier and Kobav (2007) proposed a reduction from 36 sky types to 15 CIE sky types. For this, 36
sky luminance distributions were calculated for 5181 sky elements for each sky type. Non-standardized sky
luminance distributions were compared with each of the standard skies. The sky type with the lowest RMSD
was considered the equivalent CIE sky type. The results of this analysis were specified in a single reduction
table suitable for any solar elevation. This proposal was used by Kobav et al. (2012) for the characterization,
according to the CIE standard, of sky scanner measurements made at the International Daylight Measurement
Program station in Lyon (France). This solution has been analyzed in the present work and it has been observed
that there is a dependence of the combinations with solar elevation. Therefore, the new combinations obtained
according to the sun elevation have been used.
Standard gradation and indicatrix profiles are represented in Fig. 3a y Fig. 3b respectively. By way of example,
the relative luminance values extracted from an HDR image are also represented in red. As a result of the
comparison of each luminances series with the standard profiles, as described in the previous sections, a
gradation group V and an indicatrix group 4 are obtained. The combination of both functions results in a
standard sky type 12, that is, “CIE standard clear sky, low luminance turbidity” as defined by CIE (2003).
)
2018-08-20 09:10 UTC
ZS : 49.24º
____________________
Gradation group: V

( )

( )/ ( )

)

(

)

2018-08-20 09:10 UTC
ZS : 49.24º
____________________
Indicatrix group: 4

(

)

Fig. 3: Standard gradation profiles and relative gradation values (in red) extracted from an HDR image (a). Standard indicatrix
profiles (b) and relative indicatrix values (in red) extracted from an HDR image.

In both Fig. 3a and 3b, two sets of data can be seen with a slightly differentiated trend. Each of these trends
corresponds to the relative luminance values corresponding to each side of the solar meridian. This indicates that
the sky luminance distribution is not strictly symmetric in this case.
3.2. Relative Zenith Luminances (RZL) method
This procedure is an adaptation of the method proposed by Tregenza (2004) and used in the characterization of
CIE standard skies in Pamplona from skyscanner measurements (Torres et al., 2010a, 2010b). In the original
procedure, the CIE standard was determined by comparing the measured relative luminance distribution (in 145
sky patches) with the luminance distribution corresponding to each of the 15 standard skies. In the present study,
this analysis has been applied to each pixel in the image. However, whereas in the original procedure the
luminance of each area of the sky is related to the diffuse horizontal illuminance (obtained by the integration of
the measured luminances), in this case the zenith luminance has been used as a reference. This change of
reference can be a problem when skies in low latitudes are classified, because the zenith luminance can be
influenced by the sun at certain times. However, this is not a problem in mid-latitudes locations like Pamplona
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where the sun reaches a maximum elevation of 71º.
The new proposed method comprises the following steps:
• Definition of a grid within which the projection of the sky vault on the horizontal plane is inscribed. The
resolution of the grid must match that of the images used to characterize the state of the sky. So, in this work
a grid of 5472 x 3648 cells is used.
• Determination of the zenith angle (𝑍) and azimuth (𝛾) corresponding to the center of each of the grid
cells assuming an equisolid projection. In this way, it is possible to generate an image (of 5472 x 3648 pixels
in this particular case) whose pixels are defined by the zenith angle and the azimuth of its center. However,
only 9.023·106 pixels out of the 19.962·106 pixels that make up the image correspond to the sky projection.
Eq. 8 relates the projected distance between a pixel and the center of the image (𝑅) and the corresponding
zenith angle (𝑍) according to an equisolid projection.

𝑅 = 2 · sin(𝑍⁄2)

(eq. 8)

• At a given time, when the sun position is defined by its zenith angle (𝑍2 ) and azimuth (𝛾2 ), an angular
distribution image of luminance relative to the zenith for each of the 15 CIE standard skies is generated. To
do this, the Eq. 1 is applied to each of the pixels of the image. Fig. 4 shows an example of the obtained
distributions for each of the 15 CIE standard considering a solar zenith angle of 60º at solar noon.

Fig. 4: Angular distribution of sky luminances for each of the 15 standard CIE sky types.

• Comparison of HDR image pixel values of luminance relative to zenith (𝑙\ ) with the modeled values
corresponding to each of the 15 standard skies (𝑙\,?] ). To do so, the RMSD is calculated using Eq. 9.
1
f
𝑅𝑀𝑆𝐷?] = a cd𝑙\ − 𝑙\,?] e
𝑛\

(eq. 9)

gh

• The selected standard sky type will be the one out of the fifteen calculated in the previous step that
exhibits the lowest RMSDst value.

4. Results
Fig. 5a shows the frequencies of each CIE standard obtained from HDR images by the two procedures
described. In both cases, a higher incidence of type 12 skies (V.4) can be observed. However, there are
noticeable differences between the results obtained by both procedures. Fig. 5b represents the coincidence
frequencies of the CIE types obtained by RGI and RZL methods.
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Fig. 5: CIE standard sky type occurrence frequencies obtained by RGI and RZL methods from HDR images (a). Coincidence
matrix of standard sky types obtained by RGI and RZL methods from HDR images (b), the colored scale corresponds to the
number of cases with equal resulting sky type.

A detailed analysis of these results reveals that the classification by both procedures coincides in 49.26% of the
skies, while in 25.34% of the cases there is a difference of one CIE standard (see Fig. 6a). As explained in
Section 4.2, 15 RMSD values are calculated when determining the standard sky type using the RZL method. In
this way, it is possible to order the 15 standard skies from the lowest to the highest RMSD value, so that the one
that placed the first in the ordered list is selected. In many cases, the sky standard type which occupies the
second place in the classification has an RMSD value close to the first one. For this reason, a new comparison of
the sky types determined by both procedures has been made considering together the two sky types that occupy
the first positions according to the RZL method (see Fig. 6b). As it can be seen, in this case the percentage of
coincidence raises up to 73.01%.

Fig. 6: Frequency distribution of differences, in absolute value, among the sky types obtained by the RGI and RZL methods from
HDR images (a). Frequency distribution of differences among the sky types obtained by the RGI and RZL methods from HDR
images when considering together the two sky types that occupy the first positions according to the RZL method (b).

The classifications obtained from HDR images by means of the two procedures described have been compared
against those obtained by applying both procedures to sky luminance distribution measurements made by a
skyscanner. Fig. 7a compares the resulting sky type frequencies with the RGI procedure when using HDR
images and the simultaneously obtained skycanner measurements. It can be seen that there are significant
differences in some cases, especially in the the standard sky type 12 (V4) frequency, which is reduced more than
50% when using the skyscanner measurements. Fig. 7b shows the coincidence frequencies of the CIE types
obtained by the RGI method from HDR images and from skyscanner measurements. Although some dispersion
takes place, the highest frequencies are grouped around the diagonal of the graph.
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Fig. 7: CIE standard sky type occurrence frequencies obtained by RGI method from HDR images and from skyscanner
measurements (a). Coincidence matrix of standard sky types obtained by RGI method from HDR images and from skyscanner
measurements (b), the colored scale corresponds to the number of cases with equal resulting sky type.

The differences obtained when characterizing the skies by means of the RGI method from HDR images and
from skyscanner measurements are represented in Fig 8. In this case, the standard sky type matches become the
29.22% of the total records whereas in 24.46% of the cases there is a difference of one type of sky between the
two classification methods.

Fig. 8: Frequency distribution of differences, in absolute value, among the sky types obtained by RGI method from HDR images
and from skyscanner measurements.

Fig. 9a shows the standard sky type frequencies obtained by means of the RZL method when using HDR images
and skyscanner measurements. Again, considerable differences between both classifications are appreciated.
The proportion of type 15 skies (VI6) is significantly increased when using the measurements of the sky scanner
to the detriment of the sky types 12 (V4) and 13 (V5), which undergo a marked reduction. These differences can
be seen in detail in Fig. 9b.
A possible reason for the observed discrepancies, especially in clear skies (11 to 15), may be a poor definition of
the indicatrix function as a result of the necessary discarding of the skyscanner measurements from the sky
patches closest to the sun. This can lead to uncertainties and differences when discriminating among the five
clear sky types at a specific time. In this regard, the use of hemispherical HDR images, which are able to capture
the full range of the sun and the sky luminances, is an advantage when determining the sky type in comparison
to the use of skyscanner measurements. However, this issue requires further analysis that will be addressed in
future research.
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Fig. 9: CIE standard sky type occurrence frequencies obtained by RZL method from HDR images and skyscanner measurements
(a). Coincidence matrix of standard sky types obtained by RZL method from HDR images and skyscanner measurements (b), the
colored scale corresponds to the number of cases with equal resulting sky type.

As Fig. 10a shows, the proportion of coincidences among the sky classifications obtained with the RZL method
from HDR images and from skyscanner measurements is very low (16.88%). Again, as in the case of Fig. 6b, a
comparison has been made between both classifications considering together the two sky types with the lowest
RMSD (see Fig. 10b). In this case, the frequency of coincidences increases up to 49.57%.

Fig. 10: Frequency distribution of differences, in absolute value, among the sky types obtained by the RZL method from HDR
images and from skyscanner measurements (a). Frequency distribution of differences among the sky types obtained by the RZL
method from HDR images and from skyscanner measurements when considering together the two sky types located in the first
positions according to the RZL method (b).

5. Conclusions
Two procedures for the characterization of sky conditions according to the CIE standard using HDR
hemispherical sky images have been applied and evaluated in this study. The obtained sky classification by
means of HDR images when applying the Relative Gradation and Indicatrix method (RGI) and the proposed
Relative Zenith Luminance method (RZL) shows a percentage of coincidences of 50%. When the two more
probable resulting sky types with each method are compared the percentage of coincidences raises up to 73 %.
Likewise, the classifications obtained from HDR images by means of the two procedures described have been
compared against those obtained by applying both procedures to sky luminance distribution measurements made
by a skyscanner. The use of HDR images for sky type classification offers promising results if compared to
skyscanner measurements, as the sky area closest to the sun is well defined and images are taken in a very short
period of time, which overcome the problems of the need of discarding the sky patches closest to the sun
because of saturation as well as of the risk of variable sky conditions due to the measuring time the skyscanner
need.
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Abstract
Exposure to the UV solar irradiance reaching the ground has an important impact on human
health, vegetable growth and the degradation processes of several materials such as
photovoltaic modules materials. As a first step of a larger project aiming to characterize
typical UV exposure potential over the territory of Uruguay, three families of simple UV
irradiation models based on GHI and atmospheric Ozone information are trained and
evaluated using data from three sites (one of them in King George’s Island, Antarctica). The
air mass, clearness index and satellite-derived (OMI/TOMS) daily Ozone column are used as
predictors to estimate 15-minute irradiation in the UV-A, UV-B, and UV-Erithemic bands.
All models are locally adjusted and perform similarly. The best model predict UV irradiation
with typical uncertainties between 6 and 7% and small but consistent negative biases. The use
of a constant UV fraction is considered inadequate in the region for most applications.
Keywords: UV model, UV-A irradiation, UV-B, Erythema.
1. Introduction
Solar ultraviolet (UV) radiation (the spectral band below 400 nm) contributes relatively little
energy to the incident broad band solar irradiance. However, it has the UV components have
several effects in agriculture, oceanography, solar chemistry, biological tissues and in
degradation of materials; such as photovoltaic module materials, or heliostat reflectivity
losses. An accurate knowledge of the ultraviolet components of solar irradiation incident at
the earth surface is of importance, for example, in the design of solar photocatalytic systems
used for water desinfection technologies (Kosjek et al., 2009) and for it effects on human
health.
Solar UV irradiance is usually divided in sub-bands according to its effects on biological
tissues (WMO, 2014): UV-A (315-400 nm) responsible for skin aging, UV-B (280-315 nm)
which can cause DNA damage or sun burns, and UV-C (100-280 nm) which can be highly
toxic but is fully absorbed by the atmosphere and will not considered in this paper. Erithemic
UV irradiance (UV-E) is defined weighting UV with an average human skin response
(ISO17166, 1992). The UV index, used world-wide to communicate the UV-related risk level
to the general public, is proportional to UV-E irradiance. According to the American Cancer
Association, skin cancer is the most common type of cancer in young adults and 264 persons
per day are diagnosed in the USA and about 10 % of these are terminal (ACS, 2019). In the
region of interest in this paper, Uruguay’s territory, skin cancer is also a relevant problem
with a high mortality rate of 1 person every 4 days. However, the average distribution of UV
irradiation has not been mapped yet over this area. Since UV irradiation is affected by large
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spatial and temporal variations, depending on latitude, solar elevation and atmospheric local
conditions (Foyo-Moreno et. al, 1997) detailed local studies are necessary. Reliable, longterm local UV irradiance measurements are scarce. However, since global horizontal
irradiance (GHI) is a widely measured variable, it is desirable as a first step to have an
accurate model to obtain UV irradiance from GHI, with known uncertainty. As a second
stage, climatological information on typical UV irradiation doses and spatial distributions can
be obtained using long term GHI information generated by satellite (Alonso-Suárez et al.,
2012; Laguarda et al., 2018). In this paper, the first stage of this project is addressed. A
frequent approach to UV modeling consists in a two-step process where UV is estimated
under cloudless skies and a UV cloud modification factor (CMFUV, the ratio between the UV
irradiation and the UV irradiation under clear sky) is defined. This approach requires an
accurate clear sky radiation model using, for example, radiative transfer calculations. The
CMFUV can be empirically related to a broadband CMF (Calbó et al., 2005). For instance,
Foyo-Moreno et al. (1998) proposed an all-sky model based on a fitted UV clear-sky model
obtaining negligible relative Mean Bias Deviation (rMBD) and a relative Root Mean Square
Deviation (rRMSD) of 2.3% for Granada, Spain at hourly level in the 290–385 nm spectral
range. Indicators are expressed as relative to the average of the measurements. Murillo et. al
(2003) applied and adjusted the same model for two different sites in Spain at the hourly
level, obtaining rRMSDs in the range 7.7 to 9.5%. An adaptation of this last model, including
Ozone information, is used for the UV-E band in (Foyo-Moreno, 2007) reporting rRMSDs
under 18% using 30-minute data for seven sites in Spain. A similar approach for daily UV-E
radiation is used in (Lindorfs et. al 2007), obtaining estimates with rRMSDs between 7% and
22% for four locations in Northern Europe at hourly level. A general description of many
other models of this class can be found in (Calbó et al., 2005).
After implementing some CMF models, we found in general poor performance, probably
related to the use of UV clear-sky models as an intermediate step to obtain all-sky UV. A
more direct approach is to use empirical models to estimate directly the UV fraction (fUV,
defined as the ratio between UV and GHI) or, alternatively, the UV hemispherical
Transmittance (TUV, defined as the ratio of UV at horizontal ground level with UV incident on
a horizontal plane at the top of the atmosphere). These quantities can be modeled as a
function of a few relevant variables, such as air mass (m), clearness index (kt) or Ozone
concentration, [O3] (Foyo-Moreno et.al 1998; Cañada et.al, 2003; Martin and Goswami,
2005; Martínez, 2007). Under this approach, cloud effects are directly taken into account
through the clearness index. For instance, Foyo-Moreno et al. (1998) proposed an exponential
parametrization for TUV as function of the clearness index (k t) and relative air mass m (Young,
1994) and obtained UV irradiance estimates (290–385 nm) with a rMBD of 1.6% and a
rRMSD of 8.3 % at hourly level in Granada, Spain, while Murillo et. al (2003) used the same
model in Córdoba and Valencia, Spain obtaining rRMSDs in the range 6 to 9%.
In this work, three families of empirical UV fraction models are we implemented and
evaluated regarding UV irradiance in each of the three bands UV-A, UV-B and UV-E. The
variables m, kt and [O3] are used as predictors. In Section 2 the data used for training and
assessment and the models structure and training procedure are described. In Sec. 3 the
results are discussed including a detailed study of the model’s performance. Finally, in Sec. 4
the conclusions are presented.
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2. Data and models
2.1 Data description
Three independent GHI and UV ground data sets are used (see Table 1) to assess the models.
Two of them correspond to different time periods and instruments at sites in northern
Uruguay (labeled LES and DNM) and the third (BCA) has been obtained by our lab in a
summer campaign in the Uruguayan Antarctic Scientific Base at King’s George Island,
located close to the Antarctic Circle. At the LES and BCA sites, UV-B irradiance was
measured by a Kipp & Zonen UVS-T-B radiometer and the UV-A and UV-E were measured
simultaneously by a Kipp & Zonen UVST-AE radiometer. Both instruments have internal
temperature control and are maintained at 25 oC. At the LES site GHI irradiance was obtained
by Kipp & Zonen CMP10 (secondary standard class) pyranometer and the instruments
received daily maintainance, so this data is considered of the highest quality. At the BCA site
GHI was measured with a Licor radiometer 200R, preferred due to its better performance
under high winds and frequent snow events. All instruments have calibrations traceable to the
World Radiation Center in Davos and all data-sets are integrated at 15-minute level (if there
are at least 10 1-minute data points in each interval) to smooth out non-typical transient
effects. The DNM data set was obtained by the local meteorological service. GHI was
measured by a Kipp & Zonen secondary standard CM11 pyranometer and the UV-B and UVE data were obtained from a Yankee Environmental Systems UVB-1 radiometer. This data
was originally registered at 15-minute intervals, as the average of instantaneous readings
every 10 seconds for GHI and 1 minute readings for UV-B. The time periods and locations
of all datasets are summarized in Table 1.
Daily information of [O3] from the Total Ozone Mapping Spectrometer or TOMS-EPL3
(TOMS, https://disc.gsfc.nasa.gov/datacollection/TOMSEPL3_008.html) was used up to
September 2004 and information fron the Ozone Mapping Instrument or OMI/Aura (Pawan,
K. Bhartia, 2012, https://aura.gsfc.nasa.gov/omi.html) was used since then. In both cases the
highest quality data set available was used.
Table 1: Details for the data used in this work. Latitude and longitude are in decimal degrees. Site elevation
is above the mean sea level. The column labelled ΔT indicates the time period between consecutive data
values. The last three columns show the number of diurnal data records (UV-GHI pairs).
Site code

Lat. (o)

Lon. (o)

Elev. (m)

period

ΔT (min.)

UVA

UVB

UVE

LES

-31.28

-57.92

56

09/2015 - 08/2018

1

44159

27017

44219

DNM

-31.44

-57.98

41

09/1997 - 11/2003

15

--

BCA

-62.18

-58.91

18

12/2016 - 04/2017

1

5824

101640 101666
6898

6923

A quality checking of the data is performed: Only data with solar altitude above 7 o is used.
Clearness index (kt) must be under 1.1, allowing overirradiance events. Also, all data is
visually checked, and reasonable upper limits are set to each band UV fractions. Finally, for
UV-B and UV-E data sets, only data with simultaneous available [O 3] information is
considered.
Fig.1 shows the behavior of the UV fractions of solar global irradiance, fUVA and fUVB, with kt ,
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m and [O3] using quality-checked data from the LES site. A decrease of both fractions with
the relative air mass is observed implying that the longer the path in the atmosphere, the
greater the attenuation of the UV components relative to broadband GHI. The gentle decrease
of fUVA can be related to Rayleigh scattering in the atmosphere (which affects predominantly
short-wave photons) while Ozone absorption may explain the more prominent decrease in
fUVB. High [O3] concentrations (in green) are associated to the lower portion of the fUVB curves
but do not significantly affect UVA. The dependence on kt reflects the role of cloudiness
(low kt values are associated with cloudy conditions). Both UV fractions tend to increase for
low kt. These characteristics have been previously reported elsewhere (Foyo-Moreno, 1997;
Murillo, 2003).

(a)

(b)
Fig.1: UV fraction vs clearness index and air mass (data from LES site). (a) UV-A fraction and (b) UV-B
fraction are shown. Data is colored according to Ozone concentration, [O3]. The dependence of fUVB with
Ozone concentration appears clearly. The behavior of fUVE is similar to fUVB (not shown).

2.2 Models
Several parametrizations for the UV fraction of each band (A, B, E) are considered and
arranged in three families as described in Table 2. The clearness index, kt, the relative optical
air mass m and (for UV-B and UV-E) the Ozone column [O 3] are considered as predictor
variables. We have tested that the inclusion of daily Ozone information does not provide a
significant improvement for the UV-A band.
The different versions within each family correspond to a different dependence on the
predictors. All the models can be obtained from those in Table 2, setting the relevant
coefficients to zero according to Table 3. The constant model (F0) is included as the baseline
model. It represents the average fraction for each UV sub-band at a given location. The F1
family corresponds to a simple polynomial parametrization (Martin and Goswami, 2005).
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The different versions within F1 correspond to the inclusion or not of air mass and Ozone in
the model. The second family (F2) assumes a power law parametrization and has an
underlying physical motivation (Martínez, 2007). The two versions in this class correspond to
including or not Ozone in the UV-A model.
The third family (F3) describes an exponential parametrization which has proved useful in
the context of diffuse fraction models (Abal et al, 2017) and is inspired on a generalized
Lamber-Beer-Bougar law. Two variants (linear or quadratic in the exponent) are considered
and two similar versions without Ozone are included for the UV-A band. In sum, aside from
the baseline constant model, five models are tested in UV-A and four in the UV-B and UV-E
bands, as summarized in Tables 2 and 3 below.

Table 2: Families of models for UV fraction. The coefficients ai are locally adjusted and have
different values for each model. [O3] the Ozone concentration in mm.
family

fUV

F0

# coefficients

a0

1

2
2 t

F1

2

a0 + a1kt + a k + a3m + a4m + a5[O3] + a6[O3]
a1
t

a2

2

7

a3

F2

a0 k m [O3]

4

F3

a0 exp(a1kt +a2kt2 +a3m +a4m2 +a5[O3]+ a6[O3]2 )

7

Table 3: Individual models for UV fraction.
model

a0

a1

a2

a3

a4

a5

a6

Band

#coefs

F0

·

na

na

na

na

na

na

all

1

F11

·

·

·

0

0

0

0

UVA

3

F12

·

·

·

·

·

0

0

UVA

5

F12oz

·

·

·

·

·

·

·

UVB, UVE

7

F21

·

·

·

0

na

na

na

UVA

3

F21oz

·

·

·

·

na

na

na

UVB, UVE

4

F31

·

·

0

·

0

0

0

UVA

3

F31oz

·

·

0

·

0

·

0

UVB, UVE

4

F32

·

·

·

·

·

0

0

UVA

5

F32oz

·

·

·

·

·

·

·

UVB, UVE

7

The model parameters are adjusted using standard linear and non-linear regression routines in
Python and their performance is tested using a standard randomized cross-validation
procedure in which half of the available data is randomly selected and used to train the model
coefficient and the other half is used to obtain the performance indicators. This procedure
(adjustment+evaluation) is repeated 1000 times, thus testing the repeatability and stability of
the adjustment method. The average values of the metrics is reported in the next section. In
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Tabs. A.1, A.2 and A.3 (Appendix A) the average fitted parameters obtained for each model
and site are shown for the UV-A, UV-B and UV-E bands, respectively.
The performance of each model is quantified by three indicators: the relative mean bias
deviation (rMBD), the relative root mean square deviation (rRMSD) and the KolmogorovSmirnoff Index (KSI), all expressed as a percentage of the corresponding measurement
average. Each of these parameters tests different aspects of the agreement between the
measured and estimated values (Gueymard, C., 2014; Espinar et al, 2009). A combined
relative parameter
(1)
is also computed in order to provide a simple overall performance index for each model.
3. Models training and performance
The performance assessment of the locally adjusted UV models is described in this section.
The metrics for each model performance are shown in Table 4. For each site and band, the
ground measurements average (to which all relative indicators are referred as %) and the
number of data pairs used in the validation are shown. The best performing models are
Table 4: Validation of model estimations vs ground measurements for each UV sub-band. All indicators are in
% of the relevant measurement average (shown below). The number Nd of 15-min data pairs used for the
comparison is also indicated for each site.

UVA models
F0

F11

F12

F21

UVB models
F31

F32

F0

UVE models

F12oz F21oz F31oz F32oz

F0

F12oz F21oz F31oz F32oz

BCA
rMBD

-6.1

0.5

-0.2

-0.2 -0.9 -0.1

1.8

0.2

-0.6

-2.6

-1.0

-1.2 -0.1

-1.0

-2.5

-1.0

rRMSD 16.1 8.4

7.9

8.1

8.7

7.9

36.9 10.8

9.4

10.6

9.1

29.4

9.3

9.1

10.7

8.9

KSI

9.3

1.6

0.8

1.0

2.0

0.8

9.5

2.5

1.5

5.3

2.8

4.5

2.2

2.2

5.6

3.0

κ

10.5

3.5

3.0

3.1

3.9

3.0

16.1

4.5

3.8

6.2

4.3

11.7

3.9

4.1

6.3

4.3

mean
#data

14.0 W/m2; Nd = 4956

mean: 0.36 W/m2; Nd = 5552

mean: 0.043 W/m2; Nd = 5552

DNM
rMBD

10.8

rRMSD
not
applicable

KSI
κ

0.1

-0.6

-2.2

-1.0

10.7 +0.1 -0.5

-2.2

-1.0

41.8 14.3

9.5

10.7

9.8

41.8 14.4

9.5

10.7

9.8

23.2

4.6

0.8

3.7

1.9

16.4

3.6

1.3

4.6

2.5

25.3

6.3

3.8

5.5

4.2

23.0

6.0

3.8

5.8

4.4

mean
#data

0.89W/m2; Nd = 84166

0.063 W/m2; Nd = 84500

LES
rMBD

-0.7

1.7

-0.2

-0.1 -0.7 -0.3

9.0

0.1

-0.2

-1.6

-0.6

6.1

0.0

-0.6

-1.9

-0.7

rRMSD 10.3 8.2

5.6

5.7

6.0

5.7

36.3 10.5

6.7

7.8

6.9

28.5

8.7

6.2

8.0

6.6

KSI

2.1

4.0

0.9

0.7

2.2

0.9

23.2

4.6

0.8

3.7

1.9

16.4

3.6

1.3

4.6

2.5

κ

4.4

4.6

2.2

2.2

3.0

2.3

22.8

5.1

2.6

4.4

3.1

17.0

4.1

2.7

4.8

3.3

mean
#data

25.1 W/m2 ; Nd = 40326

0.85 W/m2 ; Nd = 19906

0.087 W/m2 ; Nd = 32028
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highlighted in bold face. For the UV-B and UV-E bands, the F21oz models are more accurate
in terms of rRMSD and rKSI. rRMSD between 7 and 10% are obtained for this model. For
the UV-A band, the F12, F21 and F32 perform similarly, with rRMSD between 6 and 8% and
F12 performing slightly better in BCA and F21 at the LES site. The widely used constant UV
fraction (F0 model) ranks last among models considered and is inadequate for most
applications.

Fig. 2: F2 models estimates for the UV-A and UV-E bands vs time for a cloudy day and a clear day at the
LE site.

Fig. 2 shows the time series for models F2 1 and F21oz for UV-A and UB-E bands at the LES
site. An overcast and a clear day are shown and a good agreement is observed in both cases.
A small underestimation around noon takes place in both bands, independently of cloud
conditions. In Fig. 3, scatter plots for the best models for each band at different sites are
shown: the F12 and F21 for UV-A, and F21oz for the UV-B and UV-E bands. This effect can
also be seen in Fig. 4, where the distributions of the rRMSD and rMBD indicators with kt and
the cosine of the solar zenith angle (z) are shown. At high values of cos(z) (or, equivalently,
high solar altitude or low air masses) negative biases are observed in all bands. On the other
hand, the rRMSD tends to be lower for high kt values (clear sky) and higher at large values of
cos(z) and low kt (i.e. cloudy noons).
The performance of these simple models matches or overcomes the performance of similar
models as reported in the literature, usually considering 30-minute or hourly estimates (which
result in smoother data and lower indicators). The UV-A fraction average was found to be
5.6%, similar than the reported for locations with similar climate in Spain. On the other hand,
at King‘s George Island (Antarctica) a slightly higher UV-A fraction of 7 % was measured,
which can be explained by a higher frequency of cloudy conditions at this site. For the UV-B
and UV-E bands, with the inclusion of daily Ozone information as a predictor, accurate
estimates are obtained. The potential model (F21oz) is the best model at all sites, with
exception of F12oz which matches the performance of the former model for BCA site,
specially in UV-E band. This model with daily OMI/TOMS Ozone information can
successfully estimate the UV fraction with small bias and rRMSD around 7% (LES), and 9%
(BCA), with a correlation above 0.995, a value which is close to the experimental uncertainty
of the measurements. Constant fraction model F0 model is poorly accurate in B and E bands
and its use should be avoided. Interestingly, mean UV-B and E fractions are lower in George
King Island, Antarctica than in the country, in contrast to UV-A band.
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Fig. 3: Scatter plots of the best models for each band. In the first row correspond to UV-A, the middle
and bottom row corresponds to UV-B and UV-E respectively.

Considering factors such as the quality of the data, the performance for each model and the
simplicity (as represented by the number of adjustable parameters), the F2 family of models
provides the best description for all bands. The F21 model estimates UV-A with uncertainty
under 6 % and negligible bias. With the inclusion of Ozone, F2 1oz estimates UV-B and UV-E
at LES (best data) with uncertainties of 6 and 7 %, respectively and small negative biases
(under 0.6 %).
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Fig. 4. rMBD (left) and rRMSD (right) distributions vs the cosine of the solar zenith angle and the clearness
index at the LES site. Upper panels are for the to UV-A band and the lower panels for UV-E estimates.

4. Summary and Conclusion
This study is the first UV radiation model evaluation performed over the Uruguayan territory
and is part of a larger program which ultimately, aims to to map the spatial distribution of
typical UV doses over the territory. It is based on reliable ground data collected at three sites
(one of them close to the Antarctic circle) and for three UV bands (UV-A, UV-B and UV-E).
All the data was integrated at the 15 minute level. Three families of empirical models that
estimate the fraction of UV irradiance of GHI using clearness index, relative air mass and
ozone density as predictors are considered. Random sampling and cross-validation techniques
were used to assure statistical independence between the training and evaluation data sets.
These results show that the three families have locally adjusted models capable of good
accuracy and low biases for all sub-bands and shows that the chosen set of predictors is
adequate. Daily average atmospheric Ozone concentration is required for the UV-B and UVE bands, but not relevant in the UV-A band. In this band, models F1 2, F21 and F32 are
essentially equivalent in terms of performance. The UV-A fraction can be estimated with
rRMSD in the range of 6 % (LES) to 8 % (BCA) of the average of the measurements and
small negative biases. At the UV-B and UV-E bands, with the inclusion of Ozone
concentration, UV irradiance can be estimated with rRMSD between 9 and 10 % and small
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biases. The best performance for all models is obtained at the LES site, which is the data of
best quality. The widely used constant UV fraction (F0 model) ranks last among models
considered and is inadequate for most applications. The performance of these simple models
matches or overcomes the performance of similar models as reported in the literature, usually
considering 30-minute or hourly estimates.
Taking account the accuracy and simplicity the potential model (F2) is recommended for UV
fraction modeling in all bands. At the LES site, these models estimate all bands with
uncertainties between 6 and 7 % and small but consistently negative biases. These
underestimation takes place mostly at low-medium kt and high air mass (i.e low sun and
cloudy conditions) and medium-high kt and small air masses (i.e. high sun and clear-sky). The
dispersion (in terms or rRMSD) is lower for air masses above 2 and tends to increase for
smaller air mass.
This work shows that it is viable to model UV irradiance with uncertainties in the range 6-9%
using simple (but locally adjusted) models based on clearness index, air mass and satellitebased Ozone concentration. This is a first step in a broader program which aims to generate
reliable information on the UVA, UVB and UVE irradiation’s typical spatial distributions,
temporal variability and, ultimately, characterize the potential for daily UV exposure in the
territory of Uruguay.
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7. Appendix
For completeness, the locally adjusted parameters for each site and model are given below.

Table A.1: Adjusted parameters for each UVA model.
UVA

LES

BCA

F0

F11

F12

F21

F31

F32

F0

F11

F12

F21

F31

F32

a0

5.6e-2

9.1e-2

9.8e-2

5.4e-2

9.3e-2

1.1e-1

7.0e-2

1.0e-1

1.2e-1

5.9e-2

9.9e-2

1.3e-1

a1

−

-9.4e-2

-6.1e-2

-2.4e-1

-4.8e-1

-8.9e-1

−

-9.9e-2

-1.1e-1 -2.7e-1

-6.3e-1

-1.3

a2

−

6.2e-2

2.8e-2

-2.0e-1

−

3.6e-1

−

5.8e-2

6.1e-2

-9.0e-2

−

6.7e-1

a3

−

−

-1.1e-2

−

-1.2e-1

-1.9e-1

−

−

-8.0e-3

−

-2.8e-2

-1.1e-1

a4

−

−

1.0e-3

−

−

1.9e-2

−

−

1.0e-3

−

−

1.3e-2

Table A.2: Adjusted parameters for each UVB model.
UVB

LES
F0

a0

BCA

DNM

F12oz

F210z

F31oz

F32oz

F0

F12oz

F21oz

F31oz

F32oz

F0

F12oz

F21oz

F31oz

F32oz

2.0e-3 9.5e-3

7.6e-3

2.5e-2

6.1e-2

1.6e-3

6.8e-3

7.7e-3

1.8e-2

8.6e-2

2.3e-3

8.8e-3

9.0e-3

2.9e-2

7.3e-2

-7.0e-1

−

-2.0e-3

-3.2e-1

-6.8e-1

-9.9e-1

−

-1.8e-3 -1.5e-1 -3.0e-1

-6.6e-1

a1

−

-1.9e-3 -2.3e-1 -4.6e-1

a2

−

7.2e-4

-1.2

−

2.1e-1

−

6.8e-4

-1.2

−

2.8e-1

−

8.7e-4

-1.4

−

3.2e-1

a3

−

-2.1e-3

-1.1

-8.6e-1

-1.2

−

-1.4e-3

-1.1

-6.1e-1

-9.7e-1

−

-2.6e-3

-1.1

-9.8e-1

-1.4

a4

−

2.4e-4

−

−

1.1e-1

−

1.4e-4

−

−

8.6e-2

−

3.1e-4

−

−

1.3e-1

a5

−

-2.2e-3

−

-3.9e-1

-8.0e-1

−

-1.1e-3

−

-3.2e-1

-1.1

−

-1.1e-3

−

-3.7e-1

-7.7e-1

a6

−

2.5e-4

−

−

7.3e-2

−

1.1e-4

−

−

1.2e-1

−

5.4e-5

−

−

Table A.3: Adjusted parameters for each UVE model.
UVE

LES

BCA

F0

F12oz

F210z

F31oz

F32oz

F12oz

F21oz

F31oz

F32oz

F0

F12oz

F21oz

F31oz

F32oz

a0

2.1e4

8.3e-4

5.8e-4

1.6e-3

3.8e-3 1.9e-4

5.1e-4

4.7e-4

9.4e-4

1.7e-3

1.6e-4

6.2e-4

6.3e-4

2.0e-3

5.1e-3

a1

−

-2.0e-4 -2.3e-1 -4.7e-1 -7.4e-1

−

-2.5e-4

-3.2e-1 -6.7e-1

-1.1

−

-1.3e-4 -1.5e-1 -3.0e-1

-6.9e-1

a2

−

7.9e-5

2.3e-1

−

1.0e-4

-8.1e-1

3.5e-1

−

6.4e-5

-1.4e

−

3.3e-1

a3

−

-1.7e-4 -8.6e-1 -6.4e-1 -9.4e-1

−

-1.2e-4

-6.4e-1 -4.0e-1

-6.9e-1

−

-1.8e-4

-1.1

-9.8e-1

-1.4

a4

−

2.0e-5

−

9.5e-2

−

1.2e-5

−

−

6.5e-2

−

2.2e-5

−

−

1.3e-1

a5

−

-1.7e-4

−

-3.0e-1 -7.2e-1

−

-6.5e-7

−

-1.8e-1

-2.6e-1

−

-7.8e-5

−

-3.7e-1

-7.6e-1

a6

−

1.9e-5

−

−

-5.5e-6

−

−

8.8e-3

−

3.9e-6

−

−

6.8e-2

-9.4e-1

−

−

−

7.4e-2

F0

DNM

−
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Abstract

In this work we calculate and compare the environmental impacts of two experimental recycling processes for cSi PV modules using organic (toluene - C7H8) and inorganic (nitric acid - HNO3) solvents. The environmental
impacts are estimated following the LCA methodology using available LCI data from the Ecoinvent database
(version 3.2) complemented with experimental data from the Laboratory of Corrosion, Protection and Recycling
of Materials (LACOR - Brazil) and the School of Photovoltaic and Renewable Energy Engineering at UNSW
Sydney. Results show that electricity from non-renewable sources has the largest contribution to the
environmental impacts of both recycling routes, which might be reduced with the use of renewable sources of
electricity. Although the comparative impact of the used chemicals is small, they still represent harm to humans
and the environment, toluene in particular.
Keywords: PV modules, Recycling, Life Cycle Assessment, LCA.

1. Introduction
The global market of solar photovoltaic (PV) modules has grown by 40% (compound annual rate) from 1997
(114.1-MWp) to 2017 (93.9-GWp) (Mints 2018), and approximately 90% of the current PV market is captured
by crystalline silicon (c-Si) technologies (ITRPV 2018). This significant growth in solar energy is critical in the
search for a more sustainable economy. However, this global increase in PV installations will also produce a
substantial amount of waste. Predictions show that PV will generate a significant share of global electricity and
that the corresponding future waste will account for up to 8.0 million tonnes annually by 2030 (Weckend, Wade
et al. 2016).
Regulations for this type of waste are still being developed worldwide. The most comprehensive laws and
policies addressing the end-of-life (EoL) management of PV waste are from the European Union, which
includes PV waste into the Waste of Electrical and Electronic Equipment (WEEE) directive since 2012 (Shin,
Park et al. 2017). It is essential that the PV industry develops the knowledge and capability required to deal with
EoL modules to maintain its position as a sustainable technology (de Wild-Scholten, Wambach et al. 2005). It is
expected that increasing progress in cost-effective recycling technologies will encourage its competitiveness and
reduce the recycling process’ environmental impacts, to which regulations can be a facilitator (Bombach, Röver
et al. 2006, Kang, Yoo et al. 2012, Tao and Yu 2015).
The main components of a standard c-Si module (apart from the junction box) are a glass cover, aluminium (Al)
frame, encapsulant (normally ethylene vinyl acetate, EVA), c-Si wafers, polymer-based backsheet (commonly
Tedlar®) and metal contacts and ribbons (Dias, Benevit et al. 2016). By weight, a c-Si module contains about
76% glass (front cover), 10% polymer (encapsulant and backsheet foil), 8% Al (mostly the frame), 5% silicon
(solar cells), 1% copper (Cu) (interconnectors) and less than 0.1% silver (Ag) (contact lines) and other metals
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(mostly tin and lead) (Wambach, Schlenker et al. 2006, Sander and Politik 2007). Figure 1 shows a common Sibased module structure.

Figure 1: Common Si-based module structure and materials.

Recovering these materials is beneficial as they could be re-introduced into the supply chain of solar modules or
other industries. Besides, some of the elements, particularly metals, are valuable or scarce (Stephanie Weckend
2016). Ag, for example, is the most expensive element per unit of mass of a c-Si panel (IEA-PVPS 2016), which
led the solar industry to reduce the amount of Ag used in PV modules for many years. The reduction of metals
and other components can be advantageous regarding cost reductions in PV modules. However, the industry
hasn’t been very active in reusing or recycling parts of EoL PV systems. Nevertheless, is has been shown that
recycling processes for PV modules can recover glass, Si, Al, Ag, Cu and other materials at sufficient quality for
sale on the world market (Stephanie Weckend 2016).
Along with the search for recycling processes for PV modules, there is also a concern with the potential
environmental impacts associated with these recycling methods, such as from the use of chemicals or large
amounts of energy from non-renewable sources. Hence, it is essential to analyse the materials and energy
involved in PV recycling processes to evaluate their sustainability (Twidell and Weir 2015). In this study, Life
Cycle Assessment (LCA) will be used for this purpose. LCA is an analytical methodology used to assess any
product or process from an environmental perspective. It collates and analyses information from the whole
product/process life cycle, considering inputs and outputs as energy, materials, wastes and emissions (Owens
1997). Life cycle information can be used to inform the public sector, stakeholders, manufacturers, and in the
design and implementation of new policies.
This report presents two different approaches for recycling solar modules (at a laboratory scale) and the
environmental analysis of these processes. The results from the experiments are analysed and discussed in order
to understand the benefits of these processes in terms of reduction of environmental impacts from the recovery
of materials from c-Si solar modules.

2. Method
The chosen procedures evaluated in this study are chemical-thermal separation processes using different organic
and inorganic solvents (Lunardi, Alvarez-Gaitan et al. 2018). Data concerning the energy and labour input are
recorded, as well as material inputs and outputs (the outcome of the recycling process), required for the LCA
methodology in order to calculate the environmental impacts of both processes. The final environmental impacts
are calculated using 3 endpoint indicators based on the ReCiPe method (Figure 2) (Mark A.J. Huijbregts, Zoran
J.N. Steinmann et al. 2016).
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Figure 2: Overview of structure of environmental impacts using the ReCiPe method.

To estimate the environmental impacts from these processes, a life cycle inventory (LCI) is created with a mix
of existing LCIs, including Ecoinvent database version 3.2 (Hedemann, König et al. 2007), experimental data
from the Laboratory of Corrosion, Protection and Recycling of Materials (LACOR - Brazil) (Dias, Javimczik et
al. 2016), and the UNSW SPREE laboratories (Sydney - Australia) (Zhang 2016). The inventory from our
experiments is presented in Section 3. Based on these experiments, the LCI considers all materials and energy
consumption, as well as the efficiency and impacts of recovering the metals and other materials from both
recycling processes. The results from the LCA will provide the basis to assess both recycling processes and
provide a recommendation based on the environmental impacts.
The total time, energy consumed, materials used, and solvents (Experiment 1: nitric acid - HNO3 and
Experiment 2: toluene - C7H8) recovered were measured for both experiments and are described in this section.
However, the electricity mix considered is for China, as it remains the biggest producer and customer for Si
cells and modules (Hutchins 2018) and its electricity mix is based on approximately 70% in fossil fuels (coal
based) (West 2017). In 2016, generation from combustible fuels accounted for 67.3% of total world gross
electricity production. Combustible fuels include coal and coal products, oil and oil products, natural gas,
biofuels (solid biomass and animal products), gas/liquids from biomass, industrial waste and municipal waste
(IEA 2018).
This LCA study considers one EoL PV module as the functional unit (size: 0.053 m2). Because the module used
in Experiment 1 is smaller than the module used in Experiment 2 (as shown in Table 1), all Experiment 1
inventory data has been scaled up to match the size and weight of the different solar modules.
Table 1: Mini-module specifications – Experiments 1 and 2.
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Sample dimensions (cm)

Sample area (m2)

Experiment 1 (without frame)

22.0 x 22.0

0.048

Experiment 2 (without frame)

21.5 x 24.5

0.053
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3. Experiment description and Life Cycle
Inventory
The first step for experiments 1 and 2 is the preparation of the c-Si PV modules by manually removing the
junction box and the Al frames.
In Experiment 1 a thermal process is first used to separate the EVA from the wafers (Zhang, Pahlevani et al.
2018). The thermal delamination process is based on separating module layers through the decomposition of
EVA and backsheet under high temperature. The thermal treatment offers the potential for recovering the main
components and materials of a PV module close to their original state (i.e. unbroken and undamaged cells).
Then, the chemical treatment for the wafers is conducted in an ultrasonic bath with HNO3 at approximately
40°C, to create micro-stirring and to promote the leaching of doped metal ions such as Ag, Al and Cu, in order
to recover the metals from the c-Si cells and reuse them. The inventory data for Experiment 1 is shown in Table
2.
Table 2: Inventory table for Experiment 1.

Process
Step

Material/Product

Quantity

Unit

266

g

Frame

0

g

Junction Box

0

g

266

g

Preparation – Frameless
module

Input

Waste Module

Output
Waste Module

Step 2 - Chemical separation (nitic acid
+ ultrasonic bath)

Step 1 - Thermal
separation

Input
Waste Module

266

g

32.83

kWh

Glass (intact) + Tabbing Material

156

g

Silicon Wafer (broken)

110

g

110

g

13.78

kWh

20

ml

109.98

g

Electricity
Output

Input
Silicon Wafer (broken)
Electricity
3M Nitric Acid (HNO3)
Output
Silicon Wafer (broken)
Aluminium

20445.00

µg

0.02044

g

Silver

811.50

µg

0.00081

g

Copper

16.20

µg

1.62 x 10-5

g
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In Experiment 2, after the manual removal of the frame and junction box, binder clips are placed on the edges of
the module to maintain mechanical pressure during the chemical reaction (EVA separation). The next step is to
put the modules in a steel container covered by a glass panel. The system is filled with C7H8 until the modules
are completely immersed and the system, which is placed on a heating plate controlled by a thermocouple, is
kept at 90ºC for four days. After every 24 hours, the system is opened, the C7H8 is weighed and recovered, and
the modules are visually inspected. After the completion of the (four days) processes, the different components
are manually separated and weighed individually. The goal of this process is to separate the materials and other
materials, such as glass, in order to recover them and use them in new c-Si solar cells and modules. Table 3
shows the inventory data.
Table 3: Inventory table for Experiment 2.

Step 1 - Chemical separation (toluene +
heating plate)

Preparation- Mechanical
separation

Process
Step

Material/Product

Quantity

Unit

689.77

g

Frame

166.00

g

Junction Box

10.64

g

Waste Module S1

513.13

g

Waste Module S1

513.13

g

Energy

25.56

kWh

Toluene (C7H8)

1.96

kg

Waste Module S2

29.79

g

Backsheet

18.21

g

Superstrate (glass)

415.77

g

EVA + cell

17.35

g

29.79

g

Waste Module S3

1.18

g

Backsheet

4.32

g

EVA + cell

24.29

g

Input
Waste Module
Output

Input

Output

Step 2 - Manual
separation

Input
Waste Module S2
Output

4. Experiment Results
As mentioned previously, the objective of Experiment 1 is to use HNO3 to achieve a chemical leaching of
metals from the solar cells, which depends on the concentration of HNO3 used. The reaction under ultrasonic
bath was rapid and strong. A significant development of bubbles occurred during the chemical reaction and
there was an increase in the temperature and apparent visual changes in the surface of the samples were
observed (the metal conduct lines on the top surface and Al on the back surface almost disappeared). Figure 3
shows the main results for Experiment 1.
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After thermal
treatment

Before chemical
treatment
(microscopic image)

After chemical
treatment
(microscopic image)

Back of the
cell

Front of the
cell

Before thermal
treatment

Figure 3: Results from Experiment 1, considering the thermal and the chemical treatments.

Experiment 1 demonstrated that HNO3, with the aid of high temperature and the ultrasonic bath, can recover
high amount of Ag, Al and Cu from used PV wafer (Zhang 2016). Tests with other possibilities of recycling
processes were made such as under normal conditions (without ultrasonic bath) and using a hot plate instead of
the ultrasonic bath. The extraction rate of all targeted metals (Ag, Al and Cu) is improved significantly using
ultrasonic bath, which is the focus of this LCA study. Especially for Ag, the extraction rate with ultrasonic bath
was increased by one hundred times when compared with the extraction rate without it (Zhang 2016).
The results for Experiment 2 are shown in Figure 4, which presents the different components manually
separated after the last (fourth) immersion into the toluene solution. A benefit of this method is that unlike in
Experiment 1, the module backsheet is also recovered, instead of being incinerated.
Before

After mechanical separation

After chemical and manual separation

Figure 4: Different PV components separated using organic solvent (Experiment 2).

As Figures 3 and 4 show, the two experiments were conducted successfully and all the required data was
collected. Experiment 1 showed good outcomes, recovering different metals from the cells through a chemical
process. Experiment 2 also presented good results, being able to separate most of the materials from the solar
modules. In both cases, the materials recovered could be used as raw materials in the production of new solar
cells and modules, resulting in a more environmentally friendly process (Ardente, Latunussa et al. 2019).
The LCI was built with the data from both experiments, including material usage, energy consumption,
emissions and wastes from each step of the process. The next step is to conduct the impact assessment using the
ReCiPe methodology and compare these two experiments, so to assess which steps of these processes have the
most significant impacts and how these effects can be minimised.
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5. LCA Results and Discussion
This LCA uses the ReCiPe method as it is usually beneficial to aid the understanding of environmental
outcomes if the target audience is not an expert in this field. The results for Experiments 1 and 2 are shown in
Figure 5, where, for Experiment 1, step 1 is the thermal separation and step 2 is the chemical separation (nitic
acid + ultrasonic bath), as described in Table 2.

Figure 5: ReCiPe results (Human Health, Ecosystem and Resources) for Experiments 1 and 2.

Figure 5 shows that electricity has the most significant impacts in all three ReCiPe impacts, which incorporate
midpoint impacts such as global warming and usage of fossil resources. This is because the electricity mix used
in this LCA (from China) is predominantly from fossil fuels, as this is still the most common energy source used
worldwide. Besides global warming, the usage of fossil resources is also depletes non-renewable resources such
as iron ore, crude oil and coal, which is another significant impact related to the energy consumption. The
ultrasonic technology requires the use of electricity, which generates significant environmental impacts, mostly
if industrial scale is considered. However, the best results for recovering metals were achieved using this
method. In order to overcome this issue, an alternative to increase the ecological benefits, besides recovering
materials, is to use electricity from renewable energies. This modification in the inputs of the process would
reduce the impacts from electricity significantly, not just for the ultrasonic bath, but for all steps of both
processes (Experiments 1 and 2) (Reich, Alsema et al. 2011).
Most of LCA studies about PV cells and modules’ production assume coal-fired power plants as the electricity
input, as this is the current reality of PV manufactures such as China and the USA (IEA 2018). However, if the
LCA assumption for electricity supply is only renewable sources such as hydro- or wind-power or PV, the
environmental impacts associated to the PV production are reduced strongly (Reich, Alsema et al. 2011). It was
shown in the literature that, assuming low-carbon (including nuclear and renewables) electricity input in the PV
module production gives 0.06–1.6 gCO2-eq/kWh whereas using coal electricity generates 30–200 gCO2-eq/kWh
for the same process (Reich, Alsema et al. 2011).
The results for Experiment 2 show lower impacts compared with Experiment 1, mainly because this recycling
process uses less energy. The results from the electricity usage demonstrate the importance of developing
recycling processes that require low energy during all their steps, or, as discussed, the use of renewable sources
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of electricity. Future studies must focus on the optimisation of this process to reduce the toluene loss and the
time needed to separate the components.
The use of HNO3 also has small impacts in all categories analysed. The most significant result is for human
health ReCiPe impacts, due to its high corrosivity, particularly to the eyes, skin, and mucous membranes in
humans (for example, an oral dose of 10 mL can be lethal for humans (Information)). As well as the results for
HNO3, the use of C7H8 has a much lower impact when compared with the electricity effects on all ReCiPe
categories. This substance can affect humans’ nervous system (brain and nerves) causing headaches, dizziness,
unconsciousness, memory loss, nausea, incoordination, cognitive impairment, and vision and hearing loss may
become permanent with repeated exposure, as well as some other damages to the human brain. Additionally,
human health effects of potential concern may include immune, kidney, liver, and reproductive effects. The
effects of C7H8 on animals are similar to those seen in humans ((IRIS) 2005).

6. Conclusion
An LCA of two different recycling processes for Si-based solar modules was conducted, analysing endpoint
ReCiPe impacts in human health, ecosystems and resources depletion. Both processes started with the manual
removal of the junction box and Al frame. Experiment 1 consisted in two additional steps which are using a
thermal method to delaminate the PV module, followed by a chemical process using HNO3 to remove metals
from the recovered solar cells. Experiment 2 follows the initial step of separating the junction box and Al frame
with a chemical separation (C7H8 + heating plate) and a final manual separation of the remaining materials.
The results demonstrate that the use of electricity in both experiments is the main source of environmental
impacts for all ReCiPe categories. The impacts are mainly due to the global warming potential from the fossil
fuels, as well as the depletion of coal for the generation of electricity. One of the possible paths that can be taken
to reduce the environmental impacts associated with energy consumption is the use of different electricity
supplies, which has been demonstrated in the literature (Reich, Alsema et al. 2011).
The impacts from the chemicals used, HNO3 and C7H8, are minor compared with the impacts from the
electricity use, however considerable. The use of HNO3 has small impacts in all ReCiPe categories analysed, but
the most significant result is for human health, due to its high corrosivity particularly to the eyes, skin, and
mucous membranes in humans. C7H8, in turn, can affect humans’ nervous system (brain and nerves) causing,
particularly, damages to the human brain. Lower impacts might be achieved by increasing the efficiency of
these processes.
Comparing Experiments 1 and 2, it can be concluded that the overall impacts from Experiment 2 are
approximately 50% lower than Experiment 1, mainly due to the impacts from the electricity consumption.
However, the use of HNO3 (Experiment 1) has lower impacts when compared with the use of C7H8 considering
all three ReCiPe categories analysed. Recovering valuable metals such as Si, Ag, Al, Cu, and Ni has become
essential when PV modules reach their end-of-life as they will need to be recycled in the near future to meet
legislative requirements in most countries (Weckend, Wade et al. 2016). Unfortunately, the economic viability
is still a challenge, as it has been shown that landfill is the cheapest option yet (Deng, Chang et al. 2019). It has
been shown that the costs of some valuable raw materials are essential in the reduction of the overall production
cost of Si-based PV modules, and it is expected that 70–75% of the metal value from PV wastes could be
recovered with the technologies that currently exist (Yi, Kim et al. 2014), which encourages the recovery of
clean and reusable materials from solar cells and modules.
In summary, the key finding of this study is that the use of electricity from non-renewable sources causes the
main ecological impacts from both experiments conducted. The use of chemicals should be taken into
consideration, even with smaller impacts, due to its harms to humans and the environment.
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Summary
The variability of and correlations between large-scale, distributed wind and PV generation across a northern
US state is evaluated and contrasted. We analyze three years of hourly-interval, time-synchronous data from
the State’s wind fleet and distributed PV production simulated with SolarAnywhereTM. Despite a
significantly higher capacity factor (wind: 37% vs. solar: 16%), distributed wind exhibits more variability than
solar at timescales longer than a day. Though this longer-timescale variability is a key cost driver at high
penetrations on the grid, it can be attenuated by blending the two resources owing to their strong seasonal
anticorrelation.
Key-words: solar resource, wind resource, irradiance, high-penetration, storage, variability, firm power
generation
1. Introduction
Both wind and solar PV resources are intermittent, driven by weather and seasons. Their high penetration in
the generation mix implies mitigating intermittency and/or its impacts. The cost of the strategies and
technologies to firm up these intermittent resources -- storage, geographic dispersion, overbuilding, and load
flexibility – depends on their inherent variability (Perez et al., 2018).
The variability of solar and wind resources has been and continues to be a frequent topic in the literature. Many
contributions have analyzed and documented the synergy between the two renewable resources on multiple
temporal and geographical scales -- e.g., Prasad et al., 2017. Several publications, including by the authors
(Perez et al., 2016) have documented the spatial smoothing effect in relation to time scale, and the possibilities
of optimizing geographic dispersion to minimize variability -- e.g., Xuemei et al., (2018). The subject of longterm (inter-annual) variability and future resource evolution is also a well covered topic -- Gueymard &
Wilcox, (2011), Krakauer & Cohan, (2018). The issue of resource integration and variability mitigation at
multiple time scales, either on the demand or the user-side, is a fast growing field of investigations including
by the authors (Perez et al., 2013). These contributions tend to center on strategies to economically maximize
renewables integration with e.g., storage and/or demand side management that can be informed by short term
ramp/fluctuations forecasts -- e.g., Shahriari & Blumsack, (2018).
Comparatively fewer studies have focused on the variability metric itself and on its underlying temporal and
spatial fundamentals. The studies of Graabak & Korpas, (2016) on short-term variability characterization, Roy
et al., (2018) on longer-term variability impact on islanded grids are two recent examples in this direction. On
the solar front, the authors have contributed extensively to this subject by proposing variability metrics (Hoff
& Perez, 2010) and quantifying the influences of temporal and spatial scales from minutes to years and from
single locations to continents (Perez, 2018).
In this paper, we take advantage of experimental data developed for a grid integration study in the State of
Minnesota (MDC, 2019) to examine and contrast wind and solar resource variability on multiple time scales
ranging from one hour to several months.
2. Methods & Data
Quantifying variability: Equation (1) states a widely used and accepted metric to quantify an intermittent
resource’s power output variability for a given time scale ∆t – see, e.g., Hoff & Perez, 2010.
Power Variability = σ(∆ρ∆t ) = √(Var[∆ρ∆t])
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Where ∆ρ∆t is the difference in nominal power generation [the ramp] between two consecutive time intervals.
Other indirect gauges of intermittency/variability often used by the utility industry include the resource’s
capacity factor. The capacity factor of a power plant or a fleet of power plants is the ratio between the mean
power output and the rated (peak) power output of that plant or fleet. A high capacity factor is generally
associated with low variability – e.g., a capacity factor of 100% implies an “always-on” resource, i.e., without
variability.
Quantifying correlation: Equation (2) states a widely used and accepted metric to quantify the correlation
between to variable timeseries at a time-averaging interval ∆t – see, e.g., Hoff & Perez, 2010.
Power Correlation = cor(∆ρsolar|∆t, ∆ρwind|∆t )
= cov(∆ρsolar|∆t , ∆ρwind|∆t) ÷ [σ(∆ρsolar|∆t,), σ(∆ρwind|∆t)]

(2)

Where ∆ρsolar|∆t and ∆ρwind|∆t respectively reflect the differences in nominal solar and wind power generation
[the ramp] between two consecutive time intervals.
This power correlation allows us to see at which timescales the fluctuations in wind and PV output are likely
to constructively or destructively interfere with each-other. For instance, it is often said that the wind blows
more strongly in the winter than in the summer and more strongly at night than during the day. The sign of
the correlation (negative or positive) at these different timescales will allow us to see whether or not this is the
case in the area of study.
Experimental data: We use three years’ worth of hourly statewide electricity production for both wind and
solar (2014-2016). For wind, these experimental data consist of the actual metered production of the largest
wind farms connected to the State’s power grid. The total installed capacity of these wind farms amounted to
roughly 4.5 GW in 2016. Time/site-specific solar resource data are derived from satellite remote sensing via
SolarAnywhere (2019) and integrated over the State to match the wind geographic distribution. The data
reflecting both PV and wind production are normalized to reflect the output in watts of one kilowatt of each
resource.
3. Results
Capacity factors: The annual capacity factor extracted from the state’s wind farms is nearly 37%. The simulated
PV production amounted to 1,640 kWh per kW, i.e., a capacity factor of ~19%. Thus, using the capacity factor
as measure of intermittency, wind is considerably less variable than solar in this considered Great Plains region,
a region that has sometimes been called “the Saudi Arabia of Wind Power”.
The seasonal capacity factor profiles are shown in Figure 1. Each point represents a 30-day moving average
for the considered resource. Both wind and PV exhibit a nearly 1 to 3 excursion between minimum and
maximum production periods. Interestingly, these seasonal production profiles are almost in opposition of
phase, qualitatively suggesting that a combination of both technologies would be more stable on a yearly basis
than either one, confirming many observations on this subject.
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Fig. 1: Mean capacity factors for PV and wind using a 30-day moving average and a LOWESS smoother to highlight the trend

Variability Metric: In Figure 2, we report the variability of statewide-distributed wind and solar resources
derived from equation 1. We considered time scales ∆t ranging from one hour to one year, including all possible
∆t groupings over the considered three-year period.
Results show that for short time scales, below ~ 12 hours, the variability of PV is much higher than the
variability of wind – a result of solar geometry-induced steep morning and afternoon ramps for PV. However,
for longer intervals, the variability of PV is consistently lower than wind’s. Very long-term variability (∆t>
several months) is comparable for both resources – this was qualitatively evident in Figure 1 where both
resources showed comparable yearly min/max ratios.
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Fig. 2: σ(ρ) as a function of Δt for wind, PV and a 50/50 blend of the two.

Correlation Metric: In Figure 3, we report correlation in change characteristics between the solar and wind
resources at different timescales with timescales at which wind and solar are positively correlated highlighted
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in blue and where they are negatively correlated highlighted in red. As with the variability characteristics, we
considered time scales ∆t ranging from one hour to one year, including all possible ∆t groupings over the
considered three-year period.
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Results show that as expected, wind and solar are negatively correlated at the sub-diurnal level, indicating the
wind does blow when the sun does not shine at these timescales. Of greater interest is near-perfect (-100%)
seasonal anti-correlation seen peaking at roughly the half-year (6-month) mark. As storage costs and or
capacity oversizing costs needed to bridge this seasonal gap are expensive, blending these two resources in
roughly even proportions will leverage this anti-correlation and therefore yield a significantly lower cost as a
result.

hours

days

weeks

months

# hours (time-averaging interval)
Fig. 3: Correlation between the changes in wind and solar resource at different time-averaging intervals. Red indicates
negative correlation between wind and PV and blue indicates positive correlation.

4. Conclusions
From a cost perspective, high penetration renewables are driven by longer periods of imbalance. Although the
variability of PV is very high for sub-diurnal timescales (owing largely to the rising and setting of the sun), the
variability of wind is higher at nearly every other timescale. The more these longer-timeframe variabilities
can be mitigated, the cheaper the cost of serving load. Wind and solar are strongly anti-correlated at the
seasonal level in the state of MN, meaning that the imbalances that the grid has to deal with at higher
penetrations of these two resources are significantly attenuated the more their relative capacity outlays are
balanced. As the seasonal imbalances are reduced, the amount of storage capacity required to ride over this
variability is equally reduced, therefore greatly reducing the cost profile of achieving high renewable
penetration in the state.
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Abstract
Original or raw solar radiation data is preferably created at relatively high temporal resolutions, such as oneminute values for direct measurements. However, and especially when combining different sources or with
different kinds of data, the data actually seen by end users is frequently already averaged at some other temporal
resolution, commonly 15-, 30- or 60-minute averages. One also commonly missing piece of information is how
those averages were obtained; in particular, what the timestamps actually mean; for example, does the hourly
value marked as 10 am include 9:01 to 10:00, or 10:00 to 10:50, or something else? This study presents an
estimation of errors, using real measurements, resulting from a user assigning the 'wrong' interval to the
timestamps, at different averaging scales, from 5 to 60 minutes.
Keywords: solar resources, temporal resolution, solar data aggregation

1. Introduction
Ground-level data of solar radiation is the main input for solar resource assessment, modelling and solar power
related studies and applications; these data, called 'solar data' for short from here on, provide the basis on which
the results of those activities are built, and can have hefty financial impacts, for instance when those results are
used at the level of large-scale, commercial solar power plants. Usually, solar data has two origins: from direct
measurements taken by monitoring stations, ideally collecting measurements as 1-minute averages, or from
satellite-derived observations, for which currently the widest coverages are done with a resolution of 15 minutes
(instantaneous observations every 15 minutes for any particular site). Since monitoring stations only provide
accurate data during their time of operation and only for a relatively limited spatial radius (of the order of 20-30
km in the best cases) around their location, a common practice includes a combination with other sources of data.
In addition, the generator of the data sets is not always also the end user of the data, so end users generally receive
data sets from a third party, usually after some filtering and temporal averaging has been made.
In ideal cases, end users receive not only the time series of irradiances or irradiations, but also some additional
information on how the time series was created. However, this is not always the case, and even when some details
are provided, a couple of items are frequently missing:
•

Whether the values represent the 'instant' given by the timestamp or an average between timestamps.

• In the case of averages, which time interval is represented by the average, e.g. the interval since the
previous timestamp, or from the current to the next one?
In the case of hourly averages, for instance, some models provide values using solar time, so each 'hour' can fall
in the middle of the hours in local time.
Clearly, the user should ensure that enough information is provided. But when the information is unavailable, or
when the user simply assumes that the timestamps of the received data are consistent with the user's own
timestamp convention, the effects of this misuse can be important, and a quantification is presented here.

2. Methodology
Ground-level measurements collected at one-minute resolution during two years at one site were used here. For a
more complete analysis, the three 'components' are studied, that is, direct normal irradiance Gb, global horizontal
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irradiance G, and diffuse horizontal irradiance Gd. The station is located in Doha, Qatar (25.33 N, 51.43 E) (PerezAstudillo and Bachour, 2014). Qatar has a desert climate, with very hot and humid summers, and mild winters
with some cloudiness and sporadic rain. Although clouds do not play an important role all year in Qatar, aerosols
are a varying factor through the year, being reflected mainly in variations in the direct irradiance, which does not
show a clear seasonal dependency in Doha.
The one-minute measurements are then quality-flagged following BSRN tests (Long and Dutton, 2002), and then
averaged at different 'Nmin' timescales, namely Nmin = 5, 10, 15, 30 and 60 (hourly) minutes. The averages for
any given interval are done with the entries that did not fail the quality checks (QC); if more than 50% of the
entries in an interval did not pass QC (missing entries are counted as no pass), the average for the interval is
reported as missing.
To quantify the errors induced by wrong timestamp assignment, two sets of averages were obtained:
• 'PRE': the averaged value represents the average of the previous Nmin minutes, including the minute of
the timestamp. For instance, the 10-minute averages at 10:50 are obtained from the minutes 10:41 to 10:50,
both inclusive. Hourly averages at hour = 10 include the minutes from 09:01 to 10:00.
• 'POST': the averaged value represents the average of the next Nmin minutes, including the minute of the
timestamp. For instance, the 10-minute averages at 10:50 are obtained from the minutes 10:50 to 10:59, both
inclusive. Hourly averages at hour = 10 include the minutes from 10:00 to 10:59.
Then, using the PRE dataset as reference, the differences between both are calculated, by pairing entries with the
same timestamp, in terms of mean bias difference (MBD), mean absolute difference (MAD), root-mean-square
difference (RMSD):

𝑀𝐵𝐷 =
𝑀𝐴𝐷 =

1
𝑛
1
𝑛

∑𝑖(𝑥𝑝𝑜𝑠𝑡,𝑖 − 𝑥𝑝𝑟𝑒,𝑖 )

(eq.1)

∑𝑖|𝑥𝑝𝑜𝑠𝑡,𝑖 − 𝑥𝑝𝑟𝑒,𝑖 |

(eq.2)

2

(𝑥𝑝𝑜𝑠𝑡,𝑖 − 𝑥𝑝𝑟𝑒,𝑖 )
𝑅𝑀𝑆𝐷 = √∑𝑖

(eq.3)

𝑛

where i runs from 1 to n, the total number of included data pairs (with the same timestamp) xpre,i and xpost,i which
are the irradiance values from the PRE and POST datasets, respectively. The relative values rMBD, rMAD and
rRMSD are obtained by dividing each of the above by the average of the PRE values.

3. Results
3.1. Irradiance profiles
The main effect that one can expect to see in this comparison is a shift in the irradiance profiles. Figure 1 shows
a sample profile of the beam irradiance, Gb, during a cloudy day, at various time averaging intervals, from 5
minutes to 1 hour. The shift is more clearly visible at large time averagings; indeed, a time-shifted profile of hourly
values is relatively easy to spot because sunrise and sunset, as well as the peak in irradiance, can be clearly seen
away from their expected times. As the averaging periods get smaller, however, visual inspections become less
effective in identifying time shifts; even small asymmetries between morning and afternoon irradiance profiles
don't necessarily signal a time shift, since they may be attributed to different atmospheric conditions, depending
on the location.
While the shift is visible, it is not the only effect on these profiles since, as defined in the previous section, the
averages (when comparing an entry in PRE with the 'previous' entry in POST) differ in two minutes, namely, the
first and the last. This has a larger effect at small intervals, due to the smaller number of included values, but as
the averaging interval sizes increase up to an hour, the effect of these two minutes is further reduced, and the shift
is more important, as previously discussed.
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Fig. 1: Comparisons at different time averaging intervals of direct normal irradiance during one day, at daytime, from the PRE
(red) and POST (blue) datasets. The averages are not only time-shifted but also slightly changed, especially at small time intervals
and under unstable conditions.

3.2. Statistical comparisons
Table 1 shows the mean bias, mean absolute bias, and root-mean-square differences (all in W/m2), together with
their relative values (in %) between the POST and PRE datasets for Gb, G and Gd, for the two years under study.
Note that only daytime values are included in these comparisons. In addition, since the QC formulas use the solar
zenith angle (SZA) at the considered times, the SZA for each dataset was averaged in the same way as the
irradiances, and therefore, sunrise and sunset happen at slightly different timestamps between the datasets; a pair
of entries was included here only if SZA in both datasets was under 90 degrees at that timestamp.
Tab. 1: Results of statistical differences in POST averages with respect to PRE averages, over two years (only daytime entries
considered). MBD, MAD and RMSD are in W/m2; rMBD, rMAD and rRMSD are in %.

MBD

rMBD

MAD

rMAD

RMSD

rRMSD

Gb

-0.12

-0.03

18.32

4.16

41.46

9.42

G

-0.10

-0.02

16.97

3.43

34.31

6.94

Gd

-0.04

-0.02

6.34

3.37

12.55

6.66

Gb

-0.31

-0.07

28.84

6.49

52.98

11.92

G

-0.25

-0.05

28.94

5.80

43.91

8.80

Gd

-0.12

-0.06

11.11

5.86

18.80

9.91

Gb

-0.50

-0.11

38.25

8.55

62.95

14.07

G

-0.40

-0.08

40.18

8.00

53.19

10.59

Gd

-0.20

-0.10

15.33

8.03

23.86

12.50

Gb

-1.00

-0.22

64.57

14.09

92.70

20.22

G

-0.96

-0.19

73.95

14.37

85.69

16.65

5 min

10 min

15 min

30 min
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Gd

-0.55

-0.28

26.48

13.55

36.19

18.52

Gb

0.74

0.16

111.18

23.62

148.56

31.56

G

-0.45

-0.09

141.03

26.52

157.40

29.59

Gd

-0.21

-0.10

46.43

23.14

59.66

29.73

1 hour

The relative values from Table 1 are plotted in Fig. 2, for all the different time averaging sizes. Since the mean
bias only accounts for the difference in the irradiance averages obtained with both datasets, the time shift effects
are mostly cancelled out, resulting in small bias values only due to the different averaged values; the bias increases
at the larger intervals due to the different averages (between datasets) obtained near sunrise and sunset. The time
shift effects can be seen more clearly on MAD and RMSD, where even at 5 minutes the differences are already
above 3% and reach around 30% at hourly level.

Fig.2: Relative MBD, MAD, and RMSD of the POST averages with respect to the PRE averages at different time scales, for two
years of measurements. Only daytime entries are considered.

4. Conclusions
Time series of solar radiation are the foundation of not only solar resource studies but also different applications,
from modelling to 'real-world' systems, such as commercial solar power plants. It is thus critical, when dealing
with solar radiation measurements, to eliminate or reduce as much as possible all sources of errors that may
negatively affect the data along the way from sensors to final products. One aspect that does not often receives a
high importance, is that when a user receives a dataset that includes time-averaged values, the definition of the
averaged interval is not always provided, or clear, and the user may either have to figure out the convention, or
without much thought just assume that the timestamp convention is the same used by his/her own data, or by other
datasets at his/her disposal. The study presented here shows a quantification of the effect that an incorrect
assumption of the averaged periods can have on a time series, by using two years of data collected at one minute
resolution, and averaged at different time scales up to hourly, with two different averaging conventions. The
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results obtained here show that the errors are already noticeable at the short averaging intervals: at 5 minutes, the
mean absolute bias and RMSD are already over 3% and 6%, respectively, while at hourly averages these errors
have increased to over 26% and 31%, respectively. These results were obtained for Doha, where short-term
irradiance is relatively stable during about half of the year due to low cloudiness. Mean bias results, as discussed
in the text, should not be greatly affected by higher radiation variability. However, MAD and RMSD, which
contain contributions from each averaged interval, will likely show larger values in highly variable conditions.
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Summary
The joint Task of IEA Technological Collaboration Programmes PVPS and SolarPACES started in July 2017
and will last till 2020. The Task 16 is also collaborating with SHC. 21 countries and 57 institutions are
currently part of the Task. It offers a unique platform of exchange for private and public organizations as
well as data providers and science organizations. A strong emphasis on extra gain of collaboration will be
promoted. Benchmarks, standardizations, state-of the art descriptions and dissemination will be in the focus.
Main added values are: lower resource uncertainties and higher forecast accuracies, which will lead to lower
implementation costs of PV and CSP projects.
At SWC we will show the state of the work. The second year was used to exercise benchmarks and
workshops. Three benchmarks were organized. One about methods to calculate regional power forecasts, a
second about forecasts based on all sky imagers and a third one about site adaptation methods. Three
workshops where held. The first workshop covered best practices for automatic and expert based quality
control procedures and gap filling methods, the second probabilistic forecasting and the third – during SWC
19 - benchmarking of site adaptation methods.
solar energy, solar resources, forecasts, global radiation, collaboration

1. State of the Task
A short introduction of the Task 16 (http://www.iea-pvps.org/index.php?id=389) organization, institutions,
workplan (Table 1) and objectives will be given. The focus of the paper is the work done in the 2nd year of
the Task. This includes mainly the three workshops and the three benchmarking exercises.
Table 1: Scope of the three Subtasks
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Subtask
Subtask 1: Evaluation of
current and emerging resource
assessment methodologies

Scope
This subtask is focusing on the evaluation of current and emerging resource
assessment methodologies. Different methodologies are analysed and
conclusions are formulated in the form of best practices guidelines and/or
standards.
The three methods (ground based methods, Numerical Weather Prediction
models (NWP) and satellite-based methods − are evaluated in this subtask. For
each methodology a separate activity is defined.

Subtask 2: Enhanced data &
bankable products

Subtask 2 is mainly dedicated to end-users, notably in the PV domain. It is
focusing on the main PV applications of the different types of solar resource
products and datasets. End-users needs in concentrating solar thermal, solar
heating and buildings will also be considered.

Subtask 3: Evaluation of
current and emerging solar
resource and forecasting
techniques

Subtask 3 focusses on different aspects of forecast evaluation and comparison. In
particular we will address the economic value of solar forecasting for a variety of
different applications, the topic of regional forecasting important for transmission
operators and variability and probabilistic forecasting.
Depending of the application and the corresponding forecast horizon different
models and input data are applied for solar irradiance and power forecasting.
These include numerical weather predictions for several days ahead, satellite
based cloud motion forecasts for several hours ahead, and sky imager forecasts
for high resolution intra-hour forecasting as well as statistical models for
measurement based forecasting and post-processing of physical model forecasts.
Each of the subtask 3 activities includes all of these different forecasting
approaches.
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2. Benchmarks
2.1. Benchmark of site adaption methods
The benchmark has been organized by Jesus Polo (Ciemat, ESP). The goal is to progress on correction
techniques for long-term datasets, applicable to both PV and CSP.
Site adaptation is referring to the process of improving or correcting long term solar radiation modelled time
series by comparing to short term ground measurements. Bias removal and correction of systematic errors in
the modelled solar radiation data can be performed by using different statistical methods to the deviations
found between overlapped ground and modelled data. The methodologies can be divided into two general
groups: regression techniques and distribution fitting techniques. Some methodologies have been borrowed
from other fields in meteorology or energy meteorology, like wind characterisation or precipitation for
instance. In the regression methods the procedures are based on fitting, linear and non-linearly, the errors or
deviations between ground and modelled data in such a way that the new regression can be applied to the
whole dataset. In the methods based on fitting the distribution, the data is transformed into the distribution
domain computing the quantiles and the correction is applied to the quantiles by using the probability
distribution function of the ground data.
In the framework of the Task 16 IEA PVPS a benchmarking exercise is being performed where different
experts applied different techniques to 10 pairs of datasets (modelled and ground) corresponding to 10
different sites. Modelled data include satellite derived and reanalysis estimations with mostly open and free
datasets. Linear regressions and different versions of quantiles mapping techniques are being tested so far.
First results of this benchmark will be shown at the workshop during the SWC 2019 conference.
2.2. Benchmark of aggregation methods to calculate regional power production forecasting
The benchmark has been organized by Alessendro Betty (i-em, ITA). Aggregated production for the Italy
and Sweden will be used as targets. Three main approaches for regional power production forecasting are
possible:
•

Bottom-up approach: make the prediction of power output for each PV site of the regional area under
consideration and finally aggregate up to the prediction for the whole area (computational demanding,
generally not applicable due to missing info)

•

Up-scaling method: sample the most representative PV site of each area and forecast PV power
production at PV site (or however at a lower level then regional, e.g. cluster of PV sites). Finally upscale power forecast up to regional level (e.g. model outputs average)

•

N-1 / Input-Output method: aggregate input meteo data at a lower level than regional and forecast
directly power production at regional level (e.g. model inputs average)

The report about this benchmark will be published till the end of 2019.
2.3. Benchmark of solar power forecast methods based on the use of all sky imagers
The benchmark organized by Andreas Kazantzidis, GRC and Stefan Wilbert (DLR; DEU), is held at
Plataforma Solar de Almeria during summer and autumn 2019.
Several solutions are currently developed to forecast solar power at very short-term (less than 30 min). As
cloud cover behavior is considered as fully stochastic at this time scale, weather modelling is unable to
provide satisfactory forecast. Forecast methods based on real-time observation of weather parameters driving
solar energy production are necessary. Among the existing solutions at reasonable cost, the hemispherical
vision of the sky with a camera has the advantage to observe the cloud cover surrounding the sun (Figure 1).
Therefore, the variation of surface solar irradiance can be anticipated by a prediction based on an
observation, not only through statistical modelling completing irradiance measurements. First, clouds are
detected in the all sky images. Using two or more cameras, infrared images or other additional sensors such
as ceilometers the cloud height can be determined. If the cloud height is known maps of the irradiance on the
ground can be calculated. Image series are evaluated to obtain the cloud velocity, which is required to predict
the cloud position in the next approximately 15 min.
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State-of-the art of surface solar irradiance forecasting using all-sky camera is relatively recent. However,
several experimental and operational solutions emerged since the years 2010 with different approaches in
terms of instrument type and forecast algorithms. These approaches show differences in terms of cost,
accuracy related to the target application and operational implementation. Today, user requirements are
relatively new and users might not be able to qualify the right solution according to their needs. Furthermore,
the accuracy of the different all sky imager methods is difficult to compare based on the existing studies: The
weather conditions during the different system evaluations vary strongly and the system accuracy strongly
depends on these conditions. Therefore a comparative study of such very short-term forecast at the same sit
and under the same conditions is relevant. The objectives of the benchmark are the following:


To qualify the current short-term forecasting solutions based on the use of all-sky cameras



To provide to users a guidance of existing solutions and their accuracy



To generate high quality observations on a single site for researchers



To identify strength or weakness of each approaches

The benchmark will consist in a 3-month observation campaign which will take place at the CIEMAT
experimental site in Almeria (Spain): the “Plataforma Solar de Almeria”. This campaign is scheduled from
August to November 2019. Among these 4 months, at least 30 days with full exploitable data of all
instruments are needed. It is required that the data of all instruments are available on these 30 days. The all
sky imager forecasts will be compared to more than 10 pyrheliometers and 20 pyranometers operated at PSA
by CIEMAT and DLR.
Most of the cameras have already been set up at PSA (Figure 2). The participants of the benchmark including
the evaluation team are Uni Patras, CIEMAT, EPFL, Reuniwatt, University of Utrecht, Steady sun, CNRS
PROMES / SARL PROMECA, University of Applied Sciences Upper Austria, Meteotest / CSEM, EKO and
DLR / CSPS. University of Utrecht and DLR participate with systems of 2 all sky imagers placed
approximately 1 km from each other while the other systems work with one camera.

Fig. 1: All sky imager from CIEMAT’s Plataforma Solar de Almería.
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Fig. 1: All sky imagers installed for the system benchmark at CIEMAT’s Plataforma Solar de Almería.

3. Workshops
3.1. Workshop on best practices for automatic and expert based quality control procedures and
gap filling method
This workshop was organized by Philippe Blanc, Mines Paristech as a side event of the ICEM 2019 in
Copenhagen, Denmark, June 25th 2019 (http://www.wemcouncil.org/wp/icem2019/). Four presentations
were given. Philippe Blanc introduced the general topic and explained why checks are needed. He identified
three classes of checks: quality checks based on physical possible limits, consistency checks (based on two
or three components) and visual inspections. Especially if DNI is measured visual tests are very useful (Fig.
3 and 4).
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Fig. 3: 2D view of a global radiation timeseries (on year). Missing periods and time shifts are clearly visible.

Fig. 4: Azimuth / elevation cumulated view of DNI timeseries. The obstruction by topography (red lines) and presumably trees
(black ellipses) can be seen.

He concluded, that automatic and visual quality checks are mandatory and new automatic checks to be
determined for tilted pyranometers and spectroradiometers are needed. He proposed to create different levels
of processing (as used e.g. for satellite data): Level 0 – 2 (raw – flagged raw – filtered and complete data).
For the extension period of the Task 16 we propose to issue a thorough QC report of BSRN station in
collaboration with BSRN communities.
Gap filling is needed as there is in almost every timeseries missing values or data excluded by QC. For many
needs complete datasets are needed – e.g. TMY datasets or aggregated averages.
Manajit Sengupta (NREL, USA) and Adam Jensen (DTU, DEN) showed their procedures of QC procedures.
On behalf of Ana Garcia (JRC, ITA/EU) showed Philippe Blanc showed how satellite data can be used to
control ground data (Urraca et al, 2017).
3.2. Workshop on probabilistic forecasting
This workshop showing the current state of work concerning probabilistic forecasts was organized by Jan
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Remund, Meteotest as a side event of the EUPVSEC in Marseille, France, September 2019. We will show
the main results and conclusions. A general introduction was given by Philippe Lauret (Univ. La Reunion,
FRA).
3.3. Workshop on site adaptation methods
This workshop is organized by Jesus Polo, Ciemat, Spain as a side event of SWC 2019 based on the input of
the benchmark exercise (2.1).
4. Outlook
In 2020 the newly gained know-how will be concluded in a new update of the solar resource handbook
(Sengupta et al., 2017). An extension of the Task will be initiated for the period of 2020-23.
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NSRDB
Yu Xie1 and Manajit Senputa1
1

Power Systems Engineering Center, National Renewable Energy Laboratory, Golden,
CO (United States)
Abstract
This study developed a capability to provide spectrally resolved solar resource data from the National Solar
Radiation Data Base (NSRDB), effectively providing 20 years of half-hourly data for all of the United States
at a 4-km by 4-km spatial resolution. These data are now available freely to users directly through a
geographic information system-based web interface (https://nsrdb.nrel.gov) as well as an application
programming interface. Users of these data can conduct more accurate pre-feasibility studies and assess
multiple photovoltaic (PV) technologies. It is expected that widely used models such as PVSyst, the National
Renewable Energy Laboratory’s (NREL’s) System Advisor Model (SAM), and First Solar designed
PlantPredict will develop the capabilities to use these spectral data.
Keywords: PV resource, radiative transfer, cloud, solar radiation
1. Introduction
Reducing uncertainty in the prediction and/or verification of photovoltaic (PV) plant output can directly
increase the expected return on investment (ROI) for each party in a contract, likely leading to more
favorable terms for the contract, including a possible reduction in interest rates. Note that a reduction of 1%
in the interest rate is estimated to reduce the levelized cost of energy by ~0.5 cents/kWh. Solar resource is
generally measured or modeled on the horizontal plane, whereas PV is mostly deployed at orientations that
are tilted to optimize production. There have been significant efforts to develop models that can transform
global horizontal irradiance (GHI) into a plane-of-array (POA) solar resource (Gueymard, 2009; Klucher,
1979; Liu and Jordan, 1961; Perez et al., 1987; Reindl et al., 1990). This conversion process has generally
required two steps: (a) separation of GHI into direct normal irradiance (DNI) and diffuse horizontal
irradiance (DHI) and (b) transposition of DHI, GHI and DHI into POA; both introduce uncertainties into the
conversion process. More than 90 separation models (Step a) are currently available as documented in recent
studies (Gueymard, 2010; Gueymard and Ruiz-Arias, 2014). These separation models are empirical and
introduce similar levels of uncertainty in the GHI-to-POA process as Step b. A few transposition models,
such as the Perez et al (1987) model, are also used to estimate POA from horizontal irradiance (Step b). All
are empirical and location-specific in nature, with considerable uncertainty.
We reduced the uncertainty in (1) predicting future PV plant performance and (2) assessing existing PV plant
performance. We accomplished this by modeling the spectrally weighted POA irradiance, which we refer to
as the “PV resource,” and creating and disseminating PV resource data sets to PV stakeholders. We also
created more accurate satellite-based PV resource data than shown by the results from current methods,
thereby leading to a reduced price of solar electricity and increasing the expected return on investment of PV
projects.
2. Development of PV Resource
An important component of developing accurate PV resource data is the spectral distribution of solar
radiation because all PV technologies are spectrally selective. We developed a high-resolution spectral
distribution model using broadband irradiance measurements and satellite retrieved cloud properties from the
National Solar Radiation Database (NSRDB). Previous models such as TMYSpec (Myers, 2012) and
SEDES2 (Nann and Riordan, 1991) have a low resolution and are not compliant with the spectral resolution
of current standard International Electrotechnical Commission (IEC) 60904 and ASTM G173 spectra,
whereas radiative transfer models for meteorological applications are capable of computing spectral POA
irradiances in a single step but require significant computing efforts in practice (Brown and Xie, 2012; Ding
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et al., 2009; Lawless et al., 2006; Minnis et al., 2011; Sengupta et al., 2018; Xie, 2010; Xie and Liu, 2013;
Xie et al., 2014; Xie et al., 2016; Xie et al., 2006; Xie et al., 2011; Xie et al., 2009; Xie et al., 2012a; Xie et
al., 2012b).
Figure 1 illustrates a flowchart of the algorithm to develop the PV resource. We developed a Fast All-sky
Radiation Model for Solar applications with Narrowband Irradiances on Tilted surfaces (FARMS-NIT) to
efficiently compute irradiances on inclined PV panels for 2002 narrow-wavelength bands from 0.28 to 4.0
µm (Xie and Sengupta, 2018; Xie et al., 2018; Xie et al., 2019). We analyze the benefit of combining aerosol
optical depth (AOD) from Moderate Resolution Imaging Spectroradiometer (MODIS) and NASA Modern
Era Retrospective Analysis for Research and Applications-2 (MERRA2). To accurately model surface
impacts, a national climatology of surface albedo for the NSRDB 4 km grid is developed through the
MODIS MCD43GF product and National Ice Center’s Interactive Multisensor Snow and Ice Mapping
System (IMS). The atmospheric and land surface properties are employed by the Simple Model of the
Atmospheric Radiative Transfer of Sunshine (SMARTS) (Gueymard, 1995), the model used to develop the
IEC 60904 and ASTM G173 clear-sky spectrum, to simulate high-resolution spectral atmospheric properties
for the clear-sky atmosphere.
For cloudy-sky conditions, we develop the scattering properties of clouds for a set of relevant spectral bands
and apply those properties to solve the radiative transfer equation to compute the spectral radiances in the
whole hemisphere. Because solving the radiative transfer model is computationally expensive, a precomputed database of cloud bidirectional transmittance distribution function (BTDF) is created as functions
of cloud optical thicknesses, particle sizes, spectral bands, and solar and viewing geometries. This database
enables fast extraction of spectral radiance given specific cloud properties and solar and viewing angles.

Figure 1 A flowchart of the algorithm to develop PV resource data.
3. Data Dissemination
The NSRDB Spectral Data On-Demand download tool provides users with access to the spectral solar
radiation data via the NSRDB Viewer in an easy-to-use interface as well as via a download application
programming interface (see Fig. 2). The viewer components provide access to a map tool for selecting the
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location as well as an input form for choosing the data year and download options. Options include
calculating the spectral data for fixed and one-axis systems.
Once a request is submitted by a user, a spectral data generation job is placed into a job queue. A dedicated
high-performance server consumes jobs in the order received and generates the requested data as quickly as
possible. As soon as the data have been generated and are available for download, a signal is sent back up the
job queue, which triggers an email to the user.

Figure 2 A diagram of the NSRDB viewer

4. Validation

Figure 3 POA irradiances from the NSRDB (black line) compared with measurements from the
thermopiles (solid color lines) and reference cells (dashed color lines) on the 30th and 258th day of 2017
for a site in Arizona.
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To valid the PV resource data, we compared the model simulations to long-term surface observations of
POA irradiances from First Solar. Figure 3 illustrates POA irradiances from the NSRDB compared with
measurements from the thermopiles and reference cells on a single-axis tracker at a site in Arizona. The left
panel is for a clear-sky day; measurements from thermopiles are slightly larger than reference cells,
especially during the sunrise and sunset. The model simulations by FARMS-NIT show a very good accuracy,
with most of the values between those from the thermopiles and reference cells. During a cloudy-sky day
(the right panel of Fig. 3), the difference between the measurements from the thermopiles and reference cells
are smaller than the clear-sky day. The model simulations from FARMS-NIT also show generally good
accuracy in the cloudy-sky day, though more uncertainty is seen because of the error in cloud property
retrievals.
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Abstract
This paper describes a study aimed at providing outdoor illuminance data in Italy, to be used to evaluate
daylight potential contribution in the energy performance of buildings. Starting from solar radiation data, a
luminous efficacy model was implemented to derive outdoor illuminance for Italian territory. The results
obtained were compared with ground measurements, carried out in three different Italian sites (Milan, Rome
and Lampedusa island), and the accuracy of model, has been improved introducing specific metrics for Italian
context. Typical Meteorological Years (TMYs) of global and diffused components of daylight illuminance,
were built for 243 locations, considering different time profiles. Since the definition of the spatial and temporal
trend of environmental variables or metrics requires the application of appropriate interpolation procedure,
geostatistic methods (kriging), was used to develop Italian daylight maps. The daylight availability maps will
be included in the Italian database of solar radiation (www.solaritaly.enea.it) providing an useful tool for
lighting energy performances in buildings applications.
key-words: Daylight illuminance, Daylight availability maps, kriging

1. Introduction
The natural light plays a crucial role on the energy and environmental performances, as well as on the users'
comfort and architectural integration in building applications. As for other energy uses, also lighting calls for
a closer relationship between the building and its climatic context, with growing interest towards climate based
assessment method for the daylighting estimation.
Relevant studies were carried out during the past years to support the design of energy efficient and sustainable
buildings, where the daylight play a central role in defining the design and assessment priorities [1, 2]. On the
other side, the energy uses for lighting play a significant role in the overall energy performance of buildings,
as addressed by the relevant European Directive [3] and documented by several papers [4, 5].
Whether it is design or assessment, a critical aspect to evaluate the energy saving potential of lighting is the
assessment of the daylight contribution. The energy need for electric lighting in European buildings, is
currently determined according to the procedure defined in EN15193:2007 [6], implemented as a national
technical standard also in Italy. Several studies, carried out in previous years, highlighted the limits of related
calculation method, in which daylight data of the sites are not taken into account [7].
In the framework of the Italian national research programme “Ricerca di Sistema Elettrico”, an alternative
calculation method was proposed [8], in which the diffused horizontal illuminance is used as a climate
parameter to estimate the availability of daylight in buildings and, consequently, to evaluate the energy needs
for artificial lighting [9]. It is widely known that climate–based daylight modeling (CBDM) can provide better
support than currently-used simplified methods, in daylight prediction under realistic conditions. [10] On the
other hand, the implementation of CBDM method require a large dataset of daylight measures to derive a
cumulative curves of daylight availability for different zone.
This paper deals with the application of above calculation methodology applied to build Typical
Meteorological Years (TMYs) for outdoor illuminance and develop daylight availability maps for the Italian
territory.
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2. Methodology
The definition of a luminous efficacy model, allows to convert radiometric quantities (Global, Diffuse and
Direct Irradiance [kWh/m2]) into photometric quantities (daylight illuminance [lux]). Starting from satellite
data provided by the EUMETSAT, [11]. ENEA developed, during the past years, the national solar radiation
atlas in Italy, implementing validated models to predict the global, direct and diffuse irradiation [12,13]. In
this work, Italian data base for solar radiation has been used to derive maps for daylight illuminance [14].
Advantages of satellite based data respect to ground measurements mainly depend of the fact that the latter are
taken on a limited number of stations, while the former can be derived, if accurately geo-referenced, for any
location on the earth surface.
As described in previous work [15], the analysis of existing models for luminous efficacy, led to the choice of
Robledo & Soler model (R&S) for the first application [16,17,18,19].

Robledo & Soler
Luminous efficay model

Edh  dh I dh
Ebn  bn I bn
 E gh   gh I gh


dh    lm  W 1

  90  

    lm  W 1
bn   cos z e

 gh  bn 1  k   dh k


k  I dh I gh
  m I I

dh
0n
z

(1)

in which:

I gh I dh I bn

global horizontal irradiance, diffuse horizontal irradiance and direct normal
irradiance. The three quantities are linked by the following equation:
(2)
I gh  I bn cosz  I dh

I 0n

is the extra atmospheric normal irradiance;

Egh Edh Ebn

global, diffuse and direct illuminance;

gh dh bn

are global, diffuse and direct louminouse efficacy;

k

is the fraction of diffuse Irradiance on the horizontal plane;

z

zenith angle;



is sky’s brightness index. This index is indicative of the cloudiness level;

m

relative optical air mass (relative measure of path length which Solar radiation takes
through the atmosphere);

 ,  ,  ,  ,  ,  e  adimensional metrics based on statistical regression on data measured in Madrid
in1994 e 1995:

  91.07   0.254

  134.27   0.269   0.0045
   1.045   0.427


(3)

The extensive measurement compaign, carried out for about two years, allowed to better adaptation to the
Italian context, on the basis of the available data, introducing specific adjustments:
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different equation used for calculation of Global component of illuminance ( Egh )



different metrics used to calculate the diffuse component of the illuminance ( Edh )



direct component of illuminance ( Edn ) expressed by a linear combination of each other
components

The following equations, derived from R&S model, describe the “Italian model” implemented:

Italian
Luminous efficay model

 gh   cosa z eb 90z  1    



dh  
     k 1  k 
gh
dh
 bn



(4)



where:

 gh dh bn (Global. Diffuse and Direct luminous efficacy), k , z ,  , and m , have the same meanings

described above, whereas instead  , a, b, , ,  are metrics based on experimental measures carried out in
Italy.

 129.46 lm W 1

a  0.122
b  0.029

  0.07595
  85 lm W 1

   0.28

(5)

The luminous efficacy model introduced allows to directly calculate the global and diffuse components on the
basis of correlation parameters derived from measurements carried out in Italy. Furthermore, unlike the
previous model used (R&S), the direct component, less relevant for the estimates of the daylight contribution
in buildings, was calculated as a linear combination of the other two. This made it possible to improve the
accuracy of the maps of the two most used components, for daylight evaluation in the buildings applications.
The results obtained, have been validated with ground measurements (monitoring period 2015-2017), carried
out in three different Italian sites, to test the effectiveness of model, taking into account different latitudes of
Italian territory: Milan, Rome and Lampedusa.
Site

Coordinates

Measurement
[lx]

Sampling time
[s]

Lampedusa island

35° 30.0’ N 12° 36.5’ E

Egh

10

Rome

42° 02.5’ N 12° 18.4’ E

Egh, Edh

10

Milan

45° 27.9’ N

Egh, Edh

10

9° 11.3’ E

Tab 1: Measurements station sites

Type of sensor

Working range
[klx]

Linearity error-to
above level

Absolute
calibration error
[%]

Lux sensor Skye
SKL 310

0-500

< 0.2%

<3%

Tab 2: main specifications of sensors

1939

F. Spinelli et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Due to its barycentric position, it was assumed that the parameters measured in Rome to derive the latitudedependence illuminance were extended to the whole national territory. The Rome results are following
described in an extended way.
The scatter plots below show the comparison between estimated and measured data for the city of Rome:

Fig. 1 Comparison: estimated and measured data for Egh, Rome
Application of Italian luminous efficacy model starting from irradiance measurements

Fig. 2 Comparison: estimated and measured data for Egh, Rome
Application of Italian luminous efficacy model starting from irradiance values derived from satellite data

In both diagrams, the comparison between estimated and measured values of global illuminance is presented.
In the first case, the daylight illuminance values were obtained through the Italian model of luminous efficacy,
starting from irradiance measured, and tested with illuminance measurements, conducted in the same locality,
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Rome. The values of statistical indices MBE (1%) and RMSE (7%), show the effectiveness of the model and
the accuracy of the parameters introduced. In the second case, similar comparison has been carried out, but the
irradiance values used in the model were derived from satellite data. The MBE values, equal to 1%, and the
dispersion resulting slightly higher, 17%, confirmed the previous results.
For completeness but in a more condensed way for brevity reasons, also the Milan and Lampedusa results are
following presented. As inferred from graphs and indexes, the results prove the validity of the model, even if
some minor differences only in RMSE index can be observed (Milan MBE%=-4% RMSE%=30% Lampedusa
MBE%=-2%; RMSE%=12%).

Fig. 3 Comparison: estimated and measured data for Egh, Milan and Lampedusa island
Application of Italian luminous efficacy model starting from irradiance values derived from satellite data

On the base of these findings, it was possible to use the irradiance derived from satellite data, even in locations
where direct measurements are not available, and therefore to elaborate maps of natural illuminance for the
whole national territory.

3. Results
The luminous efficacy model, as described, has allowed to calculate Typical Meteorological Years (TMYs)
for all components of outdoor illuminance (global, diffuse and direct) for 243 Italian sites, considering different
time profiles (0:00÷24:00, 8:00÷18:00) selected to evaluate the potential daylight autonomy. Subsequently,
from hourly data, monthly and annual daylight availability curves were calculated for the different locations
considered.
Fig. 4 presents the cumulative availability of the illuminance components (global, direct, diffuse) for the city
of Rome. Figure 5 and 6 present the illuminance availability plots estimated in the reference localities for
global and diffuse illuminance, respectively,
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Fig. 4. Illuminance availability Rome, IT

Fig. 5. Global Illuminance availability for different Italian sites
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Fig. 6. Diffuse Illuminance availability different Italian sites

The daylight availability expressed by cumulative curves allows to evaluate the percentage of hours in the year
in which a specific value of outdoor illuminance is achieved.
The daylighting in the built environment is generally addressed taking into account the diffuse (sky)
component, so to work under conservative conditions and to derive the energy need for artificial lighting.
The global component Egh, Fig. 5, is strongly affected by the latitude, so in Palermo, was found the greater
outdoor illuminance availability. Different behavior show instead the trends of the diffuse component trends
show a different behaviour since it seems to be greater in Milan than in Rome, according to Fig.6. The two
curves are very close, but despite a latitude difference of about 4°, intersect at about 18000 and 21000 lux.
This aspect, is connected with the climatic and environmental conditions of Milan: the combine effect of
duration of the day, and the content of water and aerosol in the air, as a whole, can increase the diffuse
component of outdoor illuminance in some periods.
Finally, it is interesting to note the different illuminance values when evaluated for specific time intervals. In
the following figure, as an example, the monthly average illuminance calculated for different time profiles are
presented, namely: 0÷24 (average daily availability) e 8÷18 (office building operating time).

Fig. 7. Global horizontal Illuminance availability for different time profiles, Rome IT
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As easily inferred, the values of the average monthly illuminance for the 8÷18 interval are always higher than
those relative to the interval 0÷24, although the latter wider. This happens because hourly or daily illuminance,
or calculated in any other range, is not instantaneous, but represent average values, defined as:

E  t  



t

E  t  dt
t

(6)
where:

E t 

is the instantaneous value of illuminance,

t is the selected time interval (hour, day, month, year, etc.)

E  t  is the average value in the range considered
For this reason, interval 8÷18, not including the evening or early morning hours, in which the irradiance is
lower, shows a higher average value.
The final step of the work was the development of daylight maps for the whole Italian territory. Starting from
satellite data EUMETSAT [15], applying the previously described calculation model, the solar irradiance data
were convert into natural illuminance (lx) for 243 locations. The sites considered, represent an optimal size
grid, uniformly distributed throughout the Italian territory, which allows the development of natural
illumination maps by interpolation methods, without losing accuracy and reducing processing times. To be
noted that this dataset is much more detailed of that of the other climatic parameters (temperature, relative
humidity, solar irradiation) included in the national energy performance assessment method, which refer to
Provincial capital cities, for a total of 107 sites.
Since the definition of the spatial and temporal distribution of environmental variables or climatic data, requires
the application of appropriate interpolation procedure, different spatial analysis methods, were analyzed to be
used to develop daylight maps:


Inverse Distance Weighted (IDW)



Polynomial interpolation (Spline)



Nearest Neighbor Analysis (NNR)



Geostatistics (Kriging)

There is no univocal method for interpolating, but the best one depends on distribution of data points, statistic
variability of data, geometry and extension of the study area [21]. The comparisons of the different considered
methodology, has allowed to select Ordinary Kriging [22] as the most appropriate method for developing of
daylight maps in Italy.
Kriging is a geostatistic method for predicting and generating distribution map of a physical quantity, starting
from the spatial autocorrelation of a set of data or measurements. In the basic application, called Ordinary
kriging, a weighted average of neighboring points is used to estimate the "unknown" value of another data, in
a given location. Weights are estimated by optimization procedure, using all the relationships between known
and unknown data [23, 24]. The application of ordinary kriging has allowed to reproduce the natural spatial
pattern of daylight illuminance which, unlike other climatic parameters, such as temperature, which also
strongly depends on local microclimatic conditions, presents a regular trend, linked, as a first approximation,
to the gradient of latitude. In addition, by kriging can be estimate the error associated with the interpolated
value, which represents a measure of the uncertainty of the prediction, and therefore an index of the
interpolation quality.
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Fig. 8 Daylight illuminance Maps, Italy
Daily average monthly value - Time profile: 8÷18.

4. Conclusions
In this work the methodology and validation procedures carried out to develop Italian daylight maps have been
described. Starting from solar radiation data, a luminous efficacy model was defined to derive Outdoor
illuminance TMYs for all Italian sites.
Outdoor illuminance series were built in terms of daylight availability for different cities and different
operating time in order to show how the data can be used for building applications.
Furthermore, by applying geostatistical interpolation methods, daylight maps have been developed on a
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monthly and annual scale for the entire Italian territory.
This extensive atlas, inclusive of illuminance and the daylight availability maps, represents a fundamental
dataset for the implementation and uptake of Climate Based (CBDM) simulation tools, to be used in daylight
prediction in buildings and urban environment applications [25].
The use of daylight site data in climate based methods can play a relevant role in improving the currently used
evaluation methods for the lighting energy performance in buildings and urban districts [26]. The cumulative
availability of diffuse illuminance, based on climate data, can allows to refine the most common approaches
of studying of natural light in buildings, supporting the develop of new metrics and indices to evaluate daylight
contribution in indoor space and consequently, improve the definition of energy efficiency actions at design
stage [27].
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Abstract
Solar resource assessment is a fundamental part of solar energy projects risk evaluation. In absence of in-situ
measurement or well-calibrated satellite-based estimates, stakeholders tend torely in freely available solar
irradiation data sets. In this work we provide a performance assessment of Heliosat-4 (CAMS) and FLASHFlux
(NASA) solar irradiation models for Uruguay ona daily time scale. It is found that both models present low bias
and a rRMSD of 10.0% and 11.6%, respectively, making the former a better option from the end-user
perspective. Evidence that the FLASHFlux model overestimate irradiation for coastal oceanic stations is given.
Theuncertainty obtained for these models is higher than previously locally adjusted satellite-based models, like
the modified JPT statistical model, which remain as the best option for the region.
Keywords: solar resource assessment, GHI, Heliosat-4 method, FLASHFlux model.

1. Introduction
In Uruguay, renewable energies have changed the energy landscape. The country has transitioned in less than 10
years from a combination of hydro and fossil fuels supplying the electricity mix to an almost 100% renewable
energy mix. The up-to-date figures of Uruguay's generation can be retrieved from the national system operator
website (http://adme.com.uy/); for instance, by July 2019 the yearly electricity generation was supply by 98% of
renewable energies, being hydro power 55%, wind power 33%, biomass power 7% and solar power 3%. Hence,
only 2% of the supply was provided by fossil fuels thermal generation, mostly used as system back-up for the
variable renewable energies short-term intermittency. Solar photovoltaic (PV) generation is gaining in
importance and its contribution in the electricity mix is expected to increase significantly due to new
installations in the next decade, with a similar expansion as the wind power sector has experienced (Gurín et al.,
2018).
The design of solar energy projects requires an accurate solar resource assessment for the project's location
(Vignola et al., 2012). The uncertainty of solar resource assessment is directly translated to the financial risk of
solar energy ventures and, if high, it can act as an economic barrier for the technology development. In fact, as
demonstrated by Schnitzer et al. (2012), the resource uncertainty is the main factor affecting the financial risk
evaluation of solar energy large-scale projects. In the absence of long term controlled quality solar irradiation
ground measurements, the industry tends to rely on the available solar satellite estimates, which have not always
been validated with local measurements and therefore their uncertainty is unknown. Several models exist to
estimate the ground level solar irradiation that make use of satellite images (Perez et al., 2002; Rigollier et al.,
2004; Ceballos et al., 2004; Cebecauer et al., 2010; Alonso-Suárez et al., 2012; Kratz et al., 2014; Qu et al.,
2017). For areas without snow or high albedo terrain, visible channel images can be used to quantify the
cloudiness and therefore the ground level solar irradiation. These models can be classified in three categories
according to their formulation: (i) physical, (ii) statistical and (ii) hybrid. Physical models attempt to model in
detail the radiative transfer of downward solar irradiance thought the atmosphere, and typically require precise
information of the atmosphere's state, including clouds properties, aerosols properties, water vapour content,
among others, which is not always available with the required extension and quality. Statistical models rely in
relationships between a set of input variables (including satellite information) and the solar irradiation. The
parameters of these relationships, which may be parametrizations or machine learning techniques, need to be
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adjusted using ground measurements. The main disadvantage of this approach is that the coefficients fitted for
one region cannot be used in another with low uncertainty, due to climate particularities or coefficients'
overfitting for a specific region. For a region where high quality ground measurements are not available, it is
more suitable to apply a physical approach. The uncertainty of both approaches depends of the characteristics of
the site and the quality and availability of the required ground measurements and atmospheric information.
Hybrids models are in a middle category in where a physical basis is used but some coefficients need to be
statistically adjusted to ground measurements. This strategy enables the local tuning of parameters that are not
easily estimated by other means, i.e. satellite retrievals, and have been successful in the industry for providing
low uncertainty solar irradiation estimates (Perez et al., 2013). At a daily scale, the focus of this work, the
typical uncertainties are between 5-15% (as measured by the root mean square deviation relative to average
measurements value) with a low systematic bias between ±5 (as measured by the relative mean bias deviation).
In this work we provide a performance assessment for Uruguay (and therefore, the region) of two publicly
available daily solar radiation data sets that are based on physical models making use of satellite images: the
Heliosat-4 method's estimates (Qu et al., 2017) as provided by the Copernicus Atmosphere Monitoring Service
(CAMS) and the FLASHFlux model's estimates (Kratz et al., 2014) as provided by the National Aeronautics and
Space Administration (NASA). Evaluation is done for the Global Horizontal Irradiation (GHI) using the
estimates as provided by the platforms, without any site adaptation procedure. This is the first assessment of this
information in the region at a daily scale. This article is organized as follows. Section 2 describes the ground
measurements being used, that are distributed in the Uruguayan territory and are representative of the broader
Pampa Humeda region of the south-east South America. Section 3 presents the main characteristics of the
models being evaluated and the performance metrics that are used for their evaluation. Section 4 presents the
results and, finally, Section 5 summarizes our conclusions.

2. Ground measurements
The ground measurements considered in this work were registered in seven sites in Uruguay (see Tab. 1). Due
to the availability of the solar measurements the time span in each location is different, from three years in the
PP site to almost nine years in the AR site. The region is of homogeneous climatic characteristics, with no
elevations, and mostly plain grassland is present. The coastal East part of the country is influenced by the
Atlantic Ocean proximity and is classified as Cfb (temperate, without dry season, warm summers) in the
Köppen-Geiger climate classification (Peel et al., 2007). The rest of the country is classified as Cfa (temperate,
without dry season, hot summers). The solar irradiation short-term variability of the area is medium and the
inter-annual variability is also medium, similar to that of the Central USA (Alonso-Suárez, 2017).
Tab. 1:Details of the measurement stations used in this work.

Site

Code

Lat.(deg)

Lon. (deg)

Alt(m)

Time period used

Canelones

LB

-34.67

-56.34

32

03/2010 - 12/2018

Artigas

AR

-30.40

-56.51

136

01/2012 - 12/2018

Rocha

RC

-34.49

-56.17

24

04/2015 - 10/2018

Colonia

ZU

-34.34

-57.69

81

05/2015 - 10/2018

Salto

LE

-31.28

-57.92

42

10/2015 - 11/2018

Tacuarembó

TA

-31.71

-55.83

140

05/2015 - 10/2018

Treinta y Tres

PP

-33.26

-54.49

58

10/2016 - 12/2018

All the sites in Tab. 1 record the GHI measurements at 1 minute time resolution as an average of 15 seconds
samples (4 samples per registered 1 minute value) and use Kipp & Zonen instruments. The LE site is equipped
with a Solys2 ground station where the GHI is recorded using a CMP11 Secondary Standard pyranometer. The
other six sites correspond to a field measurements network where autonomous stations record the GHI using
CMP6 First Class or CMP10 Secondary Standard pyranometers. All the pyranometers are calibrated every two
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years against a CMP22 Secondary Standard which is kept with traceability to the Primary Standard in the World
Radiation Center.

3. Models and performance
3.l. Models description
The GHI estimates available at the CAMS are based on the Heliosat-4 method. This method is based on two
radiative transfer models, one for clear sky conditions (McClear) and one for cloudy sky conditions (McCloud).
Its operational version is based on look-up tables of these models for rapid calculation (Qu et al., 2017; Lefèvre
et al., 2013). The model obtains the cloud transmittance and properties from the Meteosat (MSG) satellite
images by applying the APOLLO/SEV algorithm, an adaptation of the APOLLO algorithm (Kriebel et al., 1989,
2003) for its use with the SEVIRI (Spinning Enhanced Visible and Infrared Imager) instrument in the MSG
satellite. The model also integrates advanced products for aerosol, ozone and water vapour estimation for its
clear sky modeling. The time and space resolution of the solar estimates follows the MSG satellite capabilities,
being available every 15 minutes with an approximate spatial resolution of 7~km for the region under study.
The data used here was retrieved on a daily scale directly from SoDa website (http://soda-pro.com/) for the same
time period as the ground measurements.
Since the year 2007 the available NASA solar radiation estimates at https://power.larc.nasa.gov/ are based on
the FLASHFlux (Fast Longwave and SHortwave radiative Flux) model (Kratz et al., 2014). This model was
designed to reduce the processing time in the calculations of the radiation budgets at the surface and at the top of
the atmosphere, exchanging some accuracy for speed. It uses the information from the CERES (Clouds and the
Earth Radiant Energy System) and MODIS (Moderate Resolution Imaging Spectroradiometer) instruments
aboard the Terra and Aqua sun-synchronous orbiting satellites, among other meteorological sources, to estimate
the shortwave and longwave radiative fluxes. From January 2008 to date different versions of this model are
available at the website: version 2 from 2008 to 2012, version 3AB from 2013 to 2016 and version 3C since
2017. In this work we use GHI measurements (in this context, shortwave downward irradiation) from 2010 to
2018, so the evaluation of this model comprise different versions. In particular, all the stations have
measurements after 2015, allowing a good performance comparison between the 3AB and 3C FLASHFlux
versions. For version 2, only two sites have the adequate time span for its evaluation (AR and LB). The
evaluation is done also through the entire measurements time-series as we want to assess the performance of the
available information as a whole, from an end-user perspective.

3.2. Performance metrics
The performance metrics used for evaluation are the Mean Bias Deviation (MBD), the Root Mean Square
Deviation (RMSD) and Kolmogorov-Smirnov Integral (KSI). The first metric measures the systematic bias of
the estimates as compared to the measurements while the second measures the dispersion of the deviations. On
the other hand, the KSI metric measures the statistical difference between the estimates and the measurements
through all the time-series. This index is based on the two-sample Kolmogorov-Smirnov statistical test to
determine if two data sets are statistically similar, thus the metric measures at which extend the estimates and
the measurements can be considered as realizations of the same statistical distribution.
The MBD and RMSD are computed as,





1 N
MBD   Hˆ h  H h , RMSD 
N i 1

1
N


N

i 1

Hˆ h  H h



2

,

where 𝑁 is the number of days, 𝐻ℎ is the estimated daily GHI and 𝐻ℎ is the measured daily GHI, both expressed
in MJ/m2. If the MBD is positive, it means that the estimates are overestimating the data and vice versa if
negative. Their relative metrics, rMBD and rRMSD, are expressed as a percentage of the mean measurements
value.
The KSI metric is computed by comparing the cumulative distribution functions (CDF) of the estimates and the
measurements. If 𝐹 is the CDF of the measurements and 𝐹 is the CDF of the estimates, then the KSI metric is
defined as the integral of their absolute difference as follows,
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KSI   Fˆ H   F H  dH

.

The unit for KSI is the same as the daily irradiation 𝐻, MJ/m2.

4. Results
Let us focus first on the MBD and RMSD metrics. The performance for each model in terms of these metrics is
shown in Tab.2 (for all the measurements' period). Results are presented for each station and as an average over
all sites. In the last row the standard deviation of the metrics is also shown. The mean bias is small for both
models (on average, -0.1% for Heliosat-4 and ±0.5% for FLASHFlux). However, when observing each site, the
MBD varies approximately between ±2% for both models. NASA model is found to have the higher positive
rMBD in the coastal stations (LB, RC and ZU), phenomenon that was already observed in Alonso-Suárez et al.
(2013) for the previous NASA SSE (Surface meteorology and Solar Energy) model. This behavior is not
observed for Heliosat-4, where no pattern arise from inspecting the rMBD values. The performance of both
models in terms of RMSD is different: the site average for the Heliosat-4 method is of 10.0% and for the
FLASHFlux model is of 11.6%. The rRMSD comparison between models is presented in Fig. 1 (a), where the
better performance of the CAMS data set is evident, also for each station. The geographical variability of the
performance, as represented by the standard deviation, is similar for both models and low (less than 1%). The
best performance is obtained for the AR site (in the North). The scatter plots for this site are shown in Fig. 1 (b)
and (c), for CAMS and NASA respectively. The agreement is good, but a small overestimation bias is observed
for the CAMS estimates at low irradiation values. The residuals' probability distributions are shown in Fig. (e)
and (f). The uncertainty found for these models is higher than locally adjusted models for the region based on
GOES-East imagery, which typically have a rMBD between ±1% and a rRMSD of around 7% (Alonso-Suárez
et al., 2012).
Tab. 2: Performance indicators for the CAMS and NASA models estimate on a daily basis.

MBD (MJ/m2)
Code

rMBD (%)

RMSD (MJ/m2)

rRMSD

Days
CAMS

NASA

CAMS

NASA

CAMS

NASA

CAMS

NASA

LB

2779

-0.2

+0.3

-1.4

+2.1

1.6

1.9

9.6

12.0

AR

2153

≈0

-0.1

-0.2

-0.5

1.6

1.8

9.1

10.2

RC

1297

+0.3

+0.3

+1.9

+2.0

1.7

1.9

10.9

12.1

ZU

1267

-0.1

+0.1

-0.8

+0.8

1.8

2.0

10.9

12.1

LE

1055

-0.3

-0.2

-1.6

-1.0

1.8

1.9

10.6

11.0

TA

1155

+0.1

+0.1

+0.3

+0.5

1.7

2.0

10.8

12.6

PP

797

≈0

-0.1

+0.8

-0.2

1.5

2.0

8.7

11.6

mean

-

≈0

+0.1

-0.1

+0.5

1.7

1.9

10.0

11.6

stdev

-

0.2

0.2

1.3

1.2

0.1

0.1

0.9

0.8

Tab. 3 inspects the performance of the FLASHFlux model discriminated by model's version. Due to the
measurements time span, the only version that can be evaluated in all stations is the V3C (2017-2018). The
V3AB version (2013-2016) can be evaluated in almost all stations with the exception of the PP site, which only
has two month of data in the period of this version. The version 2 can only be evaluated in the LB and AR
stations, which are the sites with larger data statistic. An overall improvement can be seen in the transition from
version V3AB to V3C. The overall rMBD is slightly reduced from +0.9% to +0.4%. This overall reduction is
not a result of the deviation being reduced at each station, rather, some sites increase their rMBD while other
reduce it. On the other hand, there is an overall rRMSD reduction from 12.5% to 11.1%. This reduction is
significant and it is consistent across all stations. It can be seen in Tab. 3 that the rRMSD of version V3C is
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equal or better than the rRMSD of version V3AB in each of the six sites where the comparison can be done. Fig.
1 (d) illustrates the rRMSD comparison for these sites. The higher improvements are observed for the ZU, LE
and TA sites, with rRMSD increases around 2%. LB and RC sites show almost negligible rRMSD gains, being
the rRMSD values approximately the same for both versions. These two sites are the only sites affected by their
proximity to the Atlantic ocean (the coastal ZU site is in front the River Plate). For version 2, the comparison is
not conclusive as the amount of site is reduced. Tab. 3 shows that the MBD is approximately the same in the
transition from version 2 to version 3AB. The rRMSD is improved for the LB site and is downgraded for the AR
site.
Tab. 3: Performance comparison between different versions of the FLASHFlux model on a daily basis.

MBD (MJ/m2)

RMSD (MJ/m2)

rMBD (%)

rRMSD (%)

Code
V2

V3AB

V3C

V2

V3AB

V3C

V2

V3AB

V3C

V2

V3AB

V3C

LB

+0.4

+0.3

+0.2

+2.4

+2.2

+1.5

2.0

1.9

1.9

12.2

11.9

11.9

AR

-0.1

-0.1

≈0

-0.6

-0.7

≈0

1.7

1.7

1.7

8.5

10.5

10.0

RC

-

+0.3

+0.4

-

+1.8

+2.4

-

1.8

1.8

-

12.2

12.1

ZU

-

+0.1

+0.2

-

+0.7

+1.1

-

1.9

1.8

-

13.1

11.0

LE

-

-0.1

-0.2

-

-0.4

-1.4

-

2.1

1.7

-

12.2

10.1

TA

-

+0.3

-0.1

-

+1.8

-0.5

-

2.1

1.9

-

13.6

11.6

PP

-

-

≈0

-

-

-0.3

-

2.2

1.8

-

-

10.8

mean

+0.1

+0.1

-

+0.9

+0.4

-

2.2

1.8

-

12.5

11.1

stdev

0.2

0.2

-

1.2

1.3

-

0.2

0.1

-

1.1

0.8

(a) rRMSD comparison

(b) CAMS estimates (AR site)

(c) NASA estimates (AR site)

(a) FLASHFlux comparison

(b) CAMS residuals (AR site)

(c) NASA residuals (AR site)

Fig. 1: Performance analysis of the models against reference ground measurements.
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To obtain a better understanding about the performance characteristics of each model, a discrimination of days
based on the predominant daily sky condition is made by using the daily clearness index, KT. This index is the
normalization of the daily GHI, Hh, by the daily irradiation at a horizontal plane in the top of the atmosphere,
Hoh, so that KT = Hh / Hoh (Duffie and Beckman, 2006). The days are classified into three categories: (i) mostly
clear sky (KT > 0.65), (ii) partly cloudy (0.35 < KT ≤ 0.65) and (iii) cloudy (KT ≤ 0.35). Tab. 4 shows the
performance of the CAMS and NASA models when using this classification. It is observed that both models
present significant better results for condition (i) days, with a rMBD of -3% and a rRMSD of 5%. For these days
both models provide a small subestimating bias in all stations. This is confirmed by the scatter plot of Fig. 2 (a),
which shows an accumulation of samples below the line of perfect agreement (straight line x = y). Although the
performance of both models is similar under condition (i), overall, the CAMS estimates present better
performance, achieving a lower rMBD and rRMSD than the NASA estimates. Relative metrics downgrades as
the cloudiness levels increase, firstly because the absolute deviations are higher, but also because the average
value decreases. For partly cloudy days the absolute MBD is reduced in comparison to mostly clear sky days,
but the improvements in the relative MBD are not such high. An overestimating bias is observed for NASA
estimates and not for CAMS estimates, which exhibit a mixed situation. It can be observed in Fig. 2 (b) than the
NASA estimates are, on average, above than CAMS estimates for this kind of days, explaining the different
trend. The RMSD for condition (ii) days is higher than for condition (i) days, being the rRMSD significantly
higher: the rRMSD increases from 4.8% to 10.6% for the CAMS estimates and from 5.2% to 14.0% for the
NASA estimates. Again, an overall better performance of the CAMS model is observed and the differences
between models are more important in this case. Finally, for cloudy days both models present the highest
metrics, showing overestimating biases and high RMSD values (2.3 MJ/m2 in absolute terms, resulting in ≈42%
in relative terms). Overall, the rMBD is higher for the CAMS estimates than for the NASA estimates, but the
opposite occur for the rRMSD. The performance of both models is similar under cloudy conditions, but as the
rRMSD is similar (42±0.5%) and the MBD is lower for NASA than for CAMS (+19% in comparison with
+27%), it can be fairly said that NASA model is preferable in this situation. Same conclusion can be obtained by
inspecting Fig. 2 (c).
Tab. 4: Performance indicators for the CAMS and NASA models estimate on a daily basis and different type of days.

MBD (MJ/m2)

rMBD (%)

RMSD (MJ/m2)

rRMSD (%)

Days
CAMS

NASA

CAMS

NASA

CAMS

NASA

CAMS

NASA

Clear sky
LB

1077

-0.8

-0.5

-3.5

-2.4

1.2

1.1

5.3

4.7

AR

968

-0.4

-0.8

-1.7

-3.0

1.0

1.2

4.2

5.0

RC

427

+0.6

-0.6

-2.7

-2.5

1.0

1.1

4.4

4.6

ZU

547

-0.9

-0.7

-4.0

-3.1

1.4

1.3

6.2

5.8

LE

467

-1.0

-0.9

-4.2

-3.9

1.4

1.3

5.8

5.6

TA

455

-0.5

-0.8

-2.1

-3.4

0.9

1.4

3.9

5.8

PP

298

-0.5

-0.8

-1.9

-3.3

0.9

1.3

3.6

5.2

mean

-

-0.7

-0.7

-2.9

-3.1

1.1

1.2

4.8

5.2

stdev

-

0.2

0.1

1.0

0.5

0.2

0.1

1.0

0.5

LB

1106

-0.4

+0.7

-2.5

+4.9

1.6

2.2

10.9

10.7

AR

735

-0.4

+0.2

-2.4

+1.2

1.8

2.0

10.8

12.5

RC

550

+0.3

+0.6

+1.9

+4.1

1.6

2.1

10.7

14.0

ZU

445

-0.3

+0.6

-1.7

+4.3

1.7

2.4

11.0

15.6

Partly Cloudy

1953

V. Teixeira Alves Branco et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

LE

339

-0.8

+0.1

-4.7

+0.5

1.8

2.3

10.9

14.3

TA

417

-0.1

+0.2

-0.8

+1.4

1.7

2.2

10.4

13.5

PP

324

+0.1

+0.1

+0.3

+0.4

1.6

2.3

9.4

13.2

mean

-

-0.2

+0.4

-1.4

+2.4

1.7

2.2

10.6

14.0

stdev

-

0.4

0.3

2.1

1.9

0.1

0.1

0.6

1.0

LB

558

+1.2

+1.3

+21.7

+23.1

2.0

2.5

35.8

46.5

AR

450

+1.4

+0.8

+23.0

+13.5

2.2

2.3

37.8

39.1

RC

300

+1.6

+1.0

+29.0

+18.8

2.4

2.3

43.9

41.6

ZU

276

+1.7

+1.0

+31.3

+19.3

2.4

2.3

46.6

43.4

LE

251

+1.7

+0.9

+30.3

+16.4

2.5

2.0

44.7

37.1

TA

305

+1.6

+1.2

+29.1

+22.4

2.5

2.6

45.6

47.4

PP

174

+1.4

+1.2

+22.9

+19.7

2.1

2.5

36.0

43.2

mean

-

+1.5

+1.1

+26.8

19.0

2.3

2.4

41.5

42.6

stdev

-

0.2

0.2

4.0

3.3

0.2

0.2

4.7

3.7

Cloudy

(a) Mostly clear sky days.

(b) Partly cloudy days.

(c) Cloudy days.

Fig. 2: Measurements and model's estimates scatter plot for the AR site and each type of day.

The KSI metric provides a different view in the analysis: the statistical dissimilarity. The results are shown in
Tab. 5 for all the days (last two columns) and discriminating by type of day. The conclusions are similar to the
MBD and RMSD analysis but, overall, the NASA estimates provides a slightly better performance from the
statistical point of view. The KSI of both models is similar under clear sky days, is better for the CAMS
estimates than for NASA estimates under partly cloudy days and the other way around for cloudy days. It is
particularly interesting the KSI metric for cloudy days, as can be seen in Fig. 3. In this figure the model's CDF
and the measurement's CDF (above) and their absolute difference (below) are shown. The main discrepancy in
the model's comparison is the high CDF difference for low daily irradiation values (cloudy days) of the CAMS
estimates. This is the same overestimation phenomenon observed in Fig. 2 (c) for this data set. This effect under
cloudy condition can be associated with the MSG satellite viewing geometry for the region, which has a satellite
zenith angle of ≈70°. Above a 60° satellite zenith angle, higher errors occur in the cloudiness perception due to
parallax apparent cloud displacement and increased pixel size (Johnson et al., 1994). From the KSI perspective
this behavior is significant enough to impact the overall rate of the CAMS data set.
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Tab. 5: KSI metric (in MJ/m2 for the CAMS and NASA models estimates on a daily basis.

Mostly clear sky

Partly cloudy

Cloudy

All days

Code
CAMS

NASA

CAMS

NASA

CAMS

NASA

CAMS

NASA

LB

0.8

0.5

0.4

0.8

1.2

1.3

0.5

0.5

AR

0.4

0.7

0.4

0.4

1.4

0.8

0.4

0.3

RC

0.6

0.6

0.3

0.7

1.6

1.1

0.5

0.4

ZU

0.9

0.7

0.3

0.8

1.7

1.0

0.5

0.3

LE

1.0

0.9

0.7

0.3

1.7

0.9

0.8

0.4

TA

0.5

0.8

0.4

0.5

1.6

1.2

0.4

0.4

PP

0.5

0.8

0.4

0.4

1.4

1.2

0.3

0.3

mean

0.7

0.7

0.4

0.6

1.5

1.1

0.5

0.4

stdev

0.2

0.1

0.1

0.2

0.2

0.2

0.2

0.1

(a) CDF comparison (CAMS).

(b) CDF comparison (NASA).

(c) Absolute CDF difference (CAMS).

(d) Absolute CDF difference (NASA).

Fig. 3: CDF analysis for the AR site: comparison between NASA and CAMS estimates.

5. Conclusions
A performance comparison between the available daily GHI estimates at the CAMS and NASA platforms
was done for the region of Uruguay. The assessment was done without any site adaptation technique in order
to obtain the end-user uncertainty of the publicly available information. For all sky conditions, it is observed
than the CAMS estimates provide a better performance than the NASA estimates (on daily basis). Small
biases were found in both estimates, being slightly higher for the NASA estimates. Further, an overestimation
trend was found for NASA estimates in the coastal stations, a systematic behavior that is not observed for the
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CAMS data set. The current version of the NASA's FLASHFlux model (V3C) provide better performance for
the region than the previous one (V3AB). The site average rRMSD found is of 10.0% for the CAMS
estimates and of 11.6% for the NASA estimates. From the KSI statistical point of view, the results show a
small overall better agreement for the NASA data set. This difference is explained due to an overestimation
bias observed for the CAMS data set for low daily irradiation values. In any case, the rRMSD difference
between both models is large enough to prefer the CAMS estimates over the NASA estimates for the region.
When discriminating the results by daily sky conditions a systematic subestimation is observed for mostly
clear sky days and a systematic overestimation is observed for cloudy days. For the NASA data set the
overestimation is also present for partly cloudy days. This is not observed for the CAMS estimates, which
exhibit mixed biases for partly cloudy days. The CAMS estimates are preferred for clear sky and partly
cloudy days. The difference between models' performance is not high for the first sky condition but is
significant for the second. However, for cloudy days, the NASA estimates are preferred, as the CAMS
estimates present an important overestimation bias. These conclusions are backed by the MBD/RMSD and
KSI analysis.
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Abstract
This communication assesses six methods estimating Ultra-Violet A and B (UV-A and UV-B) fluxes from satellite
imagery, numerical weather models or ground measurements. The UV estimates from each method are compared
to coincident 15 minutes in-situ measurements collected at one location in Uruguay from September 2015 to
January 2019. The first method “LAAM” (Locally-Adapted Antón Martínez) combines Global Horizontal
Irradiance (G) measured on site with satellite-derived daily Ozone concentration. The second method “Wald” uses
an empirical model onto satellite-retrieved solar broadband irradiance at the surface (SSI) produced by HelioClim3 version 5 (HC3v5) to derive UV fluxes. The third method named “CAMS-UV”, is one of the outputs of ECMWF
numerical weather model. The three remaining methods are respectively named “Weighted_Kato HC3v5”,
“Discretized _Kato HC3v5” and “DWD SARAH-3”. They rely on more sophisticated modelling of the atmosphere
in cloud-free conditions using radiative transfer modelling combined to a cloud modification factor (or cloud
extinction) derived from HC3v5. Outside an underestimation observed for the UV-B range for both CAMS-UV (20 %) and for the empirical model (-29 %), methods demonstrated their ability to collect the temporal variability of
the signal of the instrument on-ground; biases ranges from -2 to 4 % for UV-A and from 0 to 10 % for UV-B,
RMSE are close to 15 % and almost all correlation coefficients exceed 0.96. This analysis gives precious elements
for discussion about the performance of models mainly developed and validated over Europe and Africa.
Keywords: UV-A and B, CAMS, HelioClim-3, surface solar irradiance, radiative transfer modeling, numerical
weather model, ground measurements

1.

Introduction

Solar Ultra-Violet (UV) radiation at ground level has beneficial but also negative effects on human health and
ecosystems. UV-B radiation, which ranges in [280, 315] nm, is the most energetic part of the solar spectrum that
reaches the ground; and is responsible for instance for the damage of DNA leading in rare cases to skin cancers and
melanomas (Coste et al., 2015; Fortes et al., 2016, Savoye et al., 2016). Interest is growing in the role of UV-A
[315, 400] nm and UV [280, 400] nm in their benefit for diverse brain diseases such as migraines (Lisicki et al.,
2017), Parkinson’s disease (Kravietz et al., 2017), and other diseases such as thyroid cancer (Mesrine et al., 2017)
or sclerosis (Orton et al., 2011). UV plays a significant role in water disinfection as one of the three common water
treatment technologies (Kosjek et al., 2009).
Researchers would ideally like to handle long-term, homogeneously distributed and available worldwide UV
datasets. Unfortunately, due to high cost of UV radiometers and maintenance, these measurements are scarce.
Alternatives have consequently been developed to derive UV radiation from broadband Global Horizontal
Irradiance (G) or from numerical weather models. This communication presents the validation results of 6 different
methods to assess UV-A and UV-B at 1 site in Uruguay. It represents a unique opportunity to investigate how
models originally developed and validated over Europe and Africa perform for this site in South America.
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2.

Ground measurements

Ground measurements are maintained by the laboratory of solar energy, University of the Republic, Montevideo,
Uruguay. The geographical coordinates of the site are -31.2821° for the latitude, -57.9176° for the longitude, and
finally 50 m for the altitude. It is located in the North West quarter of Uruguay, close to the Uruguay River as a
natural border between Uruguay from Argentina. Figure 1 depicts the location of the Uruguayan site in the world
map of Kӧppen-Geiger climate classification (Peel et al., 2007). This classification proposes to divide climates into
five main climate groups, with each group being divided based on seasonal precipitation and temperature patterns.
The site is located in the center of a “Cfa” code zone (green), corresponding to a humid subtropical climate.

Fig. 1: Location of the Uruguayan site in the world map of Kӧppen-Geiger climate classification. The location corresponds a humid
subtropical climate (code “Cfa”, Peel et al., 2007)

In-situ measurements corresponds to 15 minute UV-A and UV-B measurements collected with Kipp and Zonen
UV radiometers with controlled temperature. UV-B data are available from June 2017 to Jan. 2019, and UV-A
from Oct. 2015 to Jan. 2019, with a gap from Nov. 2016 to June 2017. Data are irradiances in W m–2 in local time
(universal time minus 3 hours). 15 min irradiances were generated by averaging 1 minute samples only if more
than 66 % of the 1 minute samples were available, corresponding to a minimum of 10 slots for the synthesis of the
15 minute dataset. 1 minute irradiances are the results from the averaging of 6 instantaneous measurements
collected every 10 seconds, once again only if 100 % of the 10 second samples were available (no gaps).
UV-A and UV-B measurements are considered only when the solar elevation angle is above 7°, and when G
measured at the same location exceeds 15 W m–2. As the site is equipped with high quality instruments and the
station is daily maintained and calibrated every year, the visual inspection didn’t emphasize the need an additional
quality check algorithm.

3.

Description of the six methods estimating UV irradiances

3.1. Method #1: Locally-Adapted Antón Martínez (LAAM)
Antón Martínez is the name of the author of the method and is described in his PhD dissertation (2007). The
parametrization of this empirical model applies onto in-situ G and satellite-derived (OMI/TOMS) daily ozone
concentration. We expect that this method outperforms other methods.
3.2. Method #2: Wald
Global set of coefficients has been empirically designed to derive UV-A and UV-B from broadband G (Wald
2012), produced by the surface solar irradiance (SSI) HelioClim-3 version 5 (HC3v5) using the model Heliosat-2
(Blanc et al., 2011, Rigollier et al., 2004). This method has been applied in the past for instance to generate
monthly average maps of UV daily doses within the EUROSUN project, a public health project for the
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quantification of sun exposure in Europe and its effects on health and funded by the EU Public Health Programme
from 2003 to 2008. This model has also been exploited for the analysis of the influence of UV radiation in the
occurrences and intensity of migraines (Lisicki et al., 2017).
3.3. Method #3: CAMS-UV FMI
The CAMS-UV processor is part of a global model running on ECMWF servers. It produces global UV index
(UVI) and spectral UV forecasts on demand to users. The CAMS-UV spatial resolution is approximately 80 km
before 21st June 2016 at 12 UTC and approximately 40 km later on. It does not depend on the geographical point.
These data are provided with a temporal sampling rate of 1 hour for UVI and 3 hours for UV-A and UV-B. For the
sake of this analysis, the temporal sampling rate has been artificially decreased to 15 minutes by using a temporal
linear interpolation of the 1-hourly UVI cloud modification factor i.e. ratio between all-sky UVI and clear-sky
UVI, and 15 min clear-sky UV estimates derived from Modified Lambert-Beer approach (Mueller et al., 2004)
applied on two closest 3-hourly UV estimates. Of course, this means that the 3-hourly estimates are more reliable
than high temporal resolution estimates. A complete description of the CAMS-UV processor and quarterly
validation reports are regularly updated on the CAMS website (active in Aug. 2019):
https://atmosphere.copernicus.eu/
3.4. Method #4a: Weighted_Kato HC3v5 and Method #4b: Discretized_Kato HC3v5
These methods rely on the assumption that broadband G can be accurately retrieved from a reduced number of
spectral bands (Kato et al., 1999, Lefèvre et al., 2013). CAMS McClear uses several look up tables (LUT)
computed by the Radiative Transfer Model libRadtran for selected values of inputs and provides the irradiance in
cloud-free conditions for each of the 32 spectral intervals. The Weighted_Kato method (Wandji Nyamsi et al.,
2017) corresponds to weights applied on the 6 first Kato bands to supply UV-A and UV-B datasets. The
Discretized_Kato method proposes a spectral resampling to refine the results based on a few additional parameters
and interpolations. An all-sky version of these methods is obtained by extracting a cloud modification factor (or
clear-sky index) from HC3v5, with the underlying assumption that clouds are not spectrally sensitive.
3.5. Method #5: DWD SARAH-3
Very similar in principle to Weighted_Kato method, SPECMAGIC also consists of LUT generated for each of the
32 Kato bands (Mueller et al., 2012). Its cloud-free estimates are combined with spectrally-resolved cloud
transmission values derived with radiative transfer corrections of the broadband cloud transmission. Spectral
irradiances are scheduled to be available together with the next generation of broadband SSI provided by the
Climate Monitoring Satellite Application Facility (CM-SAF) in 2021.
Figure 2 provides a recapitulative scheme of the assessment of the performance of these 6 UV-methods.

Fig. 2: Recapitulative scheme of the quality assessment of the 6 methods to derive UV-A and UV-B, against the measurements at a site
in Uruguay.
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4.

Validation protocol and results

The selected protocol is the usual one; time and space coincident estimates are compared to the corresponding
measurements. Night values are discarded. Correlation coefficients (CC) are computed. The sets of differences
(estimates minus measurements) are computed and summarized by their bias and the standard deviation (STDEV)
as these two indices are fully independent. Relative values are computed by dividing the bias or the STDEV by the
mean of the measurements and are given in percent. Results are available in Tab. 1 and 2 for UV-B and UV-A
respectively. 2-D histograms between measurements and estimates are displayed in Fig. 3 and 4. Green color
highlights best results while orange color highlights the worst ones, excluding results of the method #1.
Tab. 1: UV-B in [280, 315] nm, number of coincident measurements: 19936. Mean of the in-situ measurements: 0.9 W/m2. Green
color highlights best results while orange color highlights worst ones without results of the method #1

Method

Bias (W/m2 ) and
relative value

STDEV (W/m2 )
and relative value

CC

0 (0 %)

0 (4.4 %)

0.997

#1

LAAM

#2

Wald

-0.2 (-28.5 %)

0.3 (38.6 %)

0.930

#3

CAMS-UV

-0.2 (-19.3 %)

0.2 (27.2 %)

0.931

#4a

Weighted_Kato HC3v5

0.1 (6.2 %)

0.1 (16.3 %)

0.971

#4b

Discretized_Kato HC3v5

0 (4.1 %)

0.1 (15.1 %)

0.972

#5

DWD SARAH-3

0.1 (10.1 %)

0.1 (15.6 %)

0.978
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Fig. 3: 2-D histograms of the UV-B derived from the 6 different models (vertical axes) and UV-B in-situ measurements (horizontal
axis). Models are respectively: #1 LAAM, #2 Wald, #3 CAMS-UV, #4a Weighted_Kato HC3v5, #4b Discretized_Kato HC3v5, and #5
DWD SARAH-3
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Tab. 2: UV-A in [315, 400] nm, number of coincident measurements: 32269. Mean of the in-situ measurements: 24.9 W/m2. Green
highlights best results while orange highlights poorest ones outside method #1

Method

Bias (W/m2) and
relative value

STDEV (W/m2)
and relative value

CC

#1

LAAM

0 (0 %)

1.06 (4.3 %)

0.997

#2

Wald

0 (0 %)

3.37 (13.6 %)

0.959

#3

CAMS-UV

-0.6 (-2.3 %)

5.87 (23.5 %)

0.856

#4a

Weighted_Kato HC3v5

0.2 (0.6 %)

3.57 (14.4 %)

0.961

#4b

Discretized_Kato HC3v5

-0.4 (-1.6 %)

3.39 (13.6 %)

0.961

#5

DWD SARAH-3

1 (4.2 %)

3.58 (14.4 %)

0.964
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Fig. 4: 2-D histograms of the UV-A derived from the 6 different models (vertical axes) and UV-A in-situ measurements (horizontal
axis). Models are respectively: #1 LAAM, #2 Wald, #3 CAMS-UV, #4a Weighted_Kato HC3v5, #4b Discretized_Kato, and #5 DWD
SARAH-3

5.

Validation protocol and results

The analysis of the performance of the methods has been carried out by the laboratory of solar energy in Uruguay.
As expected, method #1 (LAAM) outperforms others for both UV-B and UV-A spectral ranges. The good fit
between the model and the in-situ measurements is characterized by a narrow cloud of points well-aligned along

1964

C. Thomas et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

the diagonal on the 2-D histograms. Statistical indices show a null bias, a STDEV of about 4 % and CC close to its
ideal value of 1 with 0.997. This method requires a preliminary training of the parameters using in-situ G which
offers the possibility to appropriately capture the local temporal variability, leading to an almost excellent fit with
the in-situ UV measurements. However, this method has been tuned with high quality measurements available on
site. As a consequence, the scarcity of such high quality input parameters measured at ground level limits the use of
the method at other locations in similar conditions.
Method #2 (Wald) shows an eyebrow shape on the 2-D histogram for the UV-B range. Despite a good
correspondence of low irradiances, large UV-B irradiances are strongly underestimated. This discrepancy is
confirmed by the lowest performances in all statistical results: Bias is -0.2 W/m2 corresponding to a relative bias of
-28.5 %, STDEV is 0.3 W/m2 (38.6 %), but with still a good correlation with a value of 0.93.
Wald method depicts surprisingly very good results for the UV-A range, with a null bias and a STDEV of 3.4
W/m2 (13.6 %). CC is lower than expected with a value of 0.959. An explanation of this loss of correlation is the
presence of a yellow cluster of points for low UV-A irradiances, as if a threshold of 5 W/m2 was applied onto
satellite UV-A irradiances. This phenomenon is also observed on UV-A 2-D histograms for both Weighted_Kato
HC3v5 and Discretized_Kato HC3v5. The common parameter is the use of the broadband G from HC3v5. One of
the potential reasons for such artefact could be the reflection of the light on the Earth’s surface in the satellite
direction, also named “sun glint”. This phenomenon has a drastic effect on the Heliosat-2 methods (Blanc et al.,
2011, Rigollier et al., 2004) used to update HC3 in real time. Indeed, white reflectances in Meteosat images are
considered as clouds, leading to erroneously low irradiances at ground level. It affects all surfaces like snow, sands,
and land, but mainly water areas (seas, oceans, reservoirs, lakes and rivers). Even though the site is not coastal, it
sits on the bank of a large reservoir or artificial lake. A further analysis would consist in identifying and discarding
instants potentially affected by the sun glint in order to inspect the impact on 2-D histograms.
The 2-D histogram for the method #3 (CAMS-UV) and for the UV-B range shows a line which goes through the
point (0, 0), but with an underestimation of the large UV-B irradiances. The angle between the diagonal and the
line of the cloud of points is approximately 5°. The underestimation is confirmed by a negative bias of -0.2 W/m2
(-19.3 %). The scatter of the cloud of points is quite large with a STDEV of 0.2 W/m2 (27.2 %). CC is close to that
of Wald UV-B with 0.931. This observation concerning the large scatter of the points is also valid for the UV-A
range; despite a small bias of -0.6 W/m2 (-2.3 %), STDEV is the largest one compared to all methods with 5.9
W/m2 (23.5 %), and CC is the poorest with 0.856. This can be explained by the fact that CAMS-UV is one of the
outputs of ECMWF numerical weather model which operates on a coarser grid (80 km before 21 st June 2016 at 12
UTC and approximately 40 km later on) than satellite ones with a spatial resolution of approximately 7 km for this
location.
Methods #4a (Weighted_Kato HC3v5) and #4b (Discretized_Kato HC3v5) rely on the same method, while method
#4b applies a refinement compared to #4a with the objective to reach a better representation of the solar spectrum.
In that perspective, results should be similar, with a slight enhancement of #4b. Validation results for UV-B
coincide with this observation, with a bias for method #4a of 0.1 W/m2 (6.2 %) and for method #4b 0.03 W/m2
(4.1 %), STDEV values are very close, with a value of approximately 0.1 W/m2 (16 %) and CC of 0.97. For the
UV-A range, method #4a obtains a low bias of 0.2 W/m2 (0.6 %), whereas #4b slightly underestimates the in-situ
measurements with a bias of -0.4 W/m2 (-1.6 %). STDEV and CC, very similar for both methods, are 3.4 W/m2
(14 %) and 0.961 respectively. In any case, the fact that biases are below a few percent means than the models are
close to the uncertainty of the ground instrument, and consequently can be considered excellent, as was already the
case for the Wald method for the UV-A range.
As for the two previous methods, Method #5 (DWD SARAH-3) is also based on the 32 wavelength intervals of the
solar spectrum as defined by Kato et al. (1999). Consequently, it is coherent to observe a similar scatter of the
points in the 2-D histograms, in agreement with STDEV values respectively of 0.1 W/m2 (15.6 %) for UV-B and
3.6 W/m2 (14.4 %) for UV-A. This method shows a lower performance in terms of bias with values of 0.1 W m–2
(10.1 %) for the UV-B range and 1 W/m2 (4.2 %) for UV-A. It is nevertheless very important to notice the increase
of performance if one only focuses on CC, with values of 0.978 and 0.964 for respectively the UV-B and the UV-A
ranges. The inspection of the 2-D histograms gives essential clues on the interpretation of the results. For UV-A
histograms for the three Kato-based methods, one observes that all clusters of points are almost identical and
modelled by a line located slightly above the diagonal, as an indication of slight overestimation. For #4a and #4b,
the overestimation is counterbalanced by the underestimation of low values due to the artefact explained in a
previous paragraph. This artefacts impacts CC directly, and that is why method #5 outperforms the two other
methods, if CC is used as the only performance criterion.
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6.

Perspectives

Method #1 (LAAM) differs from the other methods because it is adjusted on local measurements. The performance
of this method will be evaluated using satellite SSI retrievals and numerical weather outputs instead of locally
measured parameters.
Method #2 (Wald) is straightforward, by applying coefficients directly onto the broadband G of a SSI.
Consequently, it is computationally economic, and could run easily in real time for the monitoring of a large
number of locations. As the Wald method provides excellent results for the UV-A range, one may explore the
possibility to correct model parameters to rectify the eyebrow shape of the 2-D histogram in the UV-B range.
The quality of method #3 (CAMS-UV) is continuously assessed during the on-going CAMS project, and this
current work is supporting this activity.
Method #4b (Discretized_Kato HC3v5) requires a discretization every 1 nm of the Method #4a (Weighted_Kato
HC3v5) as a step further for a better adequacy in the results. According to the similarity of the results, this
refinement turns out to be unnecessary. This observation should be confirmed at other locations.
Method #5 (DWD SARAH-3) is currently being implemented to provide both UV and Photosynthetically Active
radiation values within the framework of the next SARAH-3 release. These preliminary results are promising and
complete validation efforts carried out by DWD.
Another perspective of improvement for this work is the investigation of the potential issue of sun glint that could
affect HC3v5 for this location, which indirectly impacts methods #2, #4a and #4b mainly for UV-A range.
An extension of this validation work is planned to check if conclusions drawn at this site in Uruguay could be
generalized to other sites and under other climates. In that perspective, several collaborations have been initiated
with research centers and universities to retrieve other UV in-situ measurements. For instance, the collaboration
with Colette Brogniez, Fanny Minvielle and Frédérique Auriol from the Laboratory of Atmospheric Optics is a
vector to access spectral measurements in the UV range at three sites located in Lille (north of France),
Observatoire of Haute Provence (south east of France), and La Réunion Island (France). A contact with Alexandr
Aculinin from the Laboratory of Materials for Photovoltaics and Photonics, Kishinev in Moldova is promising to
add to this validation activity long term spectrometer measurements collected at the site of Kishinev. Finally, we
will also pay attention to other networks providing high quality UV datasets such as FLUXNET and AEMET.

7.

Conclusion

This paper proposes a unique opportunity to confront six methods to assess UV for a humid subtropical climate at
one site in Uruguay. The method LAAM provides the best results as expected, since a preliminary training of the
parameters is required based on local measurements.
All other methods are either based on satellite imagery or numerical weather model. For the UV-B range, all
methods based on the Kato decomposition of the solar spectrum propose very promising results. The output
CAMS-UV from ECMWF numerical weather model gives also satisfactory results outside an underestimation that
could easily be corrected by a post-bias adjustment. The Wald method would require also a more complex
adjustment to correct the underestimation to reach satisfactory results. This work could be worthy as this method is
compatible with an operational exploitation in real time.
In the UV-A range and despite a larger scatter of the CAMS-UV histogram, one may conclude that all methods
provide a trustful representation of the local temporal variability of the irradiances.
This work is part of a larger project of comparison of methods to assess different methods to supply UV estimates
for several sites in the world. The plan is to extend this validation for other sites in France and in the UnitedKingdom.
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Abstract
We characterize the irradiance enhancement events that occur when coastal stratocumulus
clouds dissipate, caused by the breakup of the cloud layer into smaller cloud elements. The
analysis includes 91 days in 2016 and 2017 that presented transitions from stratocumulus to
clear skies in Southern California, using solar irradiance measurements and a clear sky model
to describe the enhancement events. We find that a breakup process that starts later in the day
lasts longer and is linked to stronger enhancement, as well as stronger down-ramps. Strong
enhancement events are also linked to higher wind speeds during the breakup and lower solar
zenith angle. The potential benefit of an irradiance enhancement forecast is assessed by
evaluating a battery ramp-rate control system. Compared to a forecast that does not capture the
solar variability, a good forecast would allow to use a smaller battery and to cycle it less,
extending its lifetime.
Keywords: irradiance enhancement, coastal stratocumulus, solar variability
1. Introduction
Stratocumulus (Sc) clouds are present in western coastal regions, attenuating the solar
irradiance that reaches the surface and typically dissipating during the morning hours. But
cloud dissipation is not a simple process: initially the cloud layer covers all the sky, cloud
thickness diminishes throughout the morning, and when the cloud layer thins enough, broken
cloud fields develop. These broken cloud fields generate strong solar variability.
Cloud Irradiance Enhancement (IE) consists of a measured solar irradiance that exceeds that
of clear skies, a phenomenon that can occur with thin broken clouds. IE has been widely
observed and characterized through analyses of ground measurements (i.e. Berg et al., 2011)
and radiative transfer simulations (i.e. Pecenak et al., 2016). The magnitude of IE events has
been related to the sun’s position and cloud properties such as cloud cover (Pfister et al., 2003)
or cloud optical depth (Pecenak et al., 2016). There are no studies that describe IE events linked
to the dissipation of coastal Sc clouds.
Solar variability due to IE has several effects on a solar photovoltaic plant. First, the power
output may exceed the inverter capacity at times, affecting its performance, and losing the
excess power that could be generated by IE. Second, the solar variability linked to IE events
can obstruct the compliance of ramp requirements set by the grid operators. Improving the
understanding of IE events could help to develop an accurate forecast of solar variability that
could be useful to control ramp rates.
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In this study, we analyze 91 days in 2016 and 2017 which display dissipating Sc clouds in
Southern California, describing the magnitude and duration of the IE events as well as the
down-ramp events in the same dissipation process. We also investigate how the IE events’
properties relate to meteorological parameters of importance for Sc clouds. Lastly, we assess
the value of an IE forecast for coastal Sc clouds by modeling a photovoltaic system with a
battery ramp-rate control.
1. Data and methods
2.1. IE event characterization

We consider Global Horizontal Irradiance (𝐺 ) data with 1 second resolution measured at the
UC San Diego campus, (La Jolla, CA), and clear sky irradiance (𝐺 ) obtained with a clear sky
model implemented in PV LIB (Ineichen and Perez, 2002; Holmgren et al., 2018). The
selection of days with Sc to clear transitions is done first by visual inspection of the time series
of 𝐺 and 𝐺 , and is corroborated with sky imagery available at the site. We have only included
single layer Sc clouds, excluding days with Cumulus clouds forming underneath (decoupled
Sc) because the physical processes are different.

Fig. 1: Measured and clear sky irradiance for June 17, 2017 in La Jolla, CA (left), and clear sky index (right).

The clear sky index 𝑘 is defined as the ratio between 𝐺 and 𝐺 . Fig. 1 shows that a Sc cloud
layer that is thinning undergoes an increase of 𝐺 and 𝑘 until strong variability develops around
08:15 LT. We define the breakup start time 𝑡 before the first strong peak occurs (when 𝑘
exceeds its 15-minute moving average 𝑘 by more than 0.15), and the ending time 𝑡 after
clear skies prevail (when for the following 5 minutes, 𝑘 ≈ 1 and 𝑑𝑘 ⁄𝑑𝑡 ∨ 10 ). In the breakup
window (when 𝑡 < 𝑡 < 𝑡 ), an IE event is detected when 𝑘 > 1.05, and an extreme downramp is detected when 𝑘 < 𝑘 − 0.15. The strongest IE event during the breakup determines
𝑘
, and the strongest down-ramp event determines 𝑘 .
2.2. Meteorological parameters of interest for coastal Sc clouds

We obtain radiosonde and wind data from the closest meteorological station (NKX, located at
the Marine Corps Air Station in San Diego, CA). The radiosonde data allows us to derive
variables that describe the state of the atmospheric boundary layer (ABL), the lower part of the
atmosphere where Sc clouds develop. From the radiosondes, launched at 03:00 LT, we obtain
the cloud top height (𝑧 ), the ABL averaged potential liquid water temperature (𝜃 ) that
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represents the ABL thermal state, and the capping temperature inversion jump (𝛥𝜃 ) which is
known to influence the presence of marine Sc (Wood, 2012). The wind speed at 10 m is
available during the whole day, and we gather the wind speed at the start of the breakup (𝑢 )
and an average wind speed during the breakup process (𝑢).
2.3. A PV system with ramp-rate control

In order to assess the value of an IE forecast, we consider a PV system with battery ramp-rate
control operating in June 22, 2017, a day with strong IE events. Our system consists of a small
section of a rooftop photovoltaic system at the UC San Diego campus consisting of 42 modules
connected to a 7 kW inverter. In order to model the generated electric power, the solar
irradiance (𝐺 ) is converted to electric DC power (𝑃) using PV LIB (Holmgren et al., 2018).
The ramp-rate control system takes in a power forecast, and calculates the ramp rate 𝑟 at each
second as the difference between the forecasted power (𝑃 ) and the last generated power (𝑃 ),
normalized by the inverter power (𝑃 ) (Eq. 1).
𝑟 (𝑡 ) =

( )

(

)

(eq. 1)

× 100[%⁄𝑠]

For the ramp-rate control, the maximum permissible ramp rate 𝑟
is set as 0.16%/s, which is
equivalent to the common ramp-rate requirement of 10%/min (de la Parra et al., 2015). The
control system sets the generated power to either be limited by 𝑟
or to take all the incoming
power in, depending on the expected ramp rate (Eq. 2).
𝑃 (𝑡) =

𝑃 (𝑡 )
𝑃 (𝑡 − 1𝑠) + sign(𝑟)

𝑃

,if 𝑟(𝑡) ≤ 𝑟
, if 𝑟 (𝑡) > 𝑟

(eq. 2)

After the generated power is decided by the control system, the battery power (𝑃
difference between the DC power before the inverter 𝑃 and generated power 𝑃 .

) is the

2. Results and discussion
3.1. IE caused by Stratocumulus clouds

The strongest IE event with 𝑘 = 1.699 occurred on July 3rd, 2016 and the minimum down
ramp of 𝑘 = 0.245 on June 25, 2016. Breakups can start as early as 05:23 LT or as late as
12:06 LT, and they last from 3 minutes to 6 hours and 22 minutes. The time at which the
breakup ends is also the time when the Sc layer dissipates, and it ranges from 06:16 LT to 14:14
LT. In this section, we review and discuss the relationships of the timing and magnitude aspects
of the IE events during the Sc breakup process.
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Fig. 2: Observed relationships for different parameters of importance for the Sc breakup process.
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The timing of the Sc breakup processes comprises the duration, start time, and end time. While
the start and end times are logically correlated since an event that starts later with end later
(correlation coefficient of 𝜌 = 0.77), we also observe that the breakups that end later in the
day last longer (Fig. 2a, 𝜌 = 0.61). A cause of this relationship is that only the later breakups
can display longer durations, but physics may also play a role. Solar heating and sea breeze
compete to thin or thicken the Sc cloud layer, and both processes become the dominant factors
to determine coastal cloud evolution as the morning advances (Ghonima et al., 2016).
Consequently, only the clouds that manage to stay for longer are subjected to this balance,
meaning they could experience a longer breakup process.
While previous works have studied important factors in cloud thinning (van der Dussen and de
Roode, 2014), there is a lack of understanding on what causes the start of the Sc breakup. Since
the initial cloud thickness is strongly related to Sc dissipation time (Burleyson et al., 2015),
one may think that there is a critical cloud thickness at which the breakup occurs. Due to the
lack of a measurement of cloud thickness, we use the clear sky index prior to the breakup, 𝑘 =
𝑘 (𝑡 ), as an indicator of how thick the cloud is when the breakup starts. Fig. 2b shows firstly
that there is not a critical value of 𝑘 linked to the start of the cloud breakup, although there is
still a weak correlation (𝜌 = −0.3). Secondly, early breakups occur for any 𝑘 , while later
breakups are linked to smaller 𝑘 . This suggests that later breakups start when clouds are thick
and early breakups occur at different cloud thicknesses, so other factors must influence the
breakup. One of these factors could be the wind speed, as the sea breeze is important in coastal
cloud evolution. Fig. 2c shows that the wind speed at the beginning of the breakup 𝑢 is weakly
linked to 𝑡 (𝜌 = 0.4), but this could be a consequence of the wind speed diurnal cycle rather
than a physical process. Also, the resolution of the available wind speed data is not fine enough
to correctly identify if the values of 𝑢 are below or above the average diurnal cycle.
Meteorological variables such as the initial cloud top height 𝑧 and the temperature inversion
𝛥𝜃 are also related to 𝑡 , although their relationships are not as strong as the other timing
parameters (Fig. 2i and 2j, 𝜌 = 0.22 and 0.21, respectively).
The maximum magnitude of the IE events 𝑘
increases with 𝑡 (Fig. 2d, 𝜌 = 0.33) and
decreases with the solar zenith angle 𝛩 (Fig. 2e, 𝜌 = −0.22). This contradicts the general
trend of increased 𝑘 with 𝛩 modeled by Pecenak et al. (2016), but as Sc clouds are thin at the
onset of the breakup, the state of the cloud could lie in the nonlinear region of their reported
relationship between 𝑘, cloud optical depth, and 𝛩 . A measure of cloud optical depth at the
occurrence of each IE event would be needed to further clarify this issue. We also observe that
𝑘
is greater for stronger wind speeds during the breakup (Fig. 2f, 𝜌 = 0.67), which agrees
with the relationship between 𝑘
and 𝑡 because the wind speed increases when it is closer
to noon. Of the initial meteorological parameters, only the cloud top height 𝑧 is related to 𝑘
(Fig. 2k, 𝜌 = 0.19).
There is no trend between the maximum and minimum clear sky indices of the breakups 𝑘
and 𝑘
(Fig. 2g, 𝜌 = −0.06), but for 𝑘
we see a robust trend with 𝑡 (Fig. 2h, 𝜌 = −0.33).
The fact that 𝑘
is related to cloud thickness because the shading effect of thicker clouds can
lead to lower 𝑘 (Pecenak et al., 2016) also suggests that early Sc dissipation occurs for a variety
of cloud thicknesses, while later dissipation only occur for thicker clouds. Of the initial
meteorological parameters, the cloud top height 𝑧 and ABL thermal state 𝜃 indicate a weak
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influence on 𝑘
(Fig. 2l and 2m, 𝜌 = −0.19 and 0.2, respectively). It is interesting to note
that initial parameters do not have a strong influence on the IE event features, even though they
are known to be important for cloud dissipation time. This suggests that the physical processes
that influence cloud evolution might be more important than the initial state to determine both
the timing and magnitude of the IE events. Also, existing correlations between the
meteorological parameters exist, such is the case for 𝑧 and 𝜃 (Fig. 2n), and they can affect
further correlations with the breakup characteristics. From this point of view, detailed
meteorological observations at the time of the breakup should be explored, along with their
correlations, including variables related to surface heating, radiative cooling and sea breeze
advection processes.
3.2. The value of a Sc dissipation IE forecast

A better understanding of the Sc dissipation process can improve the forecast of solar
irradiance, including the prediction of up and down-ramp events. In order to assess the value
of such a forecast, we illustrate its possible influence on a PV system with battery ramp rate
control.

Fig. 3: Idealized power forecasts for the ramp-rate control assessment for June 22, 2017

Fig. 3 shows the two idealized power forecasts built from the observed solar irradiance as
described in Section 2.3.: a perfect forecast with 1 s resolution, and a 15 min averaged time
series that is not able to include solar variability. The latter idealized forecast resembles the
output of a numerical weather prediction model. Since the two forecasts have a different time
step (1 s and 15 min), the control will assume a 1 s forecast, interpolating from the 15 min timeseries. Fig. 4a shows the results of the ramp-rate control for generated power 𝑃 considering
the two forecasts, focusing on the breakup duration, and Fig. 4b shows the resulting state of
charge (SOC) of the battery. Compared to the perfect forecast, the mean forecast induces a lot
of extra variability into the generated power and also the battery (not shown). The control
system tends to limit the ramp rate for some time until it approaches the predicted value, and
then decides to take all power in. Since the actual power differs from the prediction, undesired
ramps are generated. This process occurs very frequently, developing a zig-zag performance.
Consequently, the battery is used more, which can lower its lifetime. Another outcome of using
a poor forecast is that a larger battery capacity is needed: the SOC of the battery reaches a
cumulative discharge 4 times greater than the charge using the perfect forecast (Fig. 4b).
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Fig. 4: Ramp-rate control results for the (a) generated power and (b) the state of charge (SOC) of the battery

While a solar power forecast with 1 s resolution could be used in ramp-rate control systems,
the current real-time technology operating at PV plants can detect the actual generated DC
power of a PV system in timescales shorter than 1 s (de la Parra et al., 2016). Since ramp-rate
control is based in a short-term decision and does not consider future behavior, real-time data
will be preferred over a 1 s forecast, thus reducing the value of the forecast.
3. Conclusions and future work
We have analyzed and described 91 Sc breakup processes for Southern California, finding that
clouds that break later in the day lead to stronger IE events, their breakup process lasts longer,
and they are accompanied by lower solar zenith angles and stronger wind speed. Our results
suggest that the clouds that dissipate later in the day correspond to thicker clouds, and that they
also start to break later than thinner clouds. The starting time of the breakup does not seem to
be determined by cloud thickness alone, and although wind speed can be of importance, it is
hard to isolate its effect because of its diurnal cycle and poor data resolution. Future work
should examine how Sc clouds can break into smaller components either using a physical
model to analyze the effect of each physical process, or with more detailed meteorological data
during the breakup process.
We have assessed the value of an IE forecast, by modeling a PV system with a battery that
regulates the ramp rates delivered to the inverter, evaluating a day with strong IE events. An
accurate forecast allows to reduce the battery capacity and its use, which can result in less
degradation and a longer battery life. We also note that currently, operational ramp-rate control
is possible, which may not require a forecast to operate.
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Abstract

Photovoltaic solar energy (PV) is the technology for electric generation that shows the highest growth since
2002, experiencing an average annual increase of 48%. The prediction of the solar resource for a PV plant,
connected to the grid, is necessary to ensure optimal capture and transformation of the available solar energy
and reliable power production. In addition, the accumulation of dirt on the surface of photovoltaic modules has a
significant impact on the production of a photovoltaic installation. This phenomenon is related to the angle of
inclination of the panel and the meteorological conditions, such as the aerosols present in the atmosphere,
relative humidity, ambient temperature, pressure, etc. The fundamental objective of the present project is to
develop an experimental PV plant to characterise the losses per soiling with the aim to predict in the short term,
from one to three hours, the production of a photovoltaic plant.
Keywords: Solar radiation, PV forecasting, Soiling, Atmosphere.

1. Introduction
Renewable energies have the advantage of a lower impact on the environment compared to other sources of
energy; however, its performance is conditioned by its variation in weather and weather conditions. Besides,
contributing to reduce pollution, its implementation will reduce our energy consumption and our energy
dependence on the outside, which currently exceeds 80%.
Photovoltaic (PV) plants are the technology for electricity generation that shows the highest growth since 2002
thanks to the sharp decrease in the manufacturing costs of PV panels. Most photovoltaic systems connected to
the power grid employ maximum power tracking systems (MPPT) to ensure that the PV module operates at a
point that produces maximum generation. However, maintaining a photovoltaic panel near your MPP is a
difficult task when atmospheric conditions lead to variations in panel temperature and incident solar irradiation.
Thus, given the high dependence of the output power of the system with the incident solar irradiance, the
transitory phenomena (ups and downs of radiation in a short period of time) significantly alter the power output
of the photovoltaic system.
One of the main problems in the operation of PV plants is to accurately predict the moment, duration and
quantification of a significant drop in incident global solar radiation. Long-term predictions, such as those made
24 hours in advance, do not allow us to estimate in detail the variations in global irradiance in short time
intervals of the order of a minute. The prediction of short-term solar radiation, also known as nowcasting, is a
current research topic and provides predictions in a time horizon of the order of one to three hours and with a
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resolution of the order of minutes (Alonso-Montesinos and Batlles, 2015). There have been numerous
researchers who have addressed the issue of short-term solar resource prediction in recent years. In addition,
soiling is a factor that has a high correlation with the angle of inclination of the module and weather conditions
(aerosol load, relative humidity, wind speed or precipitation).
There are recent works that show in a relative way the impact of some meteorological variables on the losses by
soiling in several regions of the world (Bouraiou et al., 2015, Ferrada et al., 2015, Micheli and Muller, 2017,
Urrejola et al., 2016). The annual losses in a photovoltaic generator due to dirtiness will depend a lot on the
characteristics of the site (climatic and environmental conditions) as well as on the characteristics of the
transparent cover of the module. In dry and arid climates, losses of up to 25% have been reported after three
months of operation in the dry season (Stein and Farnung, 2017). After analyzing the results of different studies,
it can be stated that, after irradiation and temperature, dust is the environmental parameter that most influences
the performance of a photovoltaic panel (John et al., 2016). The powder is a particle less than 500 μm in
diameter that has various origins, such as pollen, human and animal cells, textile fibers and, above all, organic
minerals (Darwish, et al., 2015). The study of fouling in photovoltaic modules is becoming more and more
important as it leads to a continuous reduction of energy production (Hegazy, 2001) decreasing their
performance by up to 50% (Maghami et al., 2016; Mazumder et al., 2013). In addition, although the dirt does
not lead to a degradation of the module directly, it can lead to major drawbacks such as the hot spots created by
the shadows generated by the dust in the photovoltaic module, even shortening its useful life (Milanés, 2017).
Studies state that characteristics such as the size of the dust grain, the type of grain, the density, the level of light
transmission through the dust grain and the glazing temperature are the most important factors to study the loss
of efficiency in photovoltaic solar energy (Abderrezek & Fathi, 2017; Rao et al., 2014). For example, M. Pavan
et al. They found that 6.9% of losses occur with sand-type dust and 1.1% with more compact dust (Massi Pavan
et al., 2011). With the appearance of dust and the drop-in performance, the need to perform spot cleaning
appears. Most of these are based on water as a cleaning fluid. Some of the most used systems are natural
method, electrostatic method, mechanical method and automatic nano-film method. The consequences of
fouling also depend on the cleaning method that is carried out (Syafiq et al., 2016). Another cleaning system that
is being implemented is based on transparent electrodynamic screens, capable of eliminating 90% of the dirt
with energy produced by the own panel (Mazumder et al., 2013) thus avoiding high consumption of water, an
element that , in desert areas, sometimes it is impossible to obtain.
Therefore, the main objective of this work is to determine the most significant atmospheric factors related to
soiling, to be able to model them and thus have an estimate of the production of an experimental photovoltaic
plant located at the Solar Energy Research Center (CIESOL) in the south east of Spain with Mediterranean
climate. This determination will allow to improve the PV plant production forecasting employing different
techniques and based on remote sensing devices. Therefore, given the importance of the dirt in the performance
of photovoltaic installations (Trigo-González et al., 2019) and the little information relative to the characteristics
and consequences of this in the Mediterranean area, in this work it is going to carry out the first of the steps
necessary for the characterization of dust in the Almeria area, where the design of an experimental photovoltaic
system will be carried out in order to characterize the influence of dust in this geographical area. For this, a
photovoltaic installation equipped with four polycrystalline panels will be available, of which two of them will
be cleaned periodically and the other two will be left to be freely soiled in order to make the pertinent
comparisons.

2. Materials and methods
In this section, we will present the design of a complete experimental photovoltaic installation equipped with a
metallic structure, different photovoltaic panels, measurement devices and sensors and data acquisition systems,
together with those methodologies that have made it possible to achieve their objectives.
2.1

Photovoltaic modules

The panels that will be installed on the roof of CIESOL, to subsequently conduct dust studies, will be of the A222P model of ATERSA. Four panels arranged in pairs in each row of the metal structure will be used. Of the
two panels in each row, one will be cleaned periodically while the other will be left uncleaned so that the dust
that may appear in the environment will progressively dirty it. Figure 1 shows a picture of the PV panel.
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Figure 1.- PV panel of ATERSA manufacturer.

It should be noted that the four panels have a polycrystalline structure and the properties of each panel is
presented in Table Table 1, composed of 60 cells in series each, with a power of 222W and a short-circuit
current of 8.17A.
Table 1.- Main characteristics of ATERSA PV panels.

2.2

Peak power

222 W

Cells in Series

60

Efficiency

13.63%

Current Maximum Power Point

7.57 A

Voltage Maximum Power Point

29.32 V

Open circuit current

8.17 A

Open circuit voltaje

36.42 V

Dimensions

1645 x 990 x 50 mm

Weigh

21.5 kg

Area

1.63 m2

Temperature of working

-40 ºC to +85 ºC

Maximum voltage of the system

1000 V

Shunts 15 A / 150 mV KL.0.5

To obtain the values of the short-circuit current that occur in each photovoltaic panel, a shunt will be used in
each of these. The dimensioning of the resistance added to each panel has been made following the technical
specifications of the photovoltaic panel itself. Specifically, the panel has a maximum current of 8.17 A, which
means that the resistance must, at least, have an equal or greater consumption. The resistance according to each
panel is the one defined for 15 A / 150 mV. Therefore, to obtain the value of the short-circuit current, the
voltage that falls on the resistance will be measured. Once the voltage value in this is known, the short circuit
current (Isc) can be known by performing the following linear conversion:
𝐼

𝐼
𝑈

𝑈

(1)

Where Irange is the current range (15 A), Urange is the voltage range (0.150 V) and Uout is the measured voltage.
Figure 2 shows an image of the shunt where the extremes are used to connect the PV panels.
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Figure 2.- Shunt 15 A / 150 mV.

2.3

Calibrated solar cells

For the measure of the global irradiance in the same array plane of PV modules, a polycrystalline solar cell
encapsulated in a box in the form of a photovoltaic panel will be used. ATERSA is the manufacturer of the cells
and they provide the voltage enough to cover a global irradiance from 0 to 1000 Wm-2, given as voltage in the
range 0 to 65 mV. Together with each row of PV panels, two cells are placed where periodically will be cleaned
one of them to compare the difference between clear and non-clear cell. Figure 3 shows the solar irradiance PV
cell.

Figure 3.- ATERSA calibrated solar cell.

2.4

DustIQ sensor

In order to control the contamination by dust that can be deposited in the environment of the installed
photovoltaic plant, a new sensor will be used on the market, such as the DustIQ model of the KIPP & ZONEN
brand. This sensor employs optical dirt measurement technology that provides data as much as percent of the
dust losses with a frequency of one minute. Figure 4 shows the new sensor to measure the

Figure 4.- DustIQ sensor.

2.5

Temperature probes (Pt100)

In order to know the temperature in each photovoltaic panel, two 4-wire Pt100 resistive temperature detectors
will be placed in each one. These probes will be fixed to the back of the panel, one in its highest section and
another in its lower area, to try to obtain an average representative measurement of the photovoltaic panel. By
using 4 wires, the resistance is measured two to two, thus compensating for possible losses that may occur at
these distances. The temperature range is -50 to + 100ºC with a resistance of 100 ohms to 0ºC. Figure 5 shows
one Pt100 sensor.
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Figure 5.- Temperature sensor (Pt100).

2.6

Temperature and Relative humidity sensor

To obtain the value of the ambient temperature and relative humidity in the area of the installation, the HMP60
probe of Vaisala will be used. Table 2 shows the main properties of the sensor, whereas Figure 6 shows the
probe and the protection cupule of the probe.
Table 2.- Characteristics of the HMP60 Vaisala sensor.

Measuring HR range

0 – 100 %HR

Temperature range

-40 a 60 ºC

Input voltage

5 – 28 VDC

Intensity consume

1 – 5 mA

Output voltage

0 – 5 VDC

Figure 6.- HMP60 sensor and protection cupule.

2.7

Pressure sensor

To know the value of the atmospheric pressure in the environment of the installation, the contrasted barometer
PTB110 of the trademark VAISALA will be used. This sensor has the capability to measure the pressure
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between 500 and 1100 hPa, needing a voltage supply from 10 – 30 VDC, having a voltage output between 0 and
5 VDC (Figure 7).

Figure 7.- Barómetro PTB110 de VAISALA.

2.8

Support structure of PV panels and sensors

In order to have a structure to hold the photovoltaic panels that will serve as experimentation, in addition to the
rest of the elements that will be used for atmospheric measurements, the CIESOL building has been designated
as the most suitable for such tasks. Specifically, the structure has been located on the roof located on the second
floor of the building, on a stone pavement. The structure has been designed, as it is presented, for the array of 4
photovoltaic panels, in addition to the set of sensors described above. The dimensioning of the support structure
has been made considering the dimensions of the panels and the sensors that this will support. The separation
between rows was 4 m to avoid shadows throughout the year. The structure has a manual adjustment system that
allows adjusting the inclination of each array of two panels, ranging from 0º to 40º. Figure 8 represents the plans
of the structure for two panels

Figure 8.- Plane for the PV panel support structure.

2.9

Data acquisition system

For the acquisition of data, the system of the brand KeySight, model DAQ970A (Figure 9) compatible through
LAN and USB interfaces will be used. There are many advantages to using this type of system, as it has great
versatility compared to sensors of different types and origins, as well as having a web interface that allows
controlling and configuring the instrument. It has capacity for 3 multiplexer modules, each of them with up to
22 channels. The datalogger is compatible with the SPCI programming language and has an internal DMM with
a resolution of 6½ digits (22 bits) with signal conditioning.
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Figure 9.- Datalogger KEYSIGHT DAQ970A.

To acquire the data of the different sensors, two multiplexer modules model Armature of 20 channels
DAQM901A will be used. This model of multiplexer has 20 analog channels + 2 independently configurable
digital channels and are divided into two banks of 10 channels each, with two inputs per channel, and another
small bank with 2 channels and a total of 4 possible inputs. The internal circuitry of the multiplexer module is
shown in the following image:

Figure 10.- Internal circuit of DAQM901A.

2.10

System connection

All sensors, except for the DustIQ dust sensor (which is connected directly in the PC), have been integrated into
the datalogger. The connection of the sensors to the datalogger has been made in the two multiplexer modules.
The first multiplexer has been reserved for sensors that measure the characteristics of each photovoltaic panel:
module temperature and resistance (to obtain the short-circuit current). The multiplexer 2 has been used for the
sensors that calculate the environmental parameters external to the panels, leaving, at this moment, a total of 13
free channels to be used in possible extensions of the installation. Figure 11 shows a schematic vision of the
connections.
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Figure 11.- Connection of sensors in multiplexers 1 and 2.

The first multiplexer has been reserved for sensors that measure the characteristics of each photovoltaic panel:
module temperature and resistance (to obtain the short-circuit current). The multiplexer 2 has been used for the
sensors that calculate the environmental parameters external to the panels, leaving, at this moment, a total of 13
free channels to be used in possible extensions of the installation.

3. Results for the PV installation to measure the relevance analysis of
atmospheric variables in the PV production
In this section, we will present the main results of the design and installation of the experimental photovoltaic
plant together with the sensors to measure the properties of the panels and atmospheric variables to obtain a
representation of the losses due to dirtiness due to the dust in suspension. Figure 12 shows the result of installing
two photovoltaic panels in the metallic structure together with the DustIQ dust sensor and two calibrated cells.
In addition, the temperature and relative humidity sensor can be seen behind the panels. The height of the
structure has been equal to that of the wall to avoid shading.

Figure 12.- PV array, DustIQ, calibrated cells and Temperature/HR sensor.
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Figure 13 shows the other installed array, with two photovoltaic panels and two global irradiance sensors in the
same array plane.

Figure 13.- PV array together with two calibrated cells.

Figure 14 shows the back of two panels, where you can see the installed Pt100 (in red), as well as two central
boxes where the shunts are located (one for each panel). All cables have been protected by a weather pipe and
are arranged to reach the Datalogger located in a room next to the installation, where the pressure sensor is
located.

Figure 14.- Rear view of photovoltaic panels with the identification of the Pt100 sensors.

Once the communication has been effective, following the previous diagrams and annotations, it has been
necessary to select different modes of operation of the datalogger, such as the determination of the
communication between the acquisition system and the data server PC. This has been through the LAN
interface. In order to select this type of connection, the Keysight Connection Expert application has been used.
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The DAQ970A has the advantage of being able to perform a remote operations control through the web
interface. To access it, simply enter the IP address of the datalogger in the web browser, where the values that
the sensors are measuring in each channel are displayed. With this, you can work with the datalogger remotely
through established LAN communication. Figure 15 shows an example of the measurement of the temperature
sensor Pt100 nº3, located on channels 03 and 13 and where the result is a temperature value after the correct
connection of the four wires.

Figure 15.- Interface Web of Datalogger system.

Therefore, with the verification phase of the results it can be confirmed that the system guarantees a set of
reliable measurements that enable the study of the fouling of photovoltaic panels, the influence of
meteorological variables on the causes that affect soiling and, therefore, the factors that affect the performance
of a photovoltaic experimental plant

4. Conclusions
In this work, the design of an experimental installation has been presented to characterize the influence of dust
fouling on photovoltaic panels and how it affects their performance. In total, 4 panels have been used, each
equipped with 60 polycrystalline silicon cells and with a maximum power of 222 Wp.
To be able to hold the panels, two metallic structures (in aluminum) with a capacity to hold up to a total of 4
panels have been installed. In addition, the structure has enough space to install different atmospheric sensors
related to the meteorological variables that affect the photovoltaic plant.
The effect of the dust is usually more representative in the short-circuit current, when a drop in the intensity
occurs whenever there is dirt by dust. For this, shunts of 15 A / 150 mV of the commercial mark KAYNOS have
been installed, which will determine at any time what the open circuit current is. Weatherproof boxes have been
created to protect the shunts and have been installed under the panels themselves attached to the metal structure.
The temperature of the photovoltaic panels has been measured thanks to two 4-wire Pt100 sensors of the RS
PRO brand connected on the top and bottom of the back of each panel. With this temperature, it will be possible
to obtain the average temperature of each panel in real time.
A total of 4 calibrated cells of the ATERSA brand have been installed, capable of measuring the global radiation
at any time through a voltage output of 0 to 65 mV without the need for an auxiliary power supply.
The experimental plant has been equipped with a dust measuring system of the brand KIPP & ZONEN, model
DustIQ, to measure the dust deposited on the surface of the device. This measure will be correlated with the
photovoltaic panels to relate the level of dust with the fall of production of the same.
The installation has been equipped with an ambient temperature and relative humidity sensor of the VAISALA
brand, model HMP60. In addition, to control the possible oscillations of atmospheric pressure, a pressure sensor
of the brand VAISALA, model PTB110 has also been installed within the general scheme of the installation.
All the sensors have been connected and configured in a datalogger of the manufacturer KEYSIGH, model
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DAQ970A, through a total of two multiplexer cabinets model DAQM901A. This configuration, with capacity
for 40 analog and 4 digital channels, has been configured, with the corresponding scale backgrounds, to recover
data every minute from the sensors. The software has been installed on a server computer with Windows 10 Pro
to capture data in real time, and it has been possible to verify that all the data is recovered correctly.
With this installation, a very important process has been completed dedicated to the study of the factors that
affect the production of photovoltaic plants, thus having a reference system that can be used to extract valuable
information demanded by the energy sector, and with the that it is intended to export the knowledge to larger
sized commercial plants for an improvement of the yield and the use of the solar resource.
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Abstract

This pair of articles proposes a framework to perform a comprehensive testing procedure on solar probabilistic
forecasts. The evaluation framework is based on graphical diagnosis tools and quantitative scores initially
designed by the weather forecasts verification community. To illustrate the application of the proposed
verification framework, two sites, which experience very different climatic conditions, have been selected. First,
Desert Rock, situated in the continental US, has high occurrence of clear skies. And second, Tampon, situated
on the Reunion tropical island, presents highly variable sky conditions.
Part I focuses on the assessment of ensemble forecasts commonly provided by meteorological utilities such as
ECMWF or NCEP. The singular nature of this type of probabilistic forecasts requires to carefully indicate the
assumptions used to define the associated CDF and to use suitable verification tools.
Keywords: solar forecasts, ensemble prediction systems, evaluation framework, diagnostic tools, scores

1. Introduction
Forecasts of solar energy production are necessary to efficiently integrate solar renewables into grids and also to
decrease the associated costs. Indeed, power generation from photovoltaic (PV) or solar thermal plants is highly
variable since weather dependent. Therefore, accurate knowledge of the future production of solar renewables is
necessary to limit the needs of additional balancing services and potentially storage. Therefore, increasing the
value of solar renewables generation through the improvement of solar forecasting models is of paramount
importance. This work will use the global horizontal irradiance (GHI) to illustrate the application of the
proposed evaluation framework.
Numerous works are dedicated to the development of models that generate deterministic forecasts and the solar
forecasting community has already defined a set of metrics, which are commonly used to evaluate their quality
(Coimbra et al., 2013, Hoff et al., 2013). However, a forecast is inherently uncertain and in a context of
decision-making faced by the grid operator, a point forecast plus an uncertainty (or prediction) interval is a true
added-value. Compared to the wind power community, where probabilistic forecasts are developed since many
years (Iversen et al., 2015; Jung and Broadwater, 2014; Morales et al., 2014; Pinson et al., 2007), the
development of probabilistic solar forecast is relatively new and most of the works on the topic are recent
(Alessandrini et al., 2015; Ben Bouallègue, 2015; David et al., 2016; Grantham et al., 2016; Sperati et al., 2016;
Zamo et al., 2014). Therefore, a framework to evaluate probabilistic prediction is now required.
Assessing the accuracy of probabilistic forecasts is harder than for deterministic ones (Pinson et al., 2007).
Figure 1 gives an example of GHI probabilistic forecasts. Prediction intervals (PIs) enrich the deterministic
prediction. The deviation between recorded GHI (black line) and deterministic forecasts (blue dashed line) can
easily be assessed by a visual inspection. But it is almost impossible to evaluate the accuracy of the prediction
intervals. A comprehensive assessment of probabilistic forecasts needs to use relevant diagnostic tools and
scores.
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University of KwaZulu-Natal Westville (Durban,South Africa), November 7th and 8th 2016
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Fig. 1: 2 days ahead of hourly GHI forecasts (ECMWF-EPS) and observations at the University of KuwaZulu-Natal Westville,
South Africa (Brooks et al., 2015)

(Murphy, 1993) defines three different characteristics of the goodness of weather forecasts: consistency, quality
and value. Among these characteristics, this work concentrates on the assessment of the quality of the models.
Several attributes characterize the quality of a probabilistic forecasting system (Wilks, 2009) but two main
properties (i.e. reliability and resolution) are used to measure the quality of a forecasting system (Jolliffe and
Stephenson, 2003). Reliability or calibration refers to the statistical consistency between the forecasts and the
observations. Resolution measures the capacity of a forecasting model to issue forecasts that are case-dependent.
The resolution property is commonly not considered by the solar forecasting community. A third widely used
attribute, namely sharpness, characterizes how informative the forecasts are. Practically, sharpness refers to the
concentration of the predictive distributions and does not provide any indication about the quality of the
forecasts (Pinson et al., 2010, Gneiting and Raftery, 2007).
Numerous tools and metrics have already been used to assess the quality of solar probabilistic forecasts
(Alessandrini et al., 2015; Chu and Coimbra, 2017; David et al., 2018; Golestaneh et al., 2016; Grantham et al.,
2016; Sperati et al., 2016; Verbois et al., 2018; Zamo et al., 2014). Regarding the graphical ones, reliability
diagrams and rank histograms, which are commonly used by the weather forecast community, were proposed to
visually evaluate the reliability. Several metrics have also been used to assess the quality and properties of solar
probabilistic forecasts. The review of the literature shows that the Continuous Rank Probability Score (CRPS) is
the main score for both solar and weather forecasting communities. The CRPS assess simultaneously the
reliability and resolution. Indeed, the CRPS corresponds to the sum of three components, namely reliability,
resolution and uncertainty. This decomposition gives a detailed picture of the performance of the forecasting
methods (Hersbach, 2000) and consequently may help in the ranking of the probabilistic forecasts. Other metrics
were also proposed. The Prediction Interval Coverage Probability (PICP) and the Prediction Interval
Normalized Average Width (PINAW) are respectively used to assess the reliability and the sharpness (Chu and
Coimbra, 2017; Khosravi et al., 2013; Lauret et al., 2017). The coverage width-based criterion (CWC) was also
proposed to assess the quality of the prediction intervals (Khosravi et al., 2013). Unfortunately, these metrics are
not all relevantly or appropriately used. For example, (Lauret et al., 2017) and (David et al., 2018) applied the
version originally dedicated to assess ensemble forecasts (Hersbach, 2000) to compute the CRPS of discrete
quantile forecasts. Furthermore, as shown by (Pinson and Tastu, 2014), the CWC can lead to, possible
misinterpretations. But some works use (Chu et al., 2015; Grantham et al., 2016) and cite (van der Meer et al.,
2018; Yang et al., 2018) the CWC as a relevant metric.
That's why we think it's time to take stock on the evaluation tools used to test solar probabilistic forecasts. The
objective of this work is to provide the forecasting solar community a comprehensive overview of diagnostic
tools and scores that can be used to assess the performance of probabilistic forecasting methods. In particular,
the proposed verification framework may help the user to consistently evaluate the quality of the models. In
addition, we will propose a measure of resolution, as this attribute is not currently assessed in the literature.
Two types of GHI probabilistic forecasts exist. The first one is the ensemble forecast commonly provided by
Ensemble Prediction Systems (EPS) of the Numerical Weather Predictions (NWP) of meteorological utilities.
The second one is based on statistical methods and produces a set of quantiles spanning the unit interval. This 1
part of this pair of articles focuses on the assessment of EPS.
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2. Assumption underlying the evaluation of
EPS
An EPS gives the distribution of the future event as an ensemble of members that are not directly linked to the
notion of probabilities. For example, in the case of a NWP, an ensemble forecast corresponds to a perturbed set
of forecasts computed by slightly changing the initial conditions of the control run and of the modeling of
unresolved phenomena (Leutbecher and Palmer, 2008). This EPS allows representing the uncertainties of the
prediction scheme. Nevertheless, ensemble forecasts can be seen as discrete estimates of a CDF when they are
sorted in ascending order. In the literature, different ways to associate these sorted members to define
cumulative probabilities are proposed. Considering M sorted members of an ensemble E = (e1, …, eM) and the
corresponding observation xobs, the most common definition states that there is a probability of 1/M that the
observation falls between two consecutive members ej and ej+1 (Anderson, 1996; Hersbach, 2000). If we assign
a null probability for future events that fall outside the ensemble (i.e. xobs < e1 or xobs > eM), the predictive
distribution can be seen as a piecewise constant function

𝐹 𝑥 =

!
!!! 𝛼!

𝐻 𝑥 − 𝑒! .

(eq. 1)

H is the Heaviside function. The weight αk = 1/M corresponds to the jump of probability that happens when x =
ek. Figure 2 (left) shows the classical representation of an ensemble containing 4 members (M = 4). Considering
a continuous variable, such as solar irradiance, the “scale” shape of this CDF is not realistic. Some works
(Bröcker, 2012; Pinson et al., 2010; Roulston and Smith, 2002) proposed alternative definitions to face this
issue. For instance, they permit defining a continuous predictive distribution and non-null probabilities outside
the ensemble boundaries. We briefly present below two other ways to build a CDF from an ensemble forecast.

Fig. 2: Classic, non-uniform and uniform definitions of a CDF derived from an ensemble forecast

The first one is proposed by (Bröcker, 2012). A 1/M jump of probability separate two consecutive members and
a probability mass of 1/2M is assigned to the events that fall outside of the ensemble. The resulting CDF is a
non-uniform partition of the probability space [0; 1]. Figure 2 (middle) shows an example for an ensemble with
4 members (M = 4) and a linear interpolation between the members. The distribution is bounded by e0 and eM+1.
These limits may be arbitrary chosen. For instance, (Roulston and Smith, 2002) set these boundaries using the
minimum and the maximum of the climatology.
Regarding the second definition (Bröcker, 2012; Pinson et al., 2010), a probability mass of 1/(M+1) is assigned
between two consecutive members and for the events that fall outside of the ensemble. This representation
results in an uniform spacing of the cumulative probabilities. Figure 2 (right) shows the shape of this uniform
CDF for an ensemble with 4 members and a linear interpolation between the members. Once again, the
boundaries of the CDF, e0 and eM+1, have to be arbitrarily chosen.
The choice of the definition of the CDF will obviously affect the generation and the analysis of the evaluation
tools. The classical definition generates a piecewise constant CDF using only the available members. The
uniform and the non-uniform definitions require to arbitrary choose the boundaries of the CDF (i.e. e0 and eM+1).
Currently, the classical definition is the most used to generate the evaluation tools.

3. Verification tools
Evaluation of probabilistic solar forecasts has to be done with tools and metrics that are relevant related to their
nature. Considering EPS and its particularity to be defined by an ensemble of members, the classical definition
of the corresponding CDF seems to be the most appropriate. Indeed, no additional assumption is required, such
as setting the boundaries of the distribution. Furthermore, the weather forecasting community has already
developed a set of tools and metrics that are suitable with this CDF definition. Several attributes characterize
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probabilistic forecasts and they do not have the same importance when evaluating their quality. The reliability is
a primary requirement as non reliable forecasts would lead to a systematic bias in subsequent decision-making
processes (Pinson et al., 2007). Thus, reliability is the first propriety to check.
3.1. Graphical tools
Several visual tools are available to assess the reliability. The most suitable for EPS is the rank histogram. Rank
histograms are useful for determining the statistical consistency of the ensemble, that is, if the observation being
predicted looks statistically just like another member of the forecast ensemble (Wilks, 2009). A necessary
condition for ensemble consistency is an appropriate degree of ensemble dispersion leading to a flat rank
histogram. Considering a finite number of observation/forecast pairs, a consistency band, as proposed by
(Bröcker and Smith, 2007), defines the area where the ranks must fall. Regarding the evaluation of the
resolution, no graphical tool exists. Finally, sharpness diagrams are useful to visually assess the concentration of
the prediction intervals. One of the most used by the solar community is the Prediction Interval Average Width
(PINAW) diagram (Chu and Coimbra, 2017; Khosravi et al., 2013; Lauret et al., 2017). As the boundaries of the
PIs depend on the assumption done to define the CDF from the EPS, it is mandatory to clearly indicate which
one was used (e.g. uniform or non-uniform spacing) when presenting a PINAW diagram.
3.2. Scores
Numerical scores provide summary measures for the evaluation of the quality of probabilistic forecasts
(Gneiting and Raftery, 2007). Scores may help to rank competing probabilistic models. Several scores are
available in the literature (e.g. Quantile Score, Interval Score and Ignorance Score). Among others, the
Continuous Rank Probability Score (CRPS) (Hersbach, 2000) offers appealing characteristic: propriety,
normalization, similarity with the Mean Absolute Error (MAE) and decomposition in reliability (REL),
resolution (RES) and uncertainty (UNC) (eq. 1).

𝐶𝑅𝑃𝑆 =

!!
!
!!! !!

!
!
𝐹!"#$
𝑥 − 𝐹!"#
𝑥

!

𝑑𝑥 = 𝑅𝐸𝐿 + 𝑈𝑁𝐶 − 𝑅𝐸𝐿

(eq. 2)

3.1 Proposed evaluation framework
Considering ensemble forecasts, we propose to use the rank histogram including consistency bars and the CRPS
as defined by (Hersbach, 2000) to respectively qualify and quantify the performances of the EPS. Indeed, these
two tools doe not require additional assumptions (i.e. to define the nature of the distribution and its boundaries)
and they are already widely used. PINAW diagrams can complement the characterization of the forecasting
methods. However, PINAW diagrams must be interpreted with care because they are relevant only if the
associated forecasts are reliable. Finally, when PINAW diagrams are derived from ensemble forecasts, it is
important to clearly indicate the assumption done to obtain the prediction intervals (e.g. classical, uniform or
non-uniform spacing).

4. Application
To illustrate the use of the different evaluation tools, we will present in this section examples relative to two
locations with different sky conditions. The first site, Desert Rock (USA), has an arid climate with a very sunny
and stable sky. The second site, Tampon (Reunion), is located in a tropical island and experiences a very
variable sky. The experimental dataset corresponds to two consecutive years of recorded and forecasted data of
global horizontal irradiance (GHI), the first year of data (2012) as training set and the second year of data (2013)
as testing set. The day-ahead ensemble predictions were provided by the Integrated Forecasting System (IFS) of
the European Centre of Medium-Range Weather Forecasts (ECMWF-EPS). They consist in 50 perturbed
members. The temporal resolution is of 3 hours and the spatial resolution is of 0.2° in both longitude and
latitude. In addition, we also propose a post-processed version of the original ECMWF-EPS forecasts calibrated
with the Variance Deficit (VD) method (Sperati et al., 2016).
4.1. Reliability assessment
As discussed above, the first requirement for a probabilistic forecast is the reliability. The rank histogram is a
suitable tool to check this property of EPS because it permits to visually assess if the members of the ensemble
are indistinguishable from the observations. Figures 3 and 4 shows the rank histograms of the ECMWF-EPS
forecasts with and without calibration. The rank histogram of raw the ECMWF-EPS forecasts exhibits a U-
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shape indicating a lack of spread of the members. This is a common issue of EPS provided by NWP. The
calibration spreads the members and the resulting rank histograms for both sites are flatter. However, a
dissymmetry appears with the lower ranks (left side) more populated than the higher ones (right side). This
specific shape indicates that the calibration create a bias in the forecasts. Finally, even if the rank histograms
after the calibration are better than the ones corresponding to the original ECMWF-EPS, the post-processing
does not produce a reliable EPS as a large number of ranks remain out of the consistency band.

Fig. 3: Rank histograms of raw ECMWF-EPS (left) and ECMWF-EPS calibrated with variance deficit (right) for Desert Rock

Fig. 4: Rank histograms of raw ECMWF-EPS (left) and ECMWF-EPS calibrated with variance deficit (right) for Tampon

4.2. Sharpness assessment
As the forecasts are not reliable, there is no need to lead further investigations about the sharpness of the
prediction intervals as it could lead to a misinterpretation. However, we will evaluate the sharpness of the
considered forecasts to better illustrate this issue. Figure 5 shows sharpness diagrams for coverage rates ranging
from 0% to 100%, for the two sites and for the two considered ensemble forecasts. To compute the mean size of
the central prediction intervals, we assume an uniform spacing of the quantiles (see section 2). PIs of original
ECMWF-EPS forecasts are narrower than the calibrated ones. This is the consequence of the under-dispersion
and therefore of the low reliability of the ECMWF-EPS forecasts. So, in this case, even if narrow PIs are
preferred, sharpness diagrams should not be used as criteria to assess the quality of the forecasts.
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Fig. 5: PINAW diagrams of ECMWF-EPS and ECMWF-EPS + VD for Desert Rock (left) and for Tampon (right)

4.3. CRPS
To complete this analysis, Table 1 gives the CRPS and its decomposition. The calibration decreases the CRPS
only for Tampon. The decomposition highlights that the VD method improves the reliability for both sites but
decreases the resolution. But in the case of Desert Rock the increase in reliability, resulting from the calibration,
does not counter-balance the reduction in resolution. Figure 6 illustrates for a specific day why the calibration
results in a worst CRPS for Desert Rock. Indeed, the initial ECMWF-EPS forecast (blue line) already contains
the observation (black line) and the associated CDF is very sharp. So, the ECMWF-EPS forecast is relatively
good and results in a low CRPS. The VD method (red line) spreads the members and the resulting CDF covers a
wider range of possible irradiances. As the CRPS takes into account the distance between the observation and
the associated CDF range, the CRPS increases significantly. This example corresponds to a clear sky that has
been forecasted and occurred. Numerous clear sky occurrences are forecasted and observed at Desert Rock. As a
consequence, the results presented in the example can be extended to the whole year. So, the VD method
spreads blindly the ECMWF forecasts, even when it is not necessary.
Tab. 1: CRPS normalized by the mean irradiance and its decomposition

CRPS (%)

CRPS decomposition (%)
Reliability

Resolution

Uncertainty

Desert Rock
ECMWF-EPS

6.97

1.77

37.9

43.1

ECMWF-EPS + VD

7.37

0.97

36.7

43.1

Tampon
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ECMWF-EPS

25.1

6.03

23.5

42.6

ECMWF-EPS + VD

23.1

2.41

21.9

42.6
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Fig. 6: CDF of the observation and of calibrated (ECMWF-EPS+VD) and the raw ECMWF-EPS forecasts for the site of Desert
Rock June 9th 2013 at 16:00

5. Conclusion
In this work, a framework for evaluating solar probabilistic forecasts is proposed. This framework is based on
visual tools and scoring rules originally designed by the weather forecast verification community. However, no
methodology to use them relevantly exists in the realm of solar forecasting. When dealing with ensemble
forecasts, dedicated verification tools, such as rank histograms and the CRPS as proposed by Hersbach, can be
used without any additional assumption. Indeed, they assume a classical definition of the underlying CDF and
one does not require defining the CDF boundaries. However, care must be taken while deriving quantiles,
prediction intervals and associated metrics (i.e. QS, PINAW, etc.) from ensembles. As several possibilities are
available, it is important to clearly state which one is used (e.g. uniform or non-uniform spacing). The authors
have a preference for the uniform spacing because it performs quantile in a similar manner to discrete predictive
distributions. This work focused on the forecasting of the solar irradiance. However, the proposed methodology
and associated tools can be extended to the energy generation of solar renewables.
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Abstract

Reliable solar irradiation forecast is increasingly important for solar PV power dispatch. Satellite forecasting
methods are suitable for the intra-day time horizons. In this work we evaluate the performance of the satellite
cloud motion vector (CMV) forecasting technique proposed by Lorenz et al. (2004) for the Uruguayan territory.
The local implementation of this technique is also presented in this article. The performance assessment is done
for the prediction of the hourly solar global irradiation at ground level from 1 to 5 hours ahead and for site and
regional forecast. The relative root mean square deviation (rRMSD) ranges from 19% to 37% for the site CMV
forecast and from 9% to 18% for the regional CMV forecast. As expected, the deviations in the prediction are
higher over specific sites than over the entire region. Positive forecasting skills (FS) are obtained for all the
inspected time horizons in both spatial scales (site and regional). The FS metric peaks at +16% for site forecast
(at 2 hours ahead) and peaks at +30% for regional forecast (at 4 hours ahead).
Keywords: solar irradiation, forecast, satellite images, GOES-East, CMV.

1. Introduction
Since the year 2017 there are 230MW of large-scale grid-connected solar photovoltaic (PV) power installed in
Uruguay, representing 5% of the total installed capacity in the country (ADME, 2018). PV power contribution is
expected to grow significantly during this decade due to new installations (Gurín et al., 2016). As a
consequence, reliable locally-adapted PV power forecast at the useful time horizons for load dispatch is of
increasing importance for grid management. While intra-hour forecast is relevant for automatic load following,
intra-day forecast is important for managing multiple load zones and energy exports (Pedro and Coimbra, 2012).
These are the time horizons where solar satellite forecasting techniques can be exploited, being an important
source of information due to the images' temporal and spatial resolution (Lorenz et al., 2004).
Solar satellite forecast is done by estimating and extrapolating the movement of clouds from geostationary
satellite imagery, usually, by using the last two available images. This is possible because the rate of the images
is typically of 15 or 30 minutes depending on the satellite capabilities. The cloud's movement is represented by a
two dimensional vector field known as Cloud Motion Vectors (CMV) or Cloud Motion Field (CMF), which is
estimated from the sequence of images. The estimated CMV is used to extrapolate the near future position of
clouds (i.e. from minutes to some hours ahead). Then, by using a solar satellite assessment model, it is possible
to predict the ground level solar irradiation. This family of techniques reduces the clouds' three dimensional
physical problem into a two dimensional displacement problem, thus the forecast is prone to deviations that
arise from this simplification. For instance, these techniques are incapable of forecasting the complicated
convection processes in clouds. However, the CMV techniques have proved to be a suitable solar forecasting
technique (Kühnert et al., 2013; Perez and Hoff, 2013), providing better forecasting accuracy than the
Numerical Weather Predictions for forecast horizons till 4 hours ahead. Also, solar satellite forecast has proved
to beat the persistence procedure performance, typically, from 1-2 hours ahead and above.
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In this work we implement locally and assess the performance of a satellite CMV forecasting technique to
predict global solar irradiation at ground level (GHI) up to 5 hours ahead. The CMV estimation is based on the
similarity of regions in two consecutive images as proposed by Lorenz et al., 2004. The performance of the
method is compared with the standard persistence procedure, both for site and regional forecast. This is the first
performance evaluation of a satellite-based CMV solar forecasting method in the region and, for the best of our
knowledge, in Latin America. This article is organized in the following way. Section 2 describes the data,
namely, the solar irradiation ground measurements and the GOES-East satellite images. Section 3 explains the
CMV forecasting methodology implemented in this work and Section 4 presents its results. Finally, Section 5
summarizes our conclusions.

2. Data
2.1. Solar irradiation measurements
The reference GHI ground measurements were registered in seven sites distributed across the Uruguayan
territory. The location of the ground stations is presented in Tab. 1 and illustrated in Fig. 1. The region under
study is classified in the Köppen-Geiger climate classification (Peel et al., 2007) as Cfb (temperate, without dry
season, warm summers) in the southeast area influenced by the Atlantic Ocean and Cfa (temperate, without dry
season, hot summers) in the inner part of the country. This area is representative of the broader Pampa Humeda
region of south-east of South America.
One of the sites is located at an experimental facility of the Solar Energy Laboratory where high quality ground
measurements are maintained (LE site). This station is equipped with a Kipp & Zonen Solys2 ground station
and the GHI measurement is done using a Secondary Standard pyranometer (according to the ISO 9060:2018
standard). The other six stations are part of the field measurements network (RMCIS) administrated by this
Laboratory. The GHI measurements in these sites are taken with First Class or Secondary Standard
pyranometers. All the pyranometers are calibrated every two years as recommended by the WMO (World
Meteorological Organization), using a Kipp & Zonen CMP22 Secondary Standard. This instrument has
traceability to the World Radiometric Reference in Davos, Switzerland. Measurements are registered at a 1minute rate as the average of 15 seconds instantaneous samples. The hourly irradiation records required for this
work were obtained by integrating the 1 minute measurements. The hourly integrals follow the South America
GOES-East satellite time stamp, which will be explained in the next Subsection.

Tab. 1: Information from ground stations.

code

latitude (deg)

longitud (deg)

altitude (m)

LE

-31.28

-57.92

42

PP

-33.26

-54.49

58

RC

-34.49

-54.32

24

AR

-30.40

-56.51

136

LB

-34.67

-56.34

32

TA

-33.71

-55.83

140

ZU

-34.34

-57.69

81

1999
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Fig.1: Ground stations distribution across the Uruguayan territory.

2.2. Satellite images
Visible channel GOES-East satellite images from January 2016 to December 2017 are used in this work,
comprising two complete years of the former GOES13 satellite. During this period, satellite images for South
America had an irregular acquisition regime. Images were commonly available for the region every 30 minutes
with hourly time stamps at minutes 08 and 38. When Rapid Scan Operations were required, i.e. severe weather
conditions in the Caribbean area, only tri-hourly or hourly images were available. Further, as the 30 minutes
scan and the 3 hours scan (time stamp at minute 45) coexisted, there are 8 times per day in which consecutive
images can have 7 minutes time difference. This irregular availability was solved by the new GOES-R satellite,
which started its operation in the year 2018, providing regular 15 minutes images for the continent (and recently
10 minutes images).
For this work only consecutive images separated by 30 minutes are considered from the 2016-2017 GOES13
period. The present time image and the previous image are used to derive the CMV. The solar forecast is
performed for hourly time steps from the present time image time stamp. This imply that the hourly ground
measurements integrals need to have the same time stamp of the satellite images and were calculated ad-hoc for
the sake of this forecast assessment. The use of 30 minutes rate satellite images is an important difference with
other implementations of CMV forecast in Europe (Lorenz et al., 2004) or USA (Perez and Hoff, 2013) where
15 minutes images are used.

3. Methodology
As previously explained, the general satellite forecast methodology consist in detecting the cloud movement (the
CMV) from two consecutive satellite images and extrapolate it to the future, predicting the next images. Then,
using a satellite-based solar estimation model the predicted image can be converted into a solar irradiation
forecast. The similarity technique developed by Lorenz et al. (2004) is the main method currently used in the
industry for satellite forecast. To estimate the cloud displacement in each pixel, the algorithm considers its
surrounding rectangular area in the current image (called target area) and compares it with the neighbouring
regions in the previous image inside a bigger search area (Kühnert et al., 2013). Two grid spacing need to be
defined: a grid to move the target area within the search area (called target grid) and a grid in where to estimate
the velocity field (called vector grid). The size of the search area and the resolution of both grids are limited due
to computational cost. The similarity metric between regions is the root mean square deviation (RMSD). Once
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the area which has the smallest RMSD in the comparison with the target area is identified, a motion vector is
assigned to the pixel based on the translation. This methodology aim to identify areas with similar
characteristics in both images, i.e. similar cloudiness patterns, so that the traslation of each target area is the
CMV. The CMV derivation is the key element of this technique.
The size of the target area is selected following Kühnert et al. (2013), where the optimal target size is derived to
be 110 × 110 km. By converting this kilometer specification to pixels for the regional satellite space resolution,
a target area of 75 × 75 px is selected for this work. The size of the search area in relationship to the size of the
target area defines the maximum cloud velocity that will be estimated. Slower cloud displacement are favoured
as they lead to more stable and smooth velocity fields. Further, the larger the search area, the more mismatches
can arise from the procedure, leading to artifacts and inaccuracies in the CMF. A maximum cloud velocity of
100 km/h is imposed here, which results in a maximum horizontal/vertical displacement of about 25 px in 30
minutes (the rate of the satellite images). For a square search area, this means a side length of ls = 75 px + 25 px
+ (75/2) px ≈ 135 px, leading to a search area of 135 × 135 px. The grids for the CMV output (vector grid) and
for the target displacement within the search area (search grid) need to be defined. For the vector grid, a similar
resolution as Kühnert et al. (43 × 43 km) is used, leading to a pixel's spacing of 30 × 30 px. For the search grid a
higher resolution spacing of 5 × 5 px is used. The vector and search grids are less dense than the image
resolution due to the high computational time required to implement the methodology with denser grids. All
these values are specified in Tab. 2. If a smooth continuous velocity field is assumed, which is usually desired,
there is no much gain in performing a pixel by pixel similarity search and velocity estimation. Tests were made
in order to check the sensibility of the forecast when modifying Tab. 2 parameters but the performance of the
methodology was essentially the same. To avoid inaccuracies in the extrapolation of cloudiness structure with
increasing time horizons, a CMV smoothing procedure is done as suggested by Kühnert et al. (2013). In our
case, the CMV is averaged in a 3 × 3 pixels region in the vector grid. Using this output, the CMV is linearly
interpolated into the denser image resolution grid so that it can be used to forecast the next images.
Tab. 2: Pixels size of search and cell regions and pixels grid step.

region
search
target

grid space
5 × 5 px
30 × 30 px

region size
135 × 135 px
75 × 75 px

Forecast was generate from 1 to 5 hours ahead for the available 30-minutes images in the 2016-2017 period. The
predicted images are converted to a GHI forecast using an empirical estimation model presented in AlonsoSuárez et al. (2012). This model has a small mean bias and a relative RMSD of 12-13% for hourly solar
resource assessment in the region. The reference persistence procedure applied here is the result of assuming
that the clearness index 𝑘 remains constant in time, defining it as 𝑘 =

where Ih is the hourly GHI

measurement and Ioh is the hourly solar irradiation at an horizontal plane in the top of the atmosphere. Hence,
persistence forecast assumes that 𝑘 (𝑡 + Δ𝑡) = 𝑘 (𝑡) which results in:
𝐼
where 𝐼

,∆

,∆

(𝑡) = 𝑘 (𝑡) × 𝐼 (𝑡 + Δ𝑡)

(eq. 1)

is the hourly global horizontal irradiation persistence calculated at time (t) for a forecast time

horizon Δt. In a similar way, we denote the CMV hourly global horizontal irradiation forecast at time (t) for a
time horizon Δt as 𝐼 ,∆ . Errors in time (t) of the forecast are obtained from comparing the predicted value with
the measured value as:
𝑒 (𝑡) = 𝐼

,∆

(𝑡) − 𝐼 (𝑡 + Δ𝑡)

(eq. 2)

so, positive deviations correspond to a GHI overestimation and negative deviations correspond to a GHI
underestimation. The performance metrics used for evaluation are the Mean Bias Deviation (MBD), the RMSD
and the Forecasting Skill (FS). These metrics are defined in the Eqs. (3), (4) and (5), respectively. The relative
values of the MBD and RMSD are expressed as a percentage of the hourly measurements average and are
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denoted as rMBD and rRMSD, respectively. The FS quantifies the gain of the method as compared to the
persistence procedure and will be also expressed as a percentage.
𝑀𝐵𝐷

=

𝑅𝑀𝑆𝐷
𝐹𝑆

=

∑

(𝐼
∑

,

(𝑡) − 𝐼 (𝑡 + Δ𝑡))

(𝐼

,

(eq. 3)

(𝑡) − 𝐼 (𝑡 + Δ𝑡))

(eq. 4)
(eq. 5)

=1−

4. Results
The performance evaluation is shown in Tab. 3. Metrics are shown for site and regional forecast. Site forecast
performance is calculated by averaging each metric over all sites. The regional forecast is assessed by
comparing the average predicted GHI with the average measured GHI across the seven sites. Mean GHI value
for site normalization is of 457 Wh/m2 and for regional normalization is of 489 Wh/m2 (this difference is
because the number of hourly samples in each station is not the same). Similar MBD values are observed for site
and regional forecast for each time horizon and each forecast strategy (CMV and persistence). Considering both
spatial domains (site and regional), MBDs are low, both for the CMV forecast and the persistence procedure,
being negative for the persistence (between -1.0% and -4.8%) and mostly positive for the CMV forecast
(between -0.4% and +1.2%). The rRMSD trends for site and regional forecast are shown in Fig. 2 (a) and (b),
respectively. In Fig. 2 (a) the shade correspond to one standard deviation of the inter-site rRMSD variability. As
expected the rRMSD values are lower for regional forecast than for site forecast (plots have the same y axis
scale). The performance of the CMV forecast is better than the persistence procedure in both spatial domains
and for all hourly time horizons, exhibiting the typical increasing trends. For site CMV forecast the rRMSD
obtained for the first time horizon (1 hour ahead) is of 18.7% (the lowest), which is around 6% above (in
rRMSD) the hourly solar satellite site assessment uncertainty for the region. For regional CMV forecast the
rRMSD obtained for 1 hour ahead is similar to that of the persistence procedure (but lower), being of 8.7% for
the CMV and of 9.2% of the persistence. The rRMSD monotonically increases with the time horizon up to
37.0% for site CMV forecast and up to 17.7% for regional CMV forecast, at 5 hours ahead.
FS for site and regional CMV forecast are illustrated in Fig. 3. Positive FS are obtained for all hourly time
horizons for both spatial domains. The regional FS is higher than the site FS for 2 hours ahead and above, but is
lower for 1 hour ahead. Site forecast peaks at 2 hours ahead, reaching a maximum FS of +15.9%. Above the 2
hours ahead the site FS decreases till +10.6% at 5 hours ahead. On the other hand, the regional FS increases
quickly from the first to the second time horizons, reaching an asymptote around +30% for 3 hours ahead and
above. It peaks exactly at FS = +30.0% at 4 hours ahead, but the value is almost the same for 3 and 5 hours
ahead.
Tab. 3: Performance metrics for site and regional CMV forecast.

time
horizon
1 hour
2 hours
3 hours
4 hours
5 hours

2002

Site forecast
Persistence
CMV forecast
MBD RMSD MBD RMSD
FS
(%)
(%)
(%)
(%)
(%)
-1.0
20.8
-0.4
18.7
+10.1
-2.7
30.2
+0.2
25.4
+15.9
4.4
36.5
+0.5
31.1
+14.8
-5.2
40.1
+0.9
34.8
+13.2
-4.8
41.4
+1.2
37.0
+10.6

Regional forecast
Persistence
CMV forecast
MBD RMSD MBD RMSD
FS
(%)
(%)
(%)
(%)
(%)
-1.0
9.2
+0.3
8.7
+5.4
-2.4
15.0
+0.6
11.1
+26.0
-3.9
19.8
+0.7
13.9
+29.8
-4.7
23.3
+0.9
16.3
+30.0
-4.6
25.2
+0.9
17.7
+29.8
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(a)

Site forecast.

(b)

Regional forecast.

Fig. 2: Relative RMSD performance metric vs time horizons.

Fig. 3: Forecasting skill metric for site and regional forecast.

In Fig. 4 the scatter plots between the CMV regional forecast and the measurements are provided for 1, 3 and 5
hours ahead time horizons. Two aspects can be seen: (i) the scatter plots and their linear regression show a low
deviation from the 𝑥 = 𝑦 perfect agreement line (the slopes are ≈ 1),
), confirming the low MBD found above, and
(ii) the dispersion in the plots increase with the time horizon, confirming the increasing RMSD trend. In general,
the scatter plots show a good agreement between the predicted
predicted and measured GHI values, downgradin
downgrading as the
time horizon increase. Similar plots, but with higher dispersion, can be observed for site forecast.

(a)

Forecast horizon: 1 hour ahead.

(b)

Forecast horizon: 3 hours ahead.

(c) Forecast
st horizon: 5 hours aahead.

Fig. 4: Scatter plots between the CMV predictions and the measurements for different time horizons (regional
regional forecast).
forecast

2003
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For further understanding the CMV performance, Fig. 5 shows the rMBD (a) and rRMSD (b) for 1 hour ahead
forecast discriminated by the moment of the day (using the cosine of the solar zenith angle, cos 𝜃 ) and by the
cloudiness (using the clearness index, 𝑘 ). These diagrams are done using together the time
time-series of the
predicted and measured irradiation in the seven stations, so they represent the average site forecast performance.
The higher deviations are observed for two situations: (i) intermediate cloud cover conditions (0.
(0 3 ≤ 𝑘 ≤
0.6)) during summer and middle season middays cos 𝜃 ≥ 0.8)) and (ii) low turbidity clear sky conditions (first
upper row of the diagrams). For instance, it can be seen that the higher positive rMDB are found in the first
situation (≈ +10%) and the higher negative rMBD are found in the second situation (≈ -10%).
10%). For the rest of the
diagram the rMBD remains low, in most cases between ±5%.
%. Also, the rRMSD is higher (and similar) under
these two situations, being around 25-30
30%.
%. The general trend of rRMSD is to decrease with decreasing cosine
of solar zenith angle. The rRMSD diagram exhibits similar pattern to the one presented by Lorenz et al. (2009)
for the evaluation of the ECMWF Numerical Weather Predict forecast over more than 200 meteorological
stations in Germany. The diagrams are also similar to those observed for satellite-based
satellite based irradiation assessment
in the region (Alonso-Suárez,
Suárez, 2017). In fact, the deviations observed at low turbidity clear sky conditions are a
drawback of the assessment model being used rather than the CMV forecasting methodology. To isolate the
deviations introduced by the CMV methodology from the deviations introduced by the solar satellite assessment
model will be part of future work.

(a)

Site rMBD diagram.

(b)

Site rRMSD diagram.

Fig. 5: Site performance for 1 hour ahead CMV forecast discriminated by cosine of the solar zenith angle and clearness index.

5. Conclusion
The CMV satellite forecasting technique proposed by Lorenz et al. (2004) was implemented and evaluated for 1
to 5 hours ahead GHI forecast in the Uruguayan territory, a representative part of the broader Pampa Humeda
region of the south-east
east of South Ameri
America.
ca. The method outperforms the classical persistence for all time
horizons, both for site and regional forecast, showing lower rRMSD and low bias, resulting in positive FS
values. The FS of the site forecast increases from 1 to 2 hours ahead, peaking at th
the latter at ≈ +16%, but then
decreases with increasing forecast horizon. The FS of the regional forecast increase quickly in the first two time
horizons and it remains approximately constant around +30% from 3 to 5 hours ahead. The FS for regional
domain iss significantly higher than over specific sites from 2 to 5 hours ahead. For 1 hour ahead this does not
hold, and the FS of site forecast is better that the regional forecast. Results are similar to those found in Kühnert
et al. (2013) and Perez and Hoff (2013)
2013) for the German and USA territories, respectively, although 30
30-minutes
images are used here (which are the images available for South America for 2016
2016-2017
2017 period) instead of 15
15-
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minutes images. Results from this technique are promising for the region and the next step is to assess the
performance for PV power forecast, which require a model to transpose the GHI to tilted plane and a PV power
plant model to estimate the plant's power output.
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Abstract

Two types of probabilistic forecasts are used in the field of solar energy forecasting. The first one takes the form
of Ensemble forecasts commonly provided by meteorological utilities such as ECMWF. The second one is
based on statistical methods that generate quantiles forecasts. The first type of forecasts is treated in the first part
of this article. In this second part, we focus on the assessment of the quality of quantile forecasts characterized
by two main attributes namely reliability and resolution. More precisely, we propose a verification framework
based on diagnostic tools and quantitative scoring rules that are specifically designed for the evaluation of
quantile forecasts. The probabilistic models are evaluated on two selected sites that experience very different
climatic conditions. It is shown that the decomposition into reliability and resolution of a scoring rule, the
Continuous Ranked Probability Score (CRPS), may help to obtain a detailed picture of the performance of the
models and consequently may help in selecting the best probabilistic method.
Keywords: probabilistic solar forecasting, quantile forecasts, scoring rules, CRPS, reliability, resolution

1. Introduction
Integration of solar power generation capacities may lead to difficulties in the management of a power
electricity grid. Indeed, the fluctuating character of solar energy may cause imbalances between electricity
supply and demand. This requires the power system to either procure additional reserves or adjust the output of
conventional generators so as to ensure the security of the supply-demand balance (Inman et al., 2013). One key
element in facilitating the penetration of solar renewables consists in predicting at different time horizons the
global horizontal solar irradiance (GHI) and the corresponding solar PV power output so that the grid operator is
able to take appropriate actions to mitigate solar intermittency.
In order to improve the decision-making process of the grid operator, a point forecast plus an estimation of the
associated uncertainty may contribute to a more efficient integration of intermittent sources in the electrical
network (Morales et al., 2014).
Assessment of the performance of the point or deterministic forecasts is now quite standard in the solar
forecasting community. Metrics like RMSE, MBE and MAE (Coimbra et al., 2013, Vallance et al., 2017) are
routinely used to evaluate these point forecasts. Conversely, evaluation of probabilistic forecasts is quite more
complex and currently not mature in the field of solar forecasting.
Probabilistic forecasts can take either the form of Ensemble Forecasts provided by meteorological centers or
predictive distributions summarized by discrete quantiles (also called quantile forecasts). The assessment of the
first type of forecasts is treated in part 1 of this article. The objective of this second part is to propose an
approach to evaluating the quality of probabilistic solar forecasts that take form of quantile forecasts. Two main
attributes namely reliability and resolution characterize the quality of the probabilistic forecasts (Wilks, 2006).
The proposed evaluation framework is based on visual diagnostic tools as well as quantitative scoring rules like
the Continuous Ranked Probability Score (CRPS) (Hersbach, 2000). The latter permits to have an idea of the
overall skill of a forecasting method. In addition, a particular emphasis is put on the decomposition of the CRPS
into reliability and resolution. Assessment of quantile regression models at two sites that exhibit different sky
conditions will illustrate the application of the proposed framework.
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2. Quantiles forecasts
Probabilistic forecasts correspond to the estimation of the statistical distribution of a future event. Thus, a
probabilistic forecast can be represented by a cumulative distribution function (CDF). This CDF can be
summarized by a set of discrete quantiles spanning the unit interval. In this work, these quantiles will be
produced by non-parametric methods that make no assumption about the distribution of the future event.
Prediction intervals (PIs) with different nominal coverage rates can be inferred from this set of quantiles
forecasts. PIs give a range of possible values within which the true value of the variable to forecast is expected
to lie with a certain probability, that is its nominal coverage. Figure 1 shows an example of GHI probabilistic
forecasts where point forecasts are enriched with PIs with different nominal coverage rates.

Fig. 1: Solar probabilistic forecasts. PIs with nominal coverage rates ranging from 20% to 95% are provided.

3. Verification tools
3.1. Diagnostic tools
For evaluating quantile forecasts, we propose first the use of reliability diagrams. The reliability diagram is a
graphical verification display used to evaluate the reliability component of a probabilistic forecast system. As
noted by (Pinson et al., 2007), reliability is a primary requirement when verifying probabilistic forecasts, since a
lack of reliability would introduce a systematic bias in subsequent decision-making. In this work, a probabilistic
forecasting system based on quantile forecasts is reliable if, statistically, the nominal proportions of the quantile
forecasts are equal to the proportions of the observed value.
3.2. Scoring rules
We focus in this work on proper numerical scores (Bröcker and Smith, 2007) that provide summary measures
for the evaluation of the quality of probabilistic forecasts. Among others, one can cite particularly the following
scoring rules: CRPS, Ignorance Score, Interval score (Gneiting and Raftery, 2007). In this work, we focus on the
CRPS, which measures the difference between the predicted and observed cumulative distributions functions
(CDF). The CRPS score rewards concentration of probability around the step function located at the observed
value (Wilks, 2006). In other words, the CRPS penalizes lack of resolution of the predictive distributions as well
as biased forecasts. Notice that the CRPS is negatively oriented (smaller values are better) and has the same
dimension as the forecasted variable. Hersbach (2000) proposed a specific method to calculate the CRPS for
ensemble forecasts. Here, and specifically for methods that produce discrete quantile forecasts, we integrate (see
eq. 1) the Brier Score (BS) over all possible values of the predictand x (here from 0 to the maximum GHI
climatology). The Brier Score (BS) is a score used to evaluate probabilistic forecasts of binary predictand
(Wilks, 2006):

𝐶𝑅𝑃𝑆 =

𝐵𝑆 𝑥 𝑑𝑥 =

𝑅𝐸𝐿 𝑥 𝑑𝑥 −

𝑅𝐸𝑆 𝑥 𝑑𝑥 +

𝑈𝑁𝐶 𝑥 𝑑𝑥

(eq. 1)

In addition, we provide a decomposition of the CRPS through the integration of the different terms of the BS.
The reliability term (REL) provides an estimation of the forecast biases while the resolution term (RES)
quantifies the improvement that results from issuing probability forecasts that are case dependent. The
uncertainty term (UNC) cannot be modified by the forecast system and depends only on the observations
variability (Wilks, 2006). Using this decomposition of the CRPS may lead to a detailed picture of the forecast
performance of the different methods.
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Figure 2 plots the Brier score and its related decomposition into reliability, resolution and uncertainty. The area
under each curve corresponds to the related CRPS component. As the CRPS is negatively oriented, the goal of a
forecast system is to minimize (resp. maximize) as much as possible the reliability term (resp. the resolution
term).

Fig. 2: Decomposition of the BS score - Integration of BS(x) for all threshold values x gives the CRPS.

4. Application of the proposed framework
As mentioned in Part 1 of this article, application of this verification framework is done on two sites that
experience different sky conditions. The first site, Desert Rock (USA), has an arid climate with a very sunny and
stable sky. The second site, Tampon (Réunion Island), is located in a tropical island and experiences a very
variable sky. A data quality check based on the BSRN recommended procedures (Long and Dutton, 2019) was
undertaken for the observation data of each of the two studied sites.
Intra-day forecasts with lead times ranging from 1 to 6 hours are provided by state of the art forecasting models
that generate predictive distributions from a set of quantiles spanning the unit interval. The selected models are
based on quantile regression techniques namely the quantile regression forest (QRF) and the Gradient Boosting
(GB) methods that estimate directly the set of quantiles from a regression model 𝑌 = 𝑓 𝑋 that relates the
response variable 𝑌 (here GHI) to a set of predictor variables 𝑋. Two variants of regression models with
different sets of predictor variables are built. For the first variant described in (Lauret et al., 2017), the vector of
explanatory variables 𝑋 consists of the actual measurement plus five past ground measurements while the
second one takes as additional inputs two geometrical solar features related to the course of the sun in the sky
namely the cosine of the zenith angle (cos(𝑆𝑍𝐴)) and the cosine of the hour angle (cos(𝐻𝐴)). The adding of the
two variables originates from the following reasons. First, some authors (Grantham et al., 2016; Lorenz and
Heinemann, 2012) showed a clear dependency of the forecasting error in relation to SZA. Second, we expect
that the solar hour angle (which is the angular displacement of the sun at 15° per hour; 0° at solar noon, morning
negative, afternoon positive) will bring some information regarding the asymmetry of the sky conditions
between mornings and afternoons. This may be hold particularly for site like Le Tampon that experiences such a
dichotomy between mornings and afternoons. Table 1 lists the acronyms of the resulting four quantile regression
models.
Tab. 1: Acronyms related to the four quantile regression models
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Quantile regression
techniques

Variant 1

Variant 2

Quantile Regression
Forest

QRF1

QRF2
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Gradient Boosting

GB1

GB2

4.1. Reliability assessment
As mentioned above, reliability diagrams allow to graphically assessing the reliability of a set of quantile
forecasts. Figures 3 and 4 plot the reliability diagrams (averaged over all the forecasting horizons) for the two
selected sites. Consistency bars for a 90% confidence level are individually computed for each nominal
proportion. From the visual inspection of the reliability diagrams of Desert Rock, one can possibly state that the
GB2 model is reliable as the observed proportions of all quantiles lie within the consistency bars. Conversely,
for the others models, observed proportions of some quantiles lie outside the consistency bars. In particular,
quantile forecasts generated by the QRF2 model should not be considered reliable. In addition, notice the
particular signature of the QRF2 model that corresponds to an over dispersed predictive distribution (i.e. an
underconfident model). For the site of Le Tampon, it seems that, except the GB2 model, all the other models
lead to possible reliable quantile forecasts since all of their observed proportions lie within the consistency bars.
Moreover, notice that the QRF1 model exhibits a reliability curve very close to the ideal diagonal case.

Fig. 3: Reliability diagrams - Site of Desert Rock.

Fig. 4: Reliability diagrams - Site of Le Tampon

4.2. CRPS and its decomposition into resolution and reliability
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This section proposes a detailed picture of the performance of the probabilistic models by plotting the CRPS and
its associated decomposition into reliability and resolution. Figure 5 plots the relative CRPS in relation with the
forecast horizon for the two considered sites. As expected, the performance of the models decreases as the leadtime increases (i.e. the lower the CRPS, the better the model). One also may note that the site of Le Tampon,
which experiences variable sky conditions compared to Desert Rock, yields higher CRPS values. As shown by
Figure 5, the two non-linear models that include the two solar geometric predictors namely zenith angle and
hour angle (i.e. GB2 and QRF2 models) perform clearly better than the variant 1 models regardless the site.
Thus, it appears that adding the two solar geometric variables brings a clear improvement and especially for a
site like Le Tampon which is known to experience a morning/afternoon sky asymmetry.

Fig. 5: CRPS in relation with the forecast horizon. Desert Rock (left)-Tampon (Right)

Unlike the previous separate analysis of reliability, CRPS establishes a clear-cut ranking of the models.
However, some inconsistencies appear with the reliability analysis which showed that the QRF2 model (resp.
the GB2 model) was non reliable for Desert Rock (resp. for Le Tampon). Therefore, in order to gain a better
understanding of the CRPS results, we use the decomposition of the CRPS into reliability, resolution and
uncertainty. This decomposition shows that the reliability component makes a small contribution to the CRPS
and that the higher quality of the variant 2 models comes from the resolution attribute. Figure 6 plots the
reliability component of the CRPS. Surprisingly, the reliability does not show a tendency to increase with the
lead time. Indeed, we expect the reliability term to increase with increasing forecast horizon (we recall that the
reliability term is negatively oriented i.e. a lower reliability value corresponds to a more reliable forecasts).
However, in agreement with the reliability assessment, the GB2 model exhibits the lowest reliability for the site
of Desert Rock while for Le Tampon, low reliability values are obtained with the QRF1 model. Nonetheless, it
must be noted that the reliability component weakly contributes to the CRPS and that the higher quality of the
probabilistic forecasts generated by the variant 2 models originates from the resolution attribute. Figure 7 shows
the resolution part of the CRPS, which confirms the lack of resolution of the different models as the forecast
horizon increases. Regarding resolution, the statements made regarding the CRPS still hold i.e. the two nonlinear models (GB2 and QRF2) that include the solar geometric predictors lead to better resolution.
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Fig. 6: CRPS reliability in relation with the forecast horizon. Desert Rock (left)-Tampon (Right)

Fig. 7: CRPS resolution in relation with the forecast horizon. Desert Rock (left)-Tampon (Right)

5. Conclusion
This work proposed a set of metrics to evaluate predictive distributions summarized by quantiles forecasts.
While visual diagnostic tools may help the user to qualitatively assess the quality of the probabilistic forecasts,
use of quantitative score like CRPS and its associated decomposition into two important attributes namely
reliability and resolution may help the user to select the best probabilistic model.
Therefore, we recommend to systematically compute an overall score i.e. the CRPS which, in our opinion,
might be a standard in assessing probabilistic forecasts of continuous variable. This proper score allows ranking
models and its relative counterpart (i.e. CRPS normalized by the mean irradiance) permit to carry out sites'
comparisons. Furthermore, the decomposition of the CRPS into reliability and resolution may provide additional
insight into the performance of a forecasting system.
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Abstract
Solar radiation forecasting has become a critical information technology to facilitate the integration of PV and
thermal solar power plants into the electricity grid of any country. Artificial neural network (ANN) modeling of
time series is known as a useful and effective forecasting tool to achieve this task, due to its ability to find nonlinear relationships hidden inside historical data. Unfortunately, fast cloudiness transients add a stochastic signal
to the solar radiation time series, thus diminishing the effectiveness of this methodology. In this work, ANNs are
trained to provide 1-day-ahead forecasts of global solar radiation under various cloud regimes. Nine years of
data measured under diverse climates at eight stations from the U.S. SURFRAD network are used. Training
periods of less than two years are found too short and result in larger errors. Using a training period of eight
years, the forecast accuracy is found to depend on cloud fraction (and thus location), with RMS errors ranging
from 10% up to 45%.
Keywords: Forecasting, solar radiation, time series, artificial neural networks, PV performance.

1. Introduction
The increase in the use of clean energy sources grows exponentially every year. Solar energy has become a
decisive part of the renewable energy market. Solar radiation can be collected and converted into electricity
through the use of two mature technologies: solar-thermal power generation and photovoltaic (PV) power generation. Nevertheless, integration of these technologies into electrical networks is a new challenge, due to the
variability of the incident irradiance. In order to facilitate solar-thermal and PV penetration, solar energy forecasting is thus required. In particular, forecasting of the incident global horizontal irradiance (GHI) is the first
and most essential step in most PV power prediction systems. Among the different methodologies that exist to
achieve this task, the use of time series forecasting models based on historical data of solar radiation has been
widely employed for several decades (Diagne et al., 2013). Time series forecasting models rely on measurements over a given period of time, where each data point, x(t), corresponds to a specific time t. These models
then predict future outputs according to previous events. Compared with other forecasting techniques, time
series forecasting is flexible and requires fewer data inputs. It is usually considered an appropriate methodology
for forecasting over the short term, at least.
Time series consisting of daily GHI values, H(t), are commonly used to provide one-day-ahead forecasts because of their value toward solving various decision-making problems involved in the electricity market and
power system operation (Inman et al. 2013; Alsharif et al. 2019). Unfortunately, time series forecasting models
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are site-dependent. This is a consequence of the stochastic variability of solar radiation coming from the different local atmospheric and weather patterns, which are fairly specific to each location. In this respect, clouds are
normally the main source of solar irradiation variability. Due to the difficulty of simulating such stochastic variability (López et al., 2008), the performance of time series forecasting is expected to be more or less dependent
on cloud regime, in turn resulting into possible geographical limitations.
In this work, the effect of different annual cloud regimes on the forecasting accuracy of the daily H(t) is analyzed with the goal of providing a general assessment of the suitability of using time series for solar radiation
forecasting. To this end, GHI forecasting is undertaken by means of artificial neural networks (ANN) because of
their known effectiveness, often performing better than other conventional algorithms based on linear models
(Paoli et al., 2010).

2. Experimental data
2.1 Radiometric stations
Historical data of daily GHI, ground albedo, air temperature, relative humidity, and pressure are obtained from
1-min observations at eight U.S. stations of the NOAA Surface Radiation Budget Network (SURFRAD;
www.esrl.noaa.gov/gmd/grad/surfrad/). These stations are: Alamosa (SLV), Bondville (BON), Desert Rock
(DRA), Fort Peck (FPK), Goodwin Creek (GWN), Pennsylvania State Univ. (PSU), Sioux Falls (SFX), and
Table Mountain (TBL). The measurement period used here is 2009–2017 for all stations, except SLV (2014–
2016). Figure 1 shows the geographical distribution of the stations. They operate in climatologically and topographically diverse regions, ranging in altitude from 98 m to 2317 m above mean sea level. In addition to the
diversity of cloud regimes, these sites present different annual cycles of atmospheric turbidity, precipitable water, and ground albedo (López and Batlles, 2004; López et al., 2007). Several quality tests are applied to guarantee the reliability of the irradiance data (Gueymard and Ruiz-Arias, 2016). Additional information about the
SURFRAD network has been reported by Augustine et al. (2000).

Alamosa, CO

Fig. 1: Geographical distribution of the test stations

2.2 Sky condition classification
To study the impact of cloudiness on the time series forecasting accuracy, each day is classified into three categories of sky conditions: clear, partly cloudy, and cloudy. In order to keep H(t) as the only measured variable,
and to avoid the need for additional variables, the sky condition classification is exclusively based on the daily
clear-sky index, Kc(t), calculated as the ratio between H(t) and the ideal daily clear-sky GHI. A number of clearsky radiation models can provide the instantaneous GHI, as reviewed in, e.g. (Gueymard, 2012; Sun et al.,
2019). For the present application, the simpler daily clear-sky model of López et al. (2007) is used to directly
determine the daily clear-sky GHI, Hcs(t), and then the daily-mean Kc through:
Kc = H / Hcs.

2014

(eq. 1)
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The inputs to the clear-sky model are as follows: day of year, site altitude z (in meters), and daily-mean values
of precipitable water (PW), w, Ångström’s turbidity coefficient, β, and ground albedo, ρ. The latter three variables are derived from NASA’s MERRA-2 reanalysis model, which is recommended for this kind of application
(Gueymard, 2019). PW and ρ are readily available from MERRA-2, but β needs to be calculated from the aerosol optical depth at 550 nm and the Ångström exponent (both provided by MERRA-2) using Ångström’s law.
The main equation of the parameterized daily clear-sky model is:
g (w,β )
H cs = 0.98 exp(0.07z / 8345.3)exp[ f (w, β )]HCD
h( ρ , β )

(eq. 2)

where the functions f, g and h are expressed as
f(w, β) = –0.249 w0.31225 + 2.81375β 2 – 2.5948β

(eq. 3)

g(w, β) = 1.00324 + 0.03483w0.28073 – 0.97226β 2 + 0.64794β

(eq. 4)

h(ρ, β) = 0.98613 + 0.0705ρ – 0.15225β + 0.77513ρβ

(eq. 5)

and HCD—the daily GHI corresponding to an ideal clear clean-dry (CD) atmosphere with neither aerosol nor
water vapor—is obtained from López et al. (2007) as
𝐻!! =

!.!"#$
!

𝐼!" 𝐸! (1.019 − 5.5 10!! 𝜑) 0.965 𝑐𝑜𝑠 𝛿 𝑐𝑜𝑠 𝜑 (𝑠𝑖𝑛 𝜔!" − 𝜔!" 𝑐𝑜𝑠 𝜔!" ) − 0.0485𝜔!"

(eq. 6)

where ISC is the solar constant, E0 the eccentricity of the Earth’s orbit, ϕ is the latitude in degrees, δ the declination, ωsr the hour angle at sunrise in radians, and HCD is expressed in MJ m-2.
Figure 2 shows both the measured and the clear-sky GHI time series for the years 2009–2011 at the Bondville
station (BON). The modelled values agree remarkably well with the measured GHI under clear conditions, taking into account the slight imprecision due to uncertainties in the w and ß inputs or in the model itself. The
clear-sky index time series is also displayed in Fig. 2. Values slightly higher than one can be found because the
input values used by the model, mainly w and β, can differ somewhat from the actual ones. (The MERRA-2 grid
cell size is ≈55 km, which can induce local variance.) Nevertheless, Kc values close to unity represent clear-sky
conditions and do not display any seasonal dependency.

Fig. 2: Time series of both measured daily global irradiation at Bondville and modeled daily clear-sky global irradiation (top), and
the corresponding daily clear-sky index (bottom).

Based on a visual inspection of the daily evolution of the measured GHI and the corresponding Kc values, the
three types of sky conditions are then defined as:
Cloudy day:

Kc(t) < 0.56

Partly cloudy day:

0.56 ≤ Kc(t) < 0.93

Clear day:

0.93 ≤ Kc(t).
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Table 1 provides details about the number of days for each sky condition at each station. Figure 3 shows the
daily evolution of 1-min values of GHI, direct normal irradiance, and diffuse irradiance for seven successive
days at the Bondville station. The two first days (with Kc = 1 and 0.94, respectively) are considered clear days,
despite the presence of clouds in the afternoon during the second day. For generalization purposes, cases corresponding to Kc values in the range 0.93–0.96 are labeled “mostly clear days”. The fourth and seventh days (with
Kc equal to 0.33 and 0.10, respectively) are totally cloudy. The fifth day, with Kc = 0.59, is almost cloudy. In
general, it is found that cloudy days can be described with Kc < 0.56. Days with Kc values ranging between 0.56
and 0.93 are affected by broken clouds and classified as partly-cloudy conditions.
Tab. 1: Number of clear, partly cloudy, and cloudy days at eight U.S. SURFRAD stations.

Station
Bondville (BON)
Desert Rock (DRA)
Fort Peck (FPK)
Goodwin Creek (GWN)
Penn. State Univ. (PSU)
Sioux Falls (SXF)
Alamosa (SLV)
Boulder (TBL)
ALL STATIONS

Lat. (°)
40.052
36.624
48.308
34.255
40.720
43.734
37.697
40.125
—

Long. (°)
–88.373
–116.019
–105.102
–89.873
–77.931
–96.623
–105.923
–105.237
—

Elev. (m)
230
1007
634
98
376
473
2317
1689
—

Clear days
1075
2309
1104
1181
691
1173
376
1242
9151

Partly cloudy days
1284
764
1549
1220
1390
1322
277
1539
9345

Cloudy days
911
182
601
806
1175
768
47
490
4980

Fig. 3: Daily evolution of 1-min measured values of global horizontal, direct normal, and diffuse irradiances during seven days at
the Bondville’s station. The corresponding daily clearness index is also added for each day. All three categories of sky condition
(clear, partly cloudy, and cloudy) are observed during this sequence.

Fig. 4: Frequency of days corresponding to the three categories of sky conditions for the eight SURFRAD stations.
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For the eight SURFRAD stations, Fig. 4 shows the frequency of days in each of the three categories defined
above to characterize the cloud regime. DRA and SLV have the higher fraction of clear days in the period considered, reaching about 70% and 55% of the total number of days, respectively. These two stations are also
rarely experiencing cloudy days, with a frequency of only ≈5%. In sharp contrast, PSU is the station with the
lowest number of clear days (≈21%) and with the highest occurrence of cloudy days, accounting for almost 35%
of the total number of days. The remaining stations are somewhere in between these extremes.
Finally, for the purpose of developing and testing the forecasting models, each dataset is divided into two subsets: (i) a training dataset; and (ii) a test dataset. For all stations, except SLV, the years 2009–2016 are used for
training, and the year 2017 is used for testing. For SLV, whose measurements lasted only from 2014 to mid2016, the training dataset uses the period 2014–2015 and the test dataset uses the first half of 2016.

3. Artificial neural network description
The ANN used in this work is a multilayer feedforward network trained by means of the Levenberg-Marquardt
algorithm. The inputs to the ANN consist of the values H(t – i), i.e., from the i previous days. The assumption is
that GHI information lagging i days has still forecasting skill for day t. The ANN output is the 1-day-ahead
value H(t + 1). Figure 5 shows the architecture of the multilayer perceptron network used here.

Fig. 5: ANN model architecture. The ANN output is the 1-day-ahead forecasted GHI, HANN(t + 1).

Fig. 6: ANN performance, in terms of percent RMSE of estimated versus measured H(t + 1) values for the GWN station, as a function of: (a) the number of hidden neurons and using an 11-day lag in the input vector; and (b) increasing lags with 4 hidden neurons. The blue arrow shows the optimum case to be selected. Error bars denote the standard deviation of the 10-run mean.

Several trials need to be undertaken first to determine the optimum number of hidden neurons Nh and lagging
days i. For that, the GWN station is selected because it presents a similar number of days in each of the three
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sky categories (Fig. 4). Repeating these trials at the seven other sites did not change the results (in terms of Nh
and lags) described below. The maximum lag is initially set to i = 10, based on a preliminary analysis. Several
networks with different numbers of hidden neurons Nh are trained and the best performing network among them
is selected. The ANN forecasting performance is evaluated in terms of three common statistical indices: coefficient of determination R2, root-mean-square error RMSE, and mean bias error MBE. The latter two indicators
are expressed in percent of the mean GHI for each station, and are additionally calculated for each class of sky
condition separately. (Note that the mean GHI is specific to each data class.) To overcome potential differences
in model performance that could be caused by the random initialization of the weights and the oscillating effects
of local minima in the performance surface, ten training runs are undertaken for each ANN architecture, and the
overall performance is reported as the mean RMSE and MBE of these ten runs. Standard deviations are also
calculated to analyze the stability of the ANN predictions. For each Nh value, the ANNs predict unbiased results
(MBE ≈0%). The RMSE for the training data decreases as Nh increases, as Fig. 6a shows. However, the opposite
tendency is observed for the testing data, which is a consequence of overfitting—a known issue in ANN modeling. Based on the RMSE for the testing data, the best number of hidden neurons is then Nh = 4. Once the number
of hidden neurons is fixed, the next step consists in optimizing the number of lag days. A procedure similar to
the previous one is undertaken, but now varying the number of lags i. Figure 6b shows that the RMSE decreases
when the lag increases from 0 to 7, for both the training and testing datasets. Beyond that point, the RMSE of
the training data continues to decrease but the test values are then poorly forecasted. The explanation is that an
increase in lag time leads to RMSE reduction as a consequence of overfitting of the training data, however associated with a dramatic deterioration in forecasting skill with the test data.

4. Results
With the intention of evaluating the benefits of using the ANN methodology, the results are also compared with
those obtained by means of the persistence model, used here as a naïve predictor. The persistence model supposes that global irradiation at day t + 1 is best predicted by its value at day t (Diagne et al., 2013).

Fig. 7: RMSE for 1-day-ahead forecasting of daily GHI using the persistence model and the ANN model, for the eight SURFRAD
stations and as a function of the three sky conditions defined in the text.

Figure 7 shows RMSE results for 1-day-ahead forecasting using persistence and the ANN model operated with
seven successive days preceding the last day with measured data (i.e., eight successive days preceding the day
being forecasted (t+1)), separately considering the three categories of sky conditions for the test data, as well as
their combination (all-sky conditions). Under all-sky conditions, the RMSEs resulting from the persistence
model range from 19% at DRA to 51% at PSU. As indicated in Section 2, DRA and PSU are at the two extremes regarding the number of clear and cloudy days. Still using persistence, the next second best performance
with RMSE = 26% is at SLV, which has a high fraction of clear days and a low number of cloudy days, similarly to DRA. On the other hand, locations where partly-sky and overcast-sky conditions predominate, such as SXF
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or GWN, forecasts using persistence become inaccurate, with RMSEs larger than 45%. As could be expected,
the performance improves during clear days and degrades during cloudy days. The RMSE increases to values
higher than 100% when attempting to forecast cloudy days. Nevertheless, these higher RMSE values are also a
consequence of the low mean values used to calculate the percent values. In any case, this suggests that the
persistence model is not appropriate for sites with a high frequency of partly cloudy and/or cloudy periods. The
large disparity of results between clear and cloudy days could be expected because, in the former case, the solar
irradiance follows a smooth, easily predictable deterministic progression, whereas, in the latter case, the large
variability added by the presence of clouds can be described by a stochastic, hardly predictable process.
The ANN forecasting methodology improves the prediction accuracy in comparison with the baseline persistence model at each site and under any annual cloud pattern. Figure 8 shows the reduction in RMSE that results
from using the ANN model rather than persistence. In general, under all-sky conditions, the ANN model decreases the forecasting error by ≈2–10% in terms of RMSE, depending on location. This result is also observed
under “clear” conditions. This can be explained by how loosely a clear day is defined here: The present definition can actually accept some cloudiness (as illustrated by day 2 in Fig. 3). At most stations, a large RMSE reduction is achieved by the ANN model during partly cloudy days, decreasing the RMSE by ≈2–18% relatively
to the persistence model. When considering cloudy days, a better quality of predictions is observed at all stations, and, in particular, a significant improvement occurs at PSU, with an RMSE reduction of 18%. This specific site remarkably being the cloudiest, it can be concluded that the ANN performance depends on the amount of
days affected by the presence of clouds. Hence, this improvement in daily global irradiation forecasting with
ANN can be tentatively explained as a sampling effect: locations with only infrequent cloudy days need longer
training time series than other locations with a higher frequency of cloudy days. The satisfactory results provided by the ANN model under partly cloudy days in comparison with the persistence model are then due to the
availability of long time series corresponding to that category.
In order to get a better understanding of the ANN benefits, the present performance results could profit from a
comparison with those obtained using the novel forecasting skill metric proposed by Marquez and Coimbra
(2013), which is well adapted to forecasting time series. This development is underway and will be reported in a
subsequent and more general contribution.

Fig. 8: Reduction in percent RMSE (compared to persistence) when using the ANN model relatively to persistence at each
SURFRAD station and each type of sky condition.

The question then arises as to how many years of training are needed to improve the results using the ANN
methodology. Figure 9 shows the results of ANN performance at FPK when using training time series consisting
of an increasing number of years. After 4 or 5 years, the RMSE has reached a stable level, with an improvement
of ≈6% under all-sky conditions, compared to persistence. A similar finding is also obtained if only clear days
are rather considered, leading to a slight improvement of ≈2% compared to persistence. In contrast, forecasts of
partly-cloudy days are much improved (by ≈12% compared to persistence) using a longer times series of ≈7–8
years. Conversely, the number of years used for the ANN training of cloudy conditions does not seem to have
any effect at all. In any case, and to get the best performance under all possible conditions, time series of at least
7–8 years should be used.
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Fig. 9: RMSE when training the ANN with time series having an increasing number of years at the FPK station. The RMSE from
the persistence model is also indicated (at year 0).

Figure 10 displays scatterplots comparing the forecasted and measured H(t + 1) results at PSU, using either
persistence or the ANN model, separately for the three classes of daily cloudiness. Good overall agreement is
found when using ANN forecasting for partly cloudy days. Cloudy days, however, are affected by significant
overestimation.

Fig. 10: Comparison at PSU between forecasted and measured next-day GHI for the 2017 test year, and using (a) the ANN model
and (b) the persistence model, according to three types of daily sky conditions: clear, partly cloudy, and cloudy. Statistical indicators
of model performance are also provided.

Figure 11 shows the time series of 1-day-ahead GHI forecasted by the ANN model and the corresponding measured GHI at the DRA and PSU stations. A good overall agreement is observed at DRA. This is a consequence of
two effects: (i) an extensive time series of clear days exists at that site, and such forecasts are typically accurate;
and (ii) even though the ANN learning ability decreases due to the random nature of cloud effects, there are only
a few cloudy days there, so that the overall performance is not affected. At PSU, the ANN reproduces the variability in the time series acceptably well. However, it is neither able to correctly predict the maximum GHI values (during very clear days) nor the minimum GHI values (during dense overcast days). Considering the low
MBE observed at that site (Fig. 10), it is likely that this issue is site-specific and a consequence of the dataset
characteristics. A possible remedy, that remains to be investigated, would be to use a longer GHI time series for
training.
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Fig. 11: Time series of 1-day-ahead GHI forecasted by the ANN model and the corresponding measured GHI at DRA (top) and PSU
(bottom) using the test data (year 2017).

At SLV, the ANN forecasts perform similarly to the persistence model despite the relatively large fraction of
clear days. This is apparently caused by the small amount of data that was available for training—only one year
and a half. Hence, it can be concluded that an ANN model does require long training time series to improve
performance relatively to persistence and to achieve reasonably accurate forecasts under all possible sky conditions.
To evaluate the effect of the amount of data in each of the three types of sky conditions on the ANN model
performance, a second ANN model is developed for the GWN station, but now using the same number of clear
days, partly cloudy days, and cloudy days. The total training GWN dataset of the initial model had 864 clear
days, 1098 partly cloudy days, and 694 cloudy days. For the new ANN model, the number of days corresponding to clear and partly cloudy categories is reduced to 694 (the same as the number of cloudy days) by means of
a random selection. The performance of this new ANN model, evaluated in terms of percent RMSE for the test
data year, amounts to 29%, 23% and 102% respectively for clear, partly cloudy, and cloudy cases, comparatively to 26%, 19% and 112% for the original model. It is thus found that the new ANN model improves the forecasting skill during cloudy days but at the expense of performance degradation under clearer conditions, just
because of their lower number of training days.
Finally, other ANN trials have been undertaken using additional exogenous inputs, such as daily mean values of
temperature, relative humidity, atmospheric pressure, or direct irradiance during the last few days. As a result,
the ANN overfitted the training datasets, consequently precluding the proper forecasting of the test data. This
suggests that the exogenous variables selected in this preliminary evaluation do not add any significant information compared to historic GHI data. Further tests, now underway, will involve other exogenous variables, as
well as more advanced ANN architectures, including multi-stage ANN (Kemmoku et al., 1999), hybrid models
(Blaga et al., 2019), and multimodel ensembles (Zemouri et al., 2019).

5. Conclusions
Using eight radiometric stations providing high-quality irradiance data in the USA, this work has shown the
capability of ANN models to provide 1-day-ahead forecasts of daily GHI with satisfactory results. Improved
statistical results have been found in comparison with the conventional persistence model. For cloudy days, the
ANN model performance is not as good (in relative terms) as that under clearer conditions because of the relative lack of data and the lower irradiance. During cloudy periods, the forecast results are improved only at those
stations where such days are frequent. With the present database of eight reference stations in the USA, almost
all stations have a high frequency of partly cloudy days. It is here shown that this is a condition needed in order
for the ANN methodology to perform better than the simple persistence model. It is also shown that, to guarantee accurate and well-balanced ANN forecasts, it can be beneficial to rearrange the training dataset so as to
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select a similar fraction of days in each of the three cloud regimes defined here. In this sense, eight years of
daily data may not be enough to obtain very accurate predictions.
Finally, the addition of times series of exogenous inputs (in the form of common meteorological variables) has
been found disappointing because it does not improve the current ANN model, possibly because it has a simple
architecture. More efficient architectures, possibly involving other machine-learning techniques, are expected to
improve this situation. Nevertheless, the ANN-based method introduced here for the forecasting of daily GHI
values appears useful as an input to other existing methodologies aimed at forecasting the 1-day-ahead PV power production and/or to improve their results. Further research will evaluate the optimum number of years that is
necessary to maximize the forecasting performance of GHI under various cloud climates.
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Abstract

Estimating solar irradiance is a big challenge for solar power plant and grid operators and managing power inputs to
the grid according to reality is key if photovoltaics (PV) are to play a bigger role in the energy mix. Therefore,
forecasting techniques are an important asset, which has several methods with different singularities. In this paper,
we discuss the k-Nearest Neighborhood method (kNN) in a real case scenario for a forecast horizon of 1 minute,
using irradiance data from Florianópolis-SC for the year of 2018. The kNN presents itself as a simple and robust
method, having accuracy results of: R²=95% and NRMSE = 9.88% for the initial model and R² = 95% and NRMSE
= 13.52% in real situation. Moreover, the forecasting skill was calculated for both cases, obtaining a positive result
for the trained model, which was, however, not as good for the real case scenario. In addition, real case forecasting
was simulated and the punctual error for each point was calculated and analyzed, thus providing subside to discuss
which factors were related to the accuracy loss, concluding, afterwards that the biggest error gather was irradiance
ramps, caused by cloud covers and cloud edges.
Keywords: Forecast, kNN, Kt, GHI, accuracy, Intra-Hour

1. Introduction
The implementation of photovoltaic energy in large scale generates several difficulties due to the solar resource
variability. The nonlinear pattern of solar irradiance creates a challenge for the grid operator, which must predict
theses variations in order to provide the right amount of energy to the grid. Therefore, methods for overcoming this
issue are more and more required in order to increase renewable energy utilization.
In this paper, the k-Nearest Neighborhood (kNN) method (Chu & Coimbra, 2017) is utilized as a forecasting method
due to its simple and intuitive implementation. In addition it has promising results for small and medium gaps (Pedro
& Coimbra, 2012). The proposed method was used to predict global horizontal irradiance (GHI) at a site located in
Florianópolis - SC (-27.43, -48.44) in a one-minute forecast timescale.
The kNN is an autoregressive method that predicts a new value based on the k nearest neighbors, where the distance
among points is calculated from metrics based on available data. It is widely used to perform predictions in many
solar research fields. Pedro and Coimbra (2015) predict GHI and direct normal irradiance (DNI) in intra-hour
resolutions using local measured data and sky images. They concluded that the kNN has a lack of accuracy for large
irradiance ramps, and that including sky images increases the accuracy by less than 5%.
Madeti and Singh (2018) used the kNN method to identify many types of faults in photovoltaic systems, such as
open circuit fault and shading faults. Many other forecasting methods are available to predict solar irradiance and
photovoltaic generation: autoregressive methods as ARIMA and ARMAX (Li, Su, & Shu, 2014; Scolari, Sossan, &
Paolone, 2016), machine learning based as artificial neural network (ANN) (Kamadinata, Ken, & Suwa, 2019; Reno
& Hansen, 2016). Yang et al. (2018) have presented a mining review of the solar forecasting literature, analyzing
new methods and frequently-used terms.

2. Data and Methodology
2.1 Dataset
The irradiance data is retrieved from Fotovoltaica/UFSC solar radiation measurement station (Fig, 1), with a time
resolution of one minute and is measured by a Kipp & Zonen SMP11 pyranometer. The total data period is the whole
year of 2018 and the data was pre-processed using BSRN quality standards (Long & Dutton, 2010). The solar zenith
angle was calculated through NREL tool (NREL, 2018) and it was used to filter the data for only day values (zenith
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< 80º).

Figure.1: Fotovoltaica – UFSC solar radiation measurement station at Florianópolis (Brazil).

3.2 The kNN method
The kNN autoregressive method predicts a new point based on the average of the k nearest neighbors points, this is,
points with the minimum distances from the predicted point. The distance among points is calculated based on predefined parameters that are called features. Once a distance for each feature is done, the resultant distance is
calculated using the Euclidian distance (d).

𝑛

𝑑 = √∑ 𝑑𝑓2

(eq. 1)

𝑓=1

Where df is the distance for the feature f.
The features chosen were: timestamp, zenith angle, the last measured irradiance, the last kt value, moving average
from the last four kts, and the variance from the last four kts. The kt used is the measured GHI value divided by the
horizontal extraterrestrial irradiance, as showed in Equation 2.
𝑘𝑡 =

𝐺𝐻𝐼
𝐸𝑥𝑡𝐻𝑜𝑟

(eq. 2)

All features were normalized by their minimum and maximum values, then, the Euclidian distance is calculated
based on the normalized features (Pedro and Coimbra, 2015b).
𝐹𝑡𝑛𝑜𝑟𝑚 =

𝐹𝑡 − min(𝐹)
max(𝐹) − min(𝐹)

(eq. 3)

Where Ft is the featured at instant t and F represents the entire set of Ft past values.
The whole dataset was split into three different dataframes: training dataframe, test dataframe, real case dataframe.
The real case dataframe is a dataset that were not used in the context of training and testing stage of the kNN
algorithm, thus, representing a forecasting real case.
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3.3 The Persistence Method
The Persistence method is a widely used model to predict solar irradiance and is also used as a reference method to
asses the forecast skill of other methods (Chu et al., 2015; Kaur et al., 2016; Urraca et al., 2016). It is based on the
assumption that the atmospheric condition is going to be the same as the very previous condition. In irradiance terms,
this means that the next (forecasted) kt is equals to the previous (measured) kt. Therefore, it is represented by
Equation 4.
𝑘𝑡𝑡+1 = 𝑘𝑡𝑡

(eq. 4)

Consequently, the predicted irradiance value is given by the product of this new kt and the horizontal extraterrestrial
irradiation for that instant.

3.3 Accuracy assessment
To assess the accuracy of the kNN method, three main metrics were used: the R² of the correlation between measured
and forecasted values; the Normalized Root Mean Square Error (NRMSE) and the Forecast Skill (FS) (Inman et al.,
2013).
The NRMSE is the Root Mean Square Error (RMSE) normalized by the average irradiance value, and it can be
calculated by Equation 5. The normalization was done in order to avoid misguidance when evaluating the error for
bigger and smaller irradiance values
2

√∑𝑇𝑡=1 (𝐺𝐻𝐼𝑡 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑡 )
𝑇
𝑁𝑅𝑀𝑆𝐸 =
𝐺𝐻𝐼𝐴𝑣𝑔

(eq. 5)

The Forecast Skill (FS) is a metric used to assess the accuracy of the method comparing it with the Persistence
method and is given by Equation 6.

𝐹𝑆 = 1 −

𝑁𝑅𝑀𝑆𝐸𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
𝑁𝑅𝑀𝑆𝐸𝑃𝑒𝑟𝑠𝑖𝑠𝑡𝑒𝑛𝑐

(eq. 6)

Also, to have a better understanding of the accuracy in different conditions, a simple relative error metric calculated
by Equation 7.
𝐸𝑟𝑟𝑜𝑟 =

𝐺𝐻𝐼𝑡 − 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑡
𝐺𝐻𝐼𝑡

(eq. 7)

3. Results and Discussion
Primarily, the optimal k number of neighbors was chosen through an iterative analysis where the k value was varied
from 1 to 100 and it was observed that the R² is around 95% and 94% for the worst-case scenarios. Thus, in a tradeoff between accuracy and computer efforts, the k value selected is 5.
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Figure.2: R² as a function of k.

Then, with the k value determined, a more complete analysis was made to evaluate the kNN accuracy in different
sky conditions. The NRMSE obtained for k = 5 was 22%. In addition, to analyze the values separately we
implemented a simple error metric presented in Figure 2. It is noticeable that the forecast model provides better
accuracy for values between 400 and 800 W/m². For smaller irradiance values (< 200 W/m²) we have a very dispersed
error, which could be explained since the kNN would perform very well for beginning and end of the day, due to its
pattern behavior. On the other hand, these values are also a consequence of ramp caused by clouds, which Pedro and
Coimbra (2015) already stated to be a difficult for kNN’s method. Moreover, cloud edges can result in unpredictable
extreme irradiance events (Rüther et al., 2017), resulting in values with very high kt’s and a low accuracy for the
forecast method.

Figure.3: Correlation between GHI and Kt values and the forecast instantaneous error.

Furthermore, the persistence model was calculated, providing an R² =95% and NRMSE=13%. Thus, it was possible
to calculate the FS. Moreover, the value obtained when comparing to the model was FS = 0.252, demonstrating a
small improved if compared to the simplest possible model. However, when analyzing the real case scenario, the
value obtained was FS = -0.024, a result which demonstrates no improvement in relation to the persistence model.
This situation can be strongly related to the seasonal effect related to the data chosen to be used to test the model,
which was the fourth quarter of the year, thus summer season in Brazil. Therefore, kNN model would be utilized in
its worst conditions, with several irradiance ramps, alongside the persistence model was in a positive error condition,
with more clear days than usual. According to this situation, kNN still worked as expected.
In order to better evaluate and understand the model, two real case scenarios were plot, considering two specific
days, which were retrieved from the initial dataset. Thus, the first day “2018-01-04” (Figure.4 top) which represents
a clear day was forecasted using the trained model. As expected, the model produced a strong representation of
reality, however outputting small variations throughout the clear day, situations that can be smoothed with an
optimization in the model. Furthermore, when analyzing a cloudy day “2018-08-09” (Figure.4 bottom), it is possible
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to observe a considerably reduced accuracy, especially related to the difficulty of kNN when forecasting irradiance
ramps. Moreover, it also presents some small deviation when estimating data. Therefore, it is noticeable that the kNN
model presented represents a clear day forecasting model, however generating weaker skills when related to more
overcast sky days.
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Figure.4: Comparison between forecasting in a clear sky day (top) and in a cloudy day (bottom).

4. Conclusion
Given the arguments above, we can conclude that kNN is a very consistent forecast method. Its implementation
simplicity and intuitive aspects are positive factors highlighted in this method. Furthermore, presenting a R² = 95%
and NRMSE = 22.13% demonstrated kNN as a robust method; however, this forecast tool presents difficulties
regarding irradiance ramps, thus, reducing its accuracy. Moreover, future work will be carried out with sky camera
analyses and other exogenous data, in order to increase kNN forecast accuracy. Also, work in progress will present
results on a seasonal evaluation of kNN model to enrich the results obtained so far, complementing the work on
optimization for the model presented in this paper.
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Abstract
Ground measurement of solar radiation is the most accurate way to evaluate and quantify the available solar
resources at any specific site. This is particularly important for solar energy projects. The acquisition of high
quality solar radiation data requires the installation of a solar radiation monitoring station with thermoelectric
type of sensors such as pyranometers and pyrheliometer, mounted on a sun-tracker system. This type of station
allows the collection of reliable solar radiation data, but it is costly and requires continuous maintenance. An
alternative method for on-site measurements of solar radiation is the use of a rotating shadow band irradiometer
(RSI) based on a photodiode sensor. The system is less expensive and requires less frequent maintenance;
however, the collected data are less accurate. A study of the data measured by an RSI operating in desert
conditions is presented here; This RSI has been calibrated and corrections have been applied by the
manufacturer, but not for the local conditions at the site of this study. The results show the estimated
uncertainties of solar components derived by RSI, when compared to the ones acquired by the thermopilebased sensors; the relative root mean square errors for GHI are less than 3 % and they are larger for the diffuse
and direct components. The largest deviations are found for the direct component, which is computed by the
RSI from the global and diffuse components, and not measured.
Keywords: solar resource, ground measurements, RSI, Gb, G, Gd.

1. Introduction
The assessment of solar resources requires determining three components of the incoming sunlight: direct
normal irradiance (Gb), global horizontal irradiance (G) and diffuse horizontal irradiance (Gd). It is best to
measure each component with a separate sensor of known uncertainty, ideally with thermoelectric radiometers,
which provide the highest-quality measurements. However, these sensors have high prices and the
measurement of Gb and Gd requires the use of a sun tracker, further increasing costs, complexity and
maintenance requirements. A common alternative are rotating shadowband radiometers (RSRs), which use
only one sensor (a photodiode) to measure G and, with the help of a shading band that rotates regularly, Gd;
from these two, Gb is calculated using SZA, the solar zenith angle, through
G = Gb *cos(SZA) + Gd

(Eq.1)

Operating an RSI instead of a sun tracker-based solar monitoring station has several advantages. First of all,
only one instrument is required to obtain the three solar radiation components. Among other advantages, RSIs
have lower cost, are less sensitive to sensor soiling (Pape et al., 2009), and require less maintenance. RSIs use
silicon detectors that have faster response times compared to thermopile detectors; on the other hand, they have
a narrow spectral response, which provides systematic deviations of their response, resulting in lower
accuracies in determining broadband solar radiation (Wilbert et al., 2015). RSI accuracy also depends on the
operation conditions since the silicon photodiode detectors are temperature dependent, so the RSI suitability
should be studied depending on the intended use, and correction functions should be applied to correct for the
systematic deviations. The study presented here compares solar radiation measured by RSI to solar radiation
measured by thermopile-based sensors under desert conditions.
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2. Methodology
The analyzed data in this study were collected during one year, from November 2013 until October 2014, at
the Qatar Energy and Environment Research Institute (QEERI), located in Education City, Doha, Qatar
(25.325°N, 51.433°E). Measurements of solar irradiances were taken at 1-minute resolution with a Kipp and
Zonen thermoelectric sensor-based monitoring station. This high-quality station is equipped with two CMP11
pyranometers for global and diffuse measurements and one CHP1 pyrheliometer for direct solar radiation
measurements, with all sensors mounted on a Solys2 sun tracker. The thermoelectric sensor measurements,
hereafter designed by KZ, are compared with the corresponding measurements taken at the same time and
location with an RSR2 radiometer, from Irradiance, Inc., hereby called RSR and consisting of a Licor LI-200
silicon photodiode pyranometer and a band driven by a motor, which shades the sensor temporarily from the
direct sunlight in order to make the diffuse measurement, and by using Eq.1 the direct normal irradiance is
calculated.
All sensors (RSR and KZ) are factory calibrated by their respective manufacturer, following international
standards. The data analyzed in this study are acquired by the abovementioned sensors operating within less
than two years since their calibration date. According to the RSR2 ‘Certificate of Calibration’ document from
the manufacturer (Irradiance), the calibration value is produced with “corrections for spectral, angle of
incidence and temperature dependencies of the diffusers and silicon photodiode used in LI-CORs pyranometer
sensors”. Correction functions are applied separately on the global and diffuse sensor responses in RSR2, and
are described in Augustyn et al. (2004).
The two monitoring stations were maintained regularly (at least 4 times during the week) including cleaning
and checking the alignment of all sensors, except in specific experimental periods in which soiling of RSR
were studied and the RSR sensor was cleaned less often. The data of the soiling campaign are not included in
the analysis here except for the monthly averages as will be explained later. In addition, only data of both
instruments that passes the quality control tests described in Long and Dutton, (2002) were used.
Figure 1 shows the KZ station (left side) and the RSR2 (right side), installed in Education City.

Fig.1: Solar monitoring stations operating in Education City, Doha, Q atar.

For the comparison, scatter plots comparing the RSR data against the KZ data are studied, as well as the mean
bias difference (MBD), root-mean-square-difference (RMSD) and their relative values rMBD and rRMSD
were calculated.
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where i goes from 1 to n, and consists of all pairs of RSR and KZ data with the same timestamp, during
daytime. 𝑥𝐾𝑍,𝑖 and 𝑥 𝑅𝑆𝑅,𝑖 are the irradiance values (Gb, G, and Gd) from the KZ and RSR measurements,
respectively. The relative values rMBD and rRMSD are computed by dividing MBD and RMSD by the
corresponding averages of the KZ values. Possible dependencies of the errors on zenith angle and ambient
temperature are also studied. In addition to the spectral dependency, these are expected to be the main factors
affecting the RSR; the RSR sensor is covered by a light diffuser shaped as a disk, so light transmission might
be affected at the edges of this disk; and since the sensor is basically a photovoltaic cell, its signal varies with
temperature and, although corrections are applied, some might not be optimal. For a more complete analysis,
the three 'components' are studied here, namely direct normal irradiance, global horizontal irradiance, and
diffuse horizontal irradiance.

3. Results
Figure 2 shows samples of the relative bias of the 10-minute averages of the three components, through several
weeks, calculated as the difference of the 10-min average of RSR and KZ data at the particular timestamp,
divided by the KZ value at the same timestamp. In general, the errors for G are within 5 % (absolute value);
they are higher for the diffuse component, and the largest errors occur for Gb. Larger deviations occur at high
zenith angles (low sun elevations) for all components, from which each day can be distinguished in the plot.
This is especially obvious for Gb, because RSR Gb is computed following equation 1, which requires the
calculation of the cosine of the solar zenith angle, and any uncertainties in this calculation reflect in Gb
calculated values (Vignola, 2006). The systematic overestimation observed in Gd measured by RSR may be
due to an insufficient correction of the excess sky hidden by the shadowband applied to the diffuse component.
Indeed, when the shading band rotates, apart from obscuring the sun it blocks a part of the sky; to correct for
the excess obstruction, samples just before and after the solar disk is blocked are used in a correction based on
the position of the maximum slope of an abrupt fall of the G signal (Irradiance, 2019; Wilbert et al., 2015).
Due to larger solar disk observed in Qatar’s conditions, the slope variation is slower, resulting in an
overestimation of the correction added to Gd.
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Fig.2: rMBD of RSR measurements w.r.t. thermoelectric ones, using 10-minute averages, over several weeks.

Figure 3 illustrates the one-to-one correlations of daytime measurements of RSR versus KZ for the three
components, using one-minute averages, as measured by both stations.

Fig.3: Comparison of Gb, G, and G d as measured by RSR and KZ during 1 year in Doha, Q atar.

It can be seen that in general G is well correlated with slight underestimation of RSR values compared to KZ
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values. Gd shows however an overestimation, more noticeably at higher level of radiations. Gb follows the
opposite behavior of Gd, and has in general larger errors since as mentioned before the uncertainties here are
the combined effect of the inputs to its calculation. In table 1 are shown the values of the statistical comparisons
for 1-min, 10-min and hourly averages, for daytime entries of zenith angle less than 80o. It is to be noted that
the errors improve slightly with higher aggregations of the data, except for the diffuse component.

Tab. 1: Results of the comparison between RSR and KZ; MBD, and RMSD are in W/m2; rMBD and rRMSD are in %.

MBD

rMBD

RMSD

rRMSD

Corr.

Gb

-18.7117

-3.2464

22.324

3.87313

0.998251

G

-10.4841

-1.86237

15.4348

2.74182

0.999243

Gd

7.72834

3.91634

11.1016

5.62575

0.997537

Gb

-18.5874

-3.27911

21.7395

3.83521

0.998571

G

-10.4808

-1.8617

15.1435

2.68995

0.999296

Gd

7.71858

3.91082

10.8954

5.52042

0.997703

Gb

-17.8074

-3.20848

21.3694

3.85027

0.998458

G

-9.75044

-1.7389

15.4058

2.74759

0.999135

Gd

7.91014

4.02086

10.8938

5.53572

0.997653

1 min,
SZA<80 o

10 min,
SZA<80 o

1 hour,
SZA<80 o

Considering higher temporal aggregations, figure 4 shows the monthly averages of Gb, G, and Gd calculated
from quality-controlled 1-min KZ and RSR data, without excluding the data from the experimental periods
mentioned in section 2 in order to keep the representativeness of the monthly values. Differences can be seen
when comparing the results month by month, however with almost the same trend throughout the year. The
yearly relative biases calculated from the monthly average irradiance values, respectively for Gb, G, and Gd are:
-6.215%, -3.684%, and 2.235%. The biases are more shifted towards negative when compared to the values in
table 1, due to the decrease in the RSR signal because of the soiling.

Fig.4: Monthly averages of Gb, G, and Gd measured in Doha, Q atar.

Systematic deviations in the RSR measurements when compared to the thermopile-based sensors can also be
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due to cosine response errors and to the temperature dependence as well (King et al., 1998; Vignola et al.,
2017). Figures 5 and 6 show respectively the relative bias as a function of air temperature and zenith angle for
the three components, calculated as the difference between the one-min value of RSR and KZ data at the
particular timestamp, divided by the one-min KZ value at the same timetamp.. In figure 5, there is no clear
dependency on temperature. For the diffuse component, the dispersion of the relative biases seems slightly
more widespread than for the global one with no clear temperature dependence either, but with mostly positive
rMBD. As explained previously, this may be due to the method applied to the diffuse component derived by
the RSR. Another correction, related to the spectral effect, takes part in the estimation of RSR Gd as explained
in (Vignola et al., 2017). These two corrections may be insufficient and result in an overestimation of the RSRmeasured diffuse irradiance in Qatar’s conditions, where ‘clear’ skies (cloudless) are still highly loaded with
aerosols, which affects the expected clear-sky spectrum. Similarly, Gb does not show any clear temperature
dependency; however, the dispersion of rMBD is the largest since the errors in G and Gd are amplified in the
RSR-calculated Gb, as discussed previously. A large part of Gb deviations are negative; the main cause is the
overestimation seen in Gd.

Fig.5: Relative bias of RSR vs KZ as function of air temperature for one-minute solar irradiances in Doha, Q atar.
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Fig.6: Relative bias of RSR vs KZ as function of sun zenith angle for one-minute solar irradiances in Doha, Q atar.

Figure 6 shows the relative bias variations with the solar zenith angle. Similarly to the previous figures, there
is no clear dependency on zenith angle for the three components, and the highest deviations are observed for
Gb. It was noted that there is a step in the bias of the data around SZA of 45O (more clearly seen in the G and
Gd plots); this could be due to the moment when the direct sunlight is passing near the edges of the diffuser in
the RSR, but this requires additional investigations.
4. Conclusions
Ground-level measurements of solar radiation are crucial for solar resource studies as well as many other
different applications. It is thus important to assess the performance, advantages and disadvantages of different
measuring instruments, in order to understand the quality and uncertainties of the collected data, and evaluate
their usefulness depending on the purpose and application. The study presented here shows the errors
associated with measurements of solar radiation collected by an RSR device, after comparison with a higher
quality solar monitoring station, under challenging desert conditions over the course of one year, in which all
types of sky conditions are seen, and where aerosols produce noticeable effects on available solar radiation.
The rRMSD of the RSR measurements relative to those from the thermoelectric-based station were found to
be less than 3% for G, less than 4% for Gb and the highest errors were observed for Gd and were less than 6%.
The corrections applied to RSR, accounting for the temperature and zenith angle effects, seem mostly correct
throughout all temperature and zenith angle ranges, since no clear dependencies on ambient temperature or
solar position were found; however, the correction applied to the diffuse component to account for the excess
sky hidden by the shadow band seems not working correctly in all conditions seen in Qatar, in particular for
those with high aerosol loads; however this needs further investigation to confirm the same.
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Abstract
The correct quality assessment of solar irradiance data allows public bodies, academic entities and nongovernmental organizations to plan and manage renewable energy resources more appropriately in Brazil. This
study presents a physical and statistical analysis procedure used by the Solar Radiometry Laboratory of the
School of Agricultural Sciences (São Paulo State University - UNESP), in Botucatu/São Paulo/Brazil, to check
the reliability of 5-minute instantaneous average measurements (Wm-2) of global (IG), sky-diffuse (ID) and
direct-beam (IB) solar irradiances in horizontal surfaces. The procedure was implemented based on quality
control of the International Commission on Illumination (CIE) to detect physically impossible events (absolute
and consistency checks) and statistical ranges in function of sky cover conditions to identify uncertain events.
A set of measurements (2005 to 2007) was used to demonstrate the application of this procedure. It was found
by the physical analysis that the absolute check identified the least amount and the consistency check the
largest amount of physically impossible and discrepant quantities measurement values, as well as the statistical
ranges allowed to identify data points not signaled by the previous criteria, pointing uncertain solar irradiance
observations (outliers). The procedure application indicated that 94.77% of global, 97.12% of sky-diffuse and
98.16% of direct-beam irradiances were flagged as validated, indicating a high quality of measurements, that
can be used to assist Brazilian organizations in the planning of renewable energy systems.
Keywords: Solar radiation; Quality assessment of solar measurements; Statistical ranges; Sky coverage.

1. Introduction
The correct quality assessment of solar measurements allows public bodies, academic entities and nongovernmental organizations to plan and manage renewable energy resources more appropriately in Brazil.
Solar irradiance is crucial for the conversion of thermal energy, photovoltaic systems, residential and building
heating and on agricultural crops (Pashiardis and Kalorigou, 2016). However, measuring solar irradiance is
not an easy task because of process uncertainties, as is often the case for any type of measurements. Solar
irradiance measurement errors are caused by problems in the instrumentation and operational negligence in
the acquisition of these parameters (Younes et al., 2005). As such it is necessary to implement processes for
analysis of such measurements before their submission to subsequent investigations, to ensure data reliability.
Some quality control procedures are proposed by government bodies, meteorological institutes and
independent scientists, around the world, to verify the reliability of measured solar irradiances. The most used
is the Baseline Surface Radiation Network of the World Radiation Monitoring Center (Long and Dutton, 2002).
However, there are others that are also widely applied, such as the National Renewable Energy Laboratory of
the U.S. Department of Energy (NREL, 1993), the International Commission on Illumination (Tregenza et al.,
1994) and the Royal Meteorological Institute of Belgium (Journeé and Bertrand, 2011) procedures. The
purpose of such procedures is to identify, from different methods (range test from physically and extremely
rare limits, across-quantities relationships, model comparisons and visual inspection), measures suspected of
being incorrect, pointing them with a flag (Ohmura et al., 1998). Leaving the decision to remove flagged cases
for the data analyst (Urraca et al., 2017).
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The purpose of this study is presents a quality control procedure, combining physical and statistical analysis
criteria, used by the Solar Radiometry Laboratory of the School of Agricultural Sciences (São Paulo State
University - UNESP), in Botucatu/São Paulo/Brazil, to check the reliability of 5-minute instantaneous average
measurements (Wm-2) of global (IG), sky-diffuse (ID) and direct-beam (IB) solar irradiance in horizontal
surfaces. Most of the quality control procedures presented in the literature are designed mainly to identify
physically impossible measurements or with discrepancies in the solar component comparisons. The criteria
combination for identify impossible and inconsistency measurements, according to physical reason with a
statistical criterion, routinely used after data acquisition, allows a different analysis (identifying statistical
outliers) based on sky cover conditions, because this is one of the factors that most affect the amount of each
solar component measured. In addition, an application of this procedure is presented to assess which analysis
criteria is more rigorous, considering a set of measures from 2005 to 2007.

2. Methodology
2.1 Location and Climate
The proposed physical and statistical analysis procedure was developed based on daytime global (IG), skydiffuse (ID) and direct-beam (IB) solar irradiances (2005 to 2007) of Solar Radiometry Laboratory (22.54’S,
48.27’W, 786m) of the School of Agricultural Sciences (São Paulo State University - UNESP) in Botucatu/São
Paulo/Brazil. Botucatu (Fig. 1) is a town located in the center-south region of the São Paulo state (SP),
characterized mainly by intense agricultural activities (sugarcane and eucalyptus) and moderate industrial
activities (Codato, et al., 2008). According to Köppen climatic criteria, Botucatu is classified as Cwa
(mesothermal) with warm temperate climate. It includes dry winter (June to August) and hot and humid
summer (December to February), with wide temperature variations throughout the year (Dal Pai et al., 2016).

Fig. 1: Location of Botucatu Town in São Paulo State - Brazil.

The climatic series from 1971 to 2013 for the Botucatu town, obtained by the Lageado Weather Station (2019),
indicates that the average air temperature for the coldest month (July) is around 17 ºC and for the warmest
month (February) near 23 ºC. The average relative air humidity for the less humid month (August) is around
64% and for the wettest month (February) near 78%. Precipitation had its highest values in summer and spring
(wet season), with maximum occurrence in January (around 250 mm), due to the great evaporation of wet and
heated surfaces. The lowest precipitation values were obtained in winter and fall (dry season), with a minimum
occurrence in July and August, around 40 mm, due to the meeting of cold and dry masses coming from the
south with the hot and humid masses coming from north (Codato et al., 2008; Dal Pai et al., 2016). It is
important to note that the rainy season is characterized by the presence of large cloud cover.
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2.2 Measurement Acquisition and Instrumentation
Global irradiance (IG) was measured by an unshaded Eppley Precision Spectral Pyranometer - PSP (Fig. 2a)
on a horizontal surface. This instrument has a large thermal offset, that can be corrected using the output signal
from a Pyrheliometer or reduced using an Eppley Standard Ventilator (Haeffelin et al., 2001). However, for
this study, no correction was applied, because it is a preliminary study, as well as in the irradiance measured
period no device was used to reduce this offset, due to limited financial resources. Direct-beam irradiance at
normal solar incidence (IBN) was measured by an Eppley Normal Incidence Pyrheliometer - NIP (Fig. 2b) fitted
to a single axis Eppley Solar Tracker - ST3. To obtain the direct-beam irradiance on a horizontal surface, the
values at normal solar incidence were multiplied by the cosine of the zenith angle (IBN cosθZ), in degrees (eq.
1), according to Iqbal (1983).
cos θZ = sin (δ) sin (ϕ) + cos (δ) cos (ϕ) cos (ω)

(eq. 1)

where δ is the solar declination (eq. 2), ϕ is the geographical latitude of the measurements acquisition site (22.85) and ω is the hour angle of the sun (eq. 3), both in degrees.

δ=

0.3964 + 3.631 sin (F) - 22.97 cos (F) + 0.03838 sin (2 F) – 0.3885 cos (2 F) + 0.07659 sin (3
F) – 0.1587 cos (3 F) – 0.01021 cos (4 F)

such that F is

(eq. 2)

360 D
365

, where D is the day of the year (1st to 365th).

ω = (12 - Hd) 15

(eq. 3)

where Hd is the hour and tenth hour of the day.
The sky-diffuse irradiance (ID) was measured by an Eppley Precision Spectral Pyranometer - PSP (Fig. 2c) on
a horizontal surface fitted to a shadowring (radius of 0.40 meters and width of 0.10 meters) developed and
corrected using the geometric factors proposed by Oliveira et al. (2002), because it has low cost and has easy
operation and maintenance. The geometric correction does not consider the anisotropic effect of radiation,
tending to underestimate sky-diffuse component, mainly, in clear sky conditions. To overcome this deficiency,
Dal Pai et al. (2016), were corrected the measurements based on atmospheric factors, that on average, brought
an interesting result. However, in the most frequent measurements acquisition (10, 5 or 1 minute) there is a
tendency of scattering of data, due to the fast effects of diffuse radiation in short time. This means that, for
different types of sky cover, both corrections may imply possible underestimation or overestimation of the real
sky-diffuse values.

Fig. 2: Pyranometer of global irradiance (a), pyrheliometer of direct-beam irradiance (b) and pyranometer of sky-diffuse
irradiance (c) with a shadowring.

All devices used were installed in a rural area with short green grass at least 1.5 meters from the ground.
Regular maintenance was performed daily, ensuring perfect irradiance monitoring conditions, as well as
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additional instruments were annually used to calibrate the routine equipment using the comparative method.
A Campbell Scientific (2006) Micrologger CR23X, operating at a frequency of 1 Hz, was used to collect,
process and store the irradiances signals every 5 minutes (average of 60 measures collected at a scan time of 5
seconds) in the period used in this study. Tab. 1 shows the operating specifications of the instrumentation
described, according by Eppley (1992) and Eppley (2019) manuals.

Tab. 1: Operational specifications of the global, direct-beam and sky-diffuse solar irradiance instruments.

Global Solar
Irradiance (IG)
Eppley/Precision Spectral
Pyranometer (PSP)

Specification
Brand/Instrument

Direct-Beam Solar
Irradiance (IB)

Sky-Diffuse Solar
Irradiance (ID)

Eppley/Normal Incidence
Pyrheliometer (NIP)

Eppley/Precision Spectral
Pyranometer (PSP)

Secondary Standard/High Secondary Standard/High
Quality
Quality

Classification

Secondary Standard/High
Quality

Spectral Range

295 – 2800 nm

250 – 3000 nm

295 – 2800 nm

Sensitivity

Approx. 7.45 µV/Wm²

Approx. 7.59 µV/Wm²

Approx. 7.47 µV/Wm²

Output
95% Response
Time

0 – 12 mV

0 – 10 mV

0 – 12 mV

5 seconds

5 seconds

5 seconds

Approx. 1% (0º < θZ < 70º)
Approx. 3% (70º < θZ < 80º)

-

Approx. 1% (0º < θZ < 70º)
Approx. 3% (70º < θZ < 80º)

Cosine Effect

2.3 Physical and Statistical Analysis Procedure
The statistical analysis of solar irradiances, performed after your acquisition, is a prerequisite for future
investigations on the solar resource, essentially in sub-hourly databases, where the frequency of acquisition
implies higher volumes of measurements and erroneous data. Due the uncertainties in the solar irradiance
measurement process, it is necessary to use procedures based on physical reasoning to detect impossible events
and statistical analysis to identify questionable events (Journée and Bertrand, 2010). The physical reasoning
rules of the International Commission on Illumination - CIE (Tregenza, et al., 1994), including absolute - AC
(ACG, ACD and ACB criteria on Tab. 2) and consistency checks - CC (CCG and CCD criteria on Tab. 2), were
first used in this study to ensure that major problems do not exist (unrealistic peaks or small variations),
detecting impossible or inconsistent measures. In sequence, a statistical range - SR analysis was applied (SRG,
SRD and SRB criteria on Tab. 2) to determine ranges of allowable variations (minimum and maximum values)
for the irradiances based on sky cover conditions. The irradiances outside the statistical ranges may be
considered uncertain due to the high or low values for sky conditions at the time of your acquisition.

Tab. 2: Solar measurements analysis criteria of absolute checks (AC), consistency checks (CC) and statistical ranges (SR).

2042

Label
Check

Analysis
Criteria

Verified
Irradiance

ACG

0 < IG ≤ (1.2 IE)

IG

ACD

0 < ID ≤ (0.8 IE)

ID

ACB

0 ≤ I B ≤ IE

IB

CCG

0.75 (ID + IB) ≤ IG ≤ (ID + IB) 1.25

IG

CCD

ID < (1.10 IG)

ID

SRG

μIG − (k σIG ) ≤ IG ≤ μIG + (k σIG )

IG

SRD

μID − (k σID ) ≤ ID ≤ μID + (k σID )

ID

SRB

μIB − (k σIB ) ≤ IB ≤ μIB + (k σIB )

IB
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Statistical ranges were obtained by the average (μIG , μID and μIB ) and standard deviation (σIG , σID and σIB ) of
the global (IG), sky-diffuse (ID) and direct-beam (IB) irradiances, respectively. The multiplier (k) of confidence
level of 99.50% were also used, considering the normal probability distribution (in this study k value is 2.57).
All the procedure (Tab. 2) was applied in measurements obtained in an interval of one whole day for each sky
cover classification. The sky cover classification (dimensionless) is obtained by the clearness index interval
(KT), i.e., the ratio between global and extraterrestrial irradiances (IG/IE), and has four coverage conditions,
according to Escobedo et al. (2009), as shown in Tab. 3.

Tab. 3: Clearness index interval and sky coverage condition.

Clearness Index Interval Coverage Condition
0 ≤ KT < 0.35

Overcast Sky

0.35 ≤ KT < 0.55

Partially Cloudy Sky

0.55 ≤ KT < 0.65

Partially Clear Sky

0.65 ≤ KT < 1

Clear Sky

The extraterrestrial irradiance (IE), used to obtain the sky cover classification and in the measurement analysis
criteria, can be obtained in Wm-2 (eq. 4), according to Iqbal (1983).
IE = 1361 EC cos (θZ)

(eq. 4)

where 1361 is the solar constant (Wm-2), EC (eq. 5) is the dimensionless orbital eccentricity (Earth-Sun
distance) and θZ the zenith angle in degrees.

EC =

1 – 0.0009467 sin (F) – 0.01671 cos (F) – 0.0001489 (2 F) – 0.00002917 sin (3
F) – 0.0003438 cos (4 F)

such that F is

(eq. 5)

360 D
365

, where D is the day of the year (1st to 365th).

The possible diagnostics for the physical and statistical analysis for each measured data point are questionable
(Q), that represents when a variable failed in a criterion (impossible or uncertain) and cannot be replaced, and
valid (V) that represents when a variable passed in one of the criteria, however can still be downgraded to
questionable by failing another subsequent analysis (Tregenza et al., 1994). This procedure should not delete
questionable data point from the database, only signal them. Since this decision must be taken by the solar
radiation data analyst.
3. Results and discussion
In the case of pyranometers and pyrheliometers there are several details that can influence the measurement of
solar irradiance, affecting their reliability. The effect of circumsolar irradiation is the unique detail that can
affect direct-beam measurements in the case of pyrheliometers. However there are other details that can
influence the measures of global and sky-diffuse irradiance, acquired by a pyranometer, such as the directional
response of the sensor on the elevation of the sun and the effect of inclination. In order to deviate from any
problems caused by such circumstances, the CIE rules determine that only measurements above 4° of solar
elevation (eq. 6), calculated according to Iqbal (1983), should be considered valid in the data set. But, in this
study this criterion was not applied, and all measures obtained above 0° of solar elevation were used and
considered valid until it proves to be questionable.
E = 90 - θZ

(eq. 6)
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The dataset selected for analysis (2005 to 2007) contained 150878 of global (IG), 148747 of sky-diffuse (ID)
and 144064 of direct-beam (IB) irradiance data points. The measurement point numbers for each sky cover
conditions can be seen in more detail in Tab. 4. These numbers express the amount measurements obtained
before any analysis or data processing activity (raw data), indicating a greater number of irradiance values
obtained under clear and cloudy sky conditions and a smaller amount under partially cloudy and partially clear
conditions, respectively.

Tab. 4: Numbers of questionable measures by each rules of the analysis.

Analysis Criteria
Number of Raw
Total Amount of
Number
of Questionable
Sky Coverage
Solar
Measurement
Questionable
Measurements
Condition
Irradiance
Points
Measures
Absolute Consistency Statistical
Check
Check
Range
IG
50803
0
1347
538
1885
Overcast
ID
48997
0
1659
481
2140
IB
48848
0
0
1652
1652
IG
29625
0
1534
144
1678
Partially Cloudy
ID
29525
0
351
249
600
IB
27959
0
0
433
433
IG
19361
0
976
92
1068
Partially Clear
ID
19310
1
42
233
276
IB
18443
0
0
148
148
IG
51089
23
2878
358
3259
Clear
ID
50915
131
23
1111
1265
IB
48814
0
0
417
417
IG
150878
23
6735
1132
7890
Total
ID
148747
132
2075
2074
4281
Measurements
IB
144064
0
0
2650
2650
Global irradiance had a higher number of measurements flagged as questionable in the consistency check
criterion, with higher occurrence in clear sky (2878 data points of 51089 in this condition). Sky-diffuse
irradiance had a greater number of measures flagged as questionable, also in the consistency check criterion,
with higher occurrence in cloudy sky (1659 data points of 48997 in this conditions). Unlike the irradiance
already mentioned (global and sky-diffuse), there is no criterion for direct-beam irradiance consistency check,
a negative point in CIE rules, as this step showed to be the most efficient to identify questionable measures,
despite having serious problems, as will be pointed out below. In this case, there were no values flagged as
questionable by physical analysis in either of the two steps (absolute or consistency check). Therefore, the total
amount of direct-beam measures flagged as questionable was pointed by the statistical range criterion, most
occurring in cloudy sky (1652 data points of 48848 in this condition).
The highest irregularities (questionable measures) in global irradiance occurred on September 06, 2006 (Fig.
3a), such that 116 of the 139 data points were flagged (83.45%) by consistency check criterion, due to errors
in direct-beam measurements. For sky-diffuse irradiance the largest irregularities occurred on December 13,
2007 (Fig. 3b), where 61 of the 159 data points were flagged (38.36%), also, by consistency check, due to the
values exceeded global measurements more than 10%, this cannot occur because of the geometric relation
between the solar components (IG = ID + IB). In other words, in the absence of direct-beam the global irradiance
must be equal to sky-diffuse. Such information allowed us to see that the consistency check criterion has a
serious deficiency of flagging a measurement as questionable when, in fact, the failure happened in another
irradiance. As an example, it could be seen that the plotted points (Fig. 3a) of global and sky-diffuse are
correctly measured according to the values throughout the day (higher values around noon and lower at sunrise
or sunset), but were flagged as questionable because of a failure in direct-beam data. This is one of the reasons
why global has many measures flagged as questionable in the consistency check over the years.
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Fig. 3: Highest amount of questionable measurements in one day of global (a) and sky-diffuse (b) irradiance.
Under overcast sky conditions (Fig. 4a) sky-diffuse obtained the highest (4.37%) and direct-beam the lowest
(3.38%) total amount of questionable irradiances measures. For partially cloudy (Fig. 4b) and partially clear
sky conditions (Fig. 4c) the analysis presented similar results, where the global irradiance indicated the most
questionable measures (5.66% and 5.52%) and the direct-beam less questionable (1.55% and 0.80%),
respectively. Under clear sky (Fig. 4d), like previous conditions, the global had more questionable measures
(6.38%) and the direct-beam less questionable (0.85%).
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Fig. 4: Percentage of questionable and validated measures by each rules of the analysis in the overcast sky (a), partially cloud
sky (b), partially clear sky (c) and clear sky (d) conditions.

The main contribution of this paper is the statistical analysis, which works by complementing the physical
(absolute and consistency checks) procedure of CIE. This analysis was performed based on sky cover
conditions, because this is the factor that most contributes to the irradiance amount that reaches the terrestrial
surface. It was observed that for overcast and partially cloud sky the direct-beam irradiance had the largest
amount of measurements flagged as questionable, approximately 3.38% (Fig. 4a) and 1.55% (Fig. 4b),
respectively. For partially clear and clear sky the sky-diffuse irradiance had the highest amount of flagged
questionable data points, approximately 1.21% (Fig. 4c) and 2.18% (Fig. 4d), respectively. In this context, four
days samples (January 10 and 20, 2005, February 21, 2005 and March 1, 2005) that contained the largest
amount of questionable measurements (direct-beam and sky-diffuse) were selected for each sky cover
condition. The aim is to show the data points distribution and where they are considered questionable according
to the statistical parameters (see Tab. 2).
For the values obtained under overcast sky on January 20, 2005 (Fig. 5a), the average of direct-beam irradiance
(most flagged as questionable) was 0.5093 Wm-2, the standard deviation was 0.8505 Wm-2, the lower statistical
range limit was -1.6765 Wm-2 and the upper was 2.6952 Wm-2. For the other three sky cover classification
there are several days with the same amount of questionable measures. For partially cloudy sky we selected
January 10, 2005, to exemplify the analysis. For the values obtained on this day (Fig. 5b) the average of directbeam irradiance (most flagged as questionable) was 11.0555 Wm-2, the standard deviation was 22.1185 Wm2
, the lower statistical range limit was -45.7890 Wm-2 and the upper was 67.9001 Wm-2. For the partially clear
sky we selected March 1, 2005 (Fig. 5c) which contained an average value of sky-diffuse irradiance (most
flagged as questionable on this day) of 109.2171 Wm-2, the standard deviation was 79.5554 Wm-2, the lower
statistical range limit was -95.2404 Wm-2 and the upper was 313.6745 Wm-2. For the clear sky we selected
February 21, 2005 (Fig. 5d) which contained an average of sky-diffuse measurements (most flagged as
questionable) of 68.7960 Wm-2, the standard deviation was 10.2437 Wm-2, the lower statistical range limit was
42.4696 Wm-2 and the upper was 95.1225 Wm-2.
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Fig. 5: Days with the largest number of measurements flagged as questionable by the statistical ranges
procedure according to overcast (a), partially cloudy (b), partially clear (c) and clear (d) sky conditions.
For the irradiance values obtained under overcast sky (January 20, 2005 - Fig. 5a) out of 154 data points 10
were considered questionable (red area on graph). For partially cloudy sky (January 10, 2005 - Fig. 5b) out of
47 data points 3 were questionable, because their values were above the upper limit. For the partially clear sky
(March 01, 2005 - Fig. 5c) 29 measurements were obtained of which 2 were considered questionable. This flag
assigned by statistical analysis occurred in the same amount for other days under the same sky conditions.
Finally, for the clear sky condition (21 February 2005 - Fig. 5d) 6 of the 118 measurements obtained were
considered questionable because they were below the lower limit. From the total dataset, the global irradiance
presented the greatest amount of questionable measures (5.23% or 7890 data points), followed by sky-diffuse
(2.88% or 4281 data points) and direct-beam (1.84% or 2650 data points).
4. Conclusions
This study presents a physical and statistical analysis procedure used after the acquisition of global (IG), skydiffuse (ID) and direct-beam (IB) solar irradiance measurements to verify its reliability by the Solar Radiometry
Laboratory of the School of Agricultural Sciences (São Paulo State University - UNESP), in Botucatu/São
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Paulo/Brazil. The procedure consists of two steps of physical analysis (absolute and consistency checks)
developed by the International Commission on Illumination (CIE) and one step of statistical analysis (outlier
detection) proposed in this paper. According to the results presented from the solar irradiance measurements
set used, it can be concluded that: absolute check rules identified the least amount of questionable measures
(physically impossible); consistency check rules identified the largest amount (discrepant quantities of solar
components) and has a limitation of not containing rules for direct-beam irradiance and flag as questionable
measures that are actually correct; statistical ranges allowed to identify measurements not signaled by the
physical analysis, pointing unusual solar irradiance observations (outliers); statistical analysis proved to be a
complementary criterion to the CIE rules, allowing to verify the measurements in different sky coverage
conditions (factor that causes great variation in the irradiances values) and finally the physical and statistical
analysis procedure indicated that 94.77% of global, 97.12% of sky-diffuse and 98.16% of direct-beam
irradiance on horizontal surface were flagged as validated, indicating that they can be used to assist Brazilian
organizations in the planning of renewable energy systems.
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Summary
The present work describes the type B uncertainty analysis for the environmental
quantities monitored by a solar station. Type B in our case represents the random effects of
sensor and data logger on the measuring system by rounding resolution and noise, and
should be as low as possible. It is performed in order to comply with ISO technical
recommendations and also academic purposes. Special care should be taken if this report is
used as an example for uncertainty analysis of similar stations because it depends on
configuration, calibration certificates, data loggers specs, acquisition setup and so on. By
the end of work it will be possible to include the determined system uncertainty to the
overall measured repeated data.
Key-words: Uncertainty analysis, ISO, monitoring station
1. Introduction
Uncertainty is a part of any measurement and should be presented together with data in
order to comply with existent standards like WMO (2008, sec 1.5), NASA (2010), NIST Taylor e Kuyatt (1994) and so on. It is not common in meteorology area the full
uncertainty analysis of the measurement system, according to recommended by WMO
(2008, sec 1.6). In general, it is presented only the statistical errors of repeated data
observations. But uncertainties are grouped on two categories: types A and B ISO BIPM
(2008). Type A as previously mentioned, is the uncertainty obtained from statistical errors
of repeated data observations. Type B is the uncertainty obtained from technical
specifications, manuals, data sheets of sensors combined with the measuring system
features. Several countries by their national institutes or similar counterparts established
standardization guidelines on their own language. Most are essentially similar, because are
derived from ISO-based standards. In the present text, a combination of references above
mentioned and other complementary sources will be used as guidelines to determine our
case type B uncertainties. By the end of present work, it will be possible to include the
determined system uncertainty to the overall measured repeated data. The monitoring
station is deployed at Fotovoltaica Lab, at Universidade Federal de Santa Catarina,
Florianópolis SC Brazil [http://fotovoltaica.ufsc.br/sistemas/fotov/en/] lat. 27º25’50.34” S
lon. 48º26’28,81” W.
2. Material and methods
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The uncertainty will be performed in the following steps: a. describe the measuring
processes, b. do the analysis of sources of uncertainty, c. quantify its systematic and
random effects, d. perform its combined correction, e. determine expanded uncertainty to
finally obtain the expression measurement results. The first step is the schematic
representation of the monitoring station in figure 1. The second step is the description of
data logger scales, sensors type, model and characteristics taken from manual and
calibration certificates described in tables 1 and 2. Data logger analog reading resolution,
accuracy
and
response
time
could
be
obtained
from
specs
[https://www.campbellsci.com/cr3000]. Four reading scales available for use were
analyzed: 5V and 1V single ended (se) and 200, 50 and 20 mV differential (df) with input
reversal (rev). Reversion is important to reduce offsets and long length cable effects.

Fig. 1: Simplified schematic representation of solar station, indicating the principal variables monitored.
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Sensors and data logger uncertainties must be combined to obtain system type B
uncertainty. The combination of analog sensors and data logger sources of errors are
considered multiplicative due to signal amplification by multiple scales. In that case, it is
used the maximum error sum of squares under a chosen reading condition. They are
uncorrelated variables because their sources of errors are statistically independent.
Examples of correlated errors are the directional and spectral response, leveling, pointing
errors, temperature compensation, wind dependency quantities and so on. Correlation is
very detailed because the coefficient should be determined and taken into account. It is a
too long topic to be considered in the present work and is left for future analysis. Sensors
resolution or sensitivity are obtained from specs or calibration certificates. The sensor
uncertainty used is usually one half of its resolution. On “Max. reading” column of table 2
values used are taken from sensors specs. matched to data logger reading scales. For Si-02PT100, 200mV scale is correspondent to 1742W.m-2 irradiance. The pyranometers SR-20,
MS-80 and SPN1 are respectively maximum readings of 36mV, 32mV and 2000mV
@2000W.m-2. For PAR it is 17mV @3000µmol.sm-2 and UV 138 mV@400Wm-2. The
same criteria was used for temperature 1V @60ºC, humidity 1V@100% and pressure 2.5V
@1100hPa.
Tab. 1: Data logger CR3000 measuring uncertainty features taken from specs.

Scale

accuracy

Offset according to scale

Resolution

20 mV

± 0.04% of reading + offset

1.5*resolution+1µV =2.005µV

0.67 µV

50mV

± 0.04% of reading + offset

1.5*resolution+1µV =3,505µV

1.67 µV

200mV

± 0.04% of reading + offset

1.5*resolution+5µV =9,95µV

3.33 µV

3.0*resolution+5µV= 105.2µV

33.4 µV

1000mV ± 0.04% of reading + offset

5000mV ± 0.04% of reading + offset 3.0*resolution+1µV =502µV
167 µV
Data logger uncertainty is obtained by using “Max. reading” and “resolution” values from
table 2 on table 1 at described measuring conditions for every analog reading. The reader
should pay attention on the units and the right moment to use the sensitivity. As an
example it will be described the MS-80 data logger scale and total type B uncertainty as
illustrated on equations 1 to 3. The data logger also reads the digital RS-485, RS-232C
sensor types. It is important to notice that spectrophotometer, smart digital pyranometers
and wind sonic amplify and convert signals to physical units. These sources of uncertainty
are independent of data logger analysis and are used as described in its features and in
table 2. It is important to notice that in most cases it is not possible to compare digital and
analog sensors in a fair common base. Detailed uncertainty analysis of digital sensors is
not always available because of delays caused by A/D conversion and communication
protocols. In the present case, the combination of sources of errors are restricted to data
logger analog readings.
U CR 3000, MS 80=
U MS 80=
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0.04
×32000+3.505=±16.305 μ V
100

5.29
=±0.5 W /m 2 (eq. 2)
10.59

(eq. 1)
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Tab. 2: Type B sensors uncertainty obtained from sensors calibration certificates, data logger specs and reading conditions.

Quantity

Model

UEspect:300-350

MS711F

UEspect:350-450

MS711F

UEspect:450-1050

Sensitivity or
resolution

Sensor
uncertainty

Max reading

Data logger
scale

Datalogger
uncertainty

Type B
uncertainty

±17.2 %

NA

±17.2 % §

±4.7 %

NA

±4.7 % §

MS711F

±3.8 %

NA

±3.8 % §

UEspect:1050-1100

MS711F

±5.2 %

NA

±5.2 % §

Global

2x SMP22

Diffuse

3x SMP11

±0.1 Wm-2

NA

±0.1 Wm-2 §

Tilted

SMP10

Bean

SHP1

Long Wave

SGR4

Global

Si-02

55.55µV/Wm-2

±0.5Wm-2

@1782Wm-2

200mV

±89.95 µV

±1.70Wm-2

Tilted

Si-02

56.11µV/Wm-2

±0.5Wm-2

@1782Wm-2

200mV

± 89.95 µV

±1.68Wm-2

Si-02

56.16µV/Wm

-2

±0.5Wm

-2

-2

17.72µV/Wm

-2

±0.5Wm

-2

-2

±0.5Wm

-2

Dirty
Global

SR-20

200mV

± 89.95 µV

±1.68Wm-2

36mV@2000Wm

-2

50mV

±14.04µV

± 0.94Wm-2

32mV@2000Wm

-2

50mV

±16.30 µV

±1.62Wm-2

5V

±1302µV

±10.65Wm-2

20mV

±8.80 µV

±1.70 µmol.sm-2

200mV

±65.15µV

±0.58Wm-2
±3.58ºC

@1782Wm

Global

MS-80

10.59µV/Wm

Global -Diffuse

SPN1

1 mV/Wm-2

±10.58Wm-2

2V@2000Wm-2

PAR

PQS1

5.4µV/µmol.sm-2

±0.5µmol.sm-2

17mV@3000 µmol.sm-2

UV

CUV5

345µV/Wm

-2

±0.55Wm

-2

138mV@400Wm

-2

Temp

HMP155

0.14 mV/ºC

± 0.1ºC

1V@ 60ºC

1V

±505.2µV

Humid.

HMP155

0.1mV/%RH

±1.7%

1V@100%

1V

±505.2µV

±3.92%

Press.

CS106

0.25mV/hPa

±0.6hPa

2.5V@1100hPa

5V

±1502µV

±0.6hPa

Wind dir

WINDSONIC1

±3º

NA

NA

Wind Speed
Pluv.

TBL-4

0.1mm

NA

±3º §

±2 % @ 12 m/s

NA

±2% §

±0.05mm

-

±0.05mm

§ Read observations on conclusions.
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√

U G− MS 80= 0.52 +(

16.305 2
) =±1.62W /m2 (eq. 3)
10.59

When the sensor indicates more than one source of uncertainty like SPN1 and CUV5, it is
necessary to take them in account as indicated on equation 4 for SPN1 case.
U SPN 1=

0.5 8
+
+10=±10.58 W /m 2 (eq. 4)
1 100

The type B uncertainty obtained on the last column of table 2 is for an individual
measurement. Environmental data are considered a variable measurand. In our station for
example, global solar irradiation is sampled 60 times in a minute (n=60) with average (m),
maximum, minimum and standard deviation (u) correspondent to type A uncertainty. In
that case the result of system measurement (RM) is the average and the combination of
types A and B uncertainties according to equation 5 (Albertazzi 2013 § 6.6.1).

RM =m±√ (t . u)2−B2 (eq. 5)
Where t is the t-student coefficient for n-samples average or degrees of freedom, u the
standard deviation, m is the average and B is the type B uncertainty determined in table 2.
For example the result of system measurement for GHI irradiance taken on 2019-06-13 at
13:21 GMT with SR-20 sensor 1-minute average sampled every second with n=60 degrees
of freedom, α= 99% level of confidence, t-student=2.660, msr-20=531.0 W/m2 and standard
deviation u= 2.251, is described on equation 6.
RM SR−20=531±√(2.660×2.251)2 −0.942 =531±6.06 W /m2 (eq. 6)
The equation 5 could be used as a result of measurement for all sensors in the system. The
uncertainty determined in equation 6 is a combination of types A and B. Some measurands
like temperature and humidity on table 3, presented large uncertainties. Although this
effect could not be compensated, it could be reduced by averaged repeated measurements
if measurand is considered invariable during some period of time. Irradiances could not be
considered invariable during one minute interval, but temperature, humidity and pressure
could. In that case the overall uncertainty is divided by n 1/2 as the gerenal expression
illustrated on equation 7 (Albertazzi 2013 § 6.2). We will illustrate that considering again
1-minute average sampled every second with n=60 degrees of freedom, α= 99% level of
confidence, t-student=2.660, mtemp=19.03 ºC and standard deviation u= 0.082, as described
on equation 8.
RM =m±( √ (t . u)2 −B 2 / √n) (eq. 7)
RM temp=19.03±√(2.660×0.082)2−3.582 / √ 60=19.03±0.46 C

(eq. 8)

3. Conclusions
The values in last column of table 3 represent the type B uncertainty obtained from analog
and digital sensors of Fotovoltaica-UFSC monitoring station. They could be used as a
reference and should be combined to type A repeated data observations for WMO/ISO
requirements, academic and monitoring purposes. Solar data is usually described in

2054

S.L. Mantelli Neto et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

minute, hourly or daily averages, where statistical parameters could be easily determined.
But for 1-second samplings only type B uncertainty is possible to be obtained, with
outlines the importance of type B as unique uncertainty parameter available. Analog
sensors combined with data logger specifications presented a more detailed uncertainty
evaluation than digital ones. It is important to notice that the uncertainty varies according
to scale used and the features existent on some data loggers like: input reversal, differential
or single ended reading, integration time, etc and must be evaluated. The equations and
values used on table 1 are different for other data logger reading modes. A special care
should be taken on automatic scales for signal ranges. Smaller scales have lower
uncertainties than bigger ones. If it is the case, the worst case maximum error should be
used. It is possible to make a deeper uncertainty analysis, considering leveling errors,
temperature dependencies, electronic noise, directional response and so on. But it is
considerably more complex analysis and is left as a future work. Special care should be
taken when comparing pyranometers with different response time. On one second data
sampling their results may vary significantly among brands and type, i.e. thermopile and
semiconductor. For one minute averages their differences are smoothed by mathematical
averaging. Under certain conditions large uncertainties could be reduced if a measurand is
considerable invariable during a certain measuring interval by averaging, as illustrated on
equation 7. Smart and digital sensors have embedded features usually some sources of
uncertainty are not available for analysis. Features like Analog to Digital resolution,
electronic noise, offsets and so on are expressed in terms of maximum errors. In that case,
it is used the half resolution described on sensor specs. But this analysis should be more
detailed by manufacturers because no indication of A/D resolution uncertainty,
amplification noise and so on is described the same way as the data logger specs.
Therefore, authors believed they are not being taken into account, except when clearly
indicated on data sheet. That could explain the uncertainty differences among analog
sensors and digital irradiance sensor systems.
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Abstract
The ground irradiance has a physical limit plenty known as extraterrestrial irradiance, but recent researches relate
that this physical limit can be overcome when a cloud edge or cloud enhancement effect happens. Values around
1800 W/m² are reported and assigned to this effect. This work presents a cloud enhancement occurrence analysis in
Afogados da Ingazeira city, located in arid region of Brazilian northeast using three years of minute irradiance data.
An algorithm was developed to identify and classify the overirradiance duration. The monthly occurrences
frequencies of this effect were analyzed, and it was observed that in the period from May to September there is a
higher frequency occurrence and from October to December there is a lower frequency of occurrences. Related to
length of time, it was developed an algorithm to identify and group sequences of time. Fast events are most frequent
than slow ones, as indicated in literature. The hourly distribution pointed that the occurrences frequency increases in
the morning and decreases in the afternoon. The highest value measured was 1571 W/m² and the largest duration
was 12 minutes.
Keywords: Solar radiation, Could edge effect, Cloud enhancement effect.

1. Introduction

The analysis of available irradiance at the ground used at many conversion systems, presents the atmosphere
conditions as a main agent that influences in its variation, when geometric factors such as zenith angle and declination
are disregarded. Two kinds of phenomenon occur when the solar radiation pass through the atmosphere: reflection,
mainly over clouds, and refraction due to photons and gas molecules interactions (IQBAL, 1983). Its consequence is
a ground irradiance value reduction, even at a cloudless day (clear sky), as clearest atmosphere can be, with a
minimum concentration of aerosols, there is an attenuation of order of 25% at sea level.
The changes of atmosphere conditions, for instance, humidity and concentration of aerosols increase and the
nebulosity influence in reflection as well as refraction, and consequently in the ground irradiance values (Gueymard,
1995). The upper border atmosphere irradiance value varies ± 3% according to the time of the year, but it´s around
1366 W/m², called solar constant (Rabl, 1985). This should be the ground irradiance limit, that could be verified at
specific conditions like high altitude, commercial flights, high altitude balloons, etc.
However, many authors like (Piacentini et al., 2011), (Almeida et al., 2014), (Piedehierro et al., 2014), (Andrade and
Tiba, 2016), (Tapakis and Charalambides, 2014) and (Gueymard, 2017) present measured values that show that,
depending on the cloud geometries and position, the ground irradiance values can overcome this physical limit. This
effect is known as cloud edge, enhancement irradiance, super irradiance, etc.
This work presents the results of cloud enhancement occurrence analysis in Afogados da Ingazeira city, located in
Brazilian northeast. The statistic observations of three years of global solar irradiance measured is highlighted. This
city is in Brazilian Northeast and where the weather is semiarid.

2. Data and quality control
For the development of this work, it was used global irradiance data measured from 2015 to 2017 at a solarimetric
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station (latitude: -7,764887°, longitude: -37,631142° and altitude: 542m) located in Afogados da Ingazeira city,
whose weather is classified as semiarid. The solarimetric station has two pyranometers Kipp&Zonen CMP3 for
global and diffuse irradiance and a Kipp&Zonen CHP1 pyrheliometer for beam irradiance. All sensors are connected
to a CR1000 Campbell datalogger that records values for each minute. The figure 1 shows the Afogados da Ingazeira
solarimetric station with its solar tracker and photovoltaic modules as power source.

Fig. 1: Afogados da Ingazeira solarimetric station.

The overirradiance moments were identified using two conditions for data quality and filtering: zenith angle lower
than 80° to avoid lower sun elevation angles that produce higher diffraction at the horizon line and clarity index
higher than 1, that is the one of overirradiance definitions (GUEYMARD, 2017), to identify the moments when the
global irradiance overcome the effective extraterrestrial irradiance limit calculated by Rabl (1985).
The flow chart presented in figure 2 was used not only to identify the overirradiance moments as described, but also
to classify the duration of the event. This flow chart only represents the classification for three overirradiance
durations (1, 2 and 3 minutes), but it may be extended to other durations. In this work, all durations until 25-minutes
search were used with the same logical scheme.
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Fig. 2: Flow chart used to identify and classify the overirradiance moments.

Before classifying the overirradiance duration, the day, hour and minute of each overirradiance moment were
converted to decimal day scale using the equation 1.
(eq. 1)
The difference between the decimal day of each moment was calculated and, as a result, each filtered data table row
contains the decimal day related to that row moment and the difference between the next decimal day row and the
decimal day of current row.
To classify the duration of overirradiance moments, the flow chart uses a repetition structure that sweeps each row
seeking for those differences. For instance, to a 1-minute duration, the difference between the row before and after
must be more than 0.0007; when this condition happens, this row is classified as 1-minute.
The 2-minute classification occurs when the difference between the current row and the one before is more than
0.0007 and the difference between the current and the next row is less than 0.0007 and the difference between the
next and the second next row is more than 0.0007.

3. Results
As an initial result, it was observed that 1905 overcomes of global irradiance values over extraterrestrial irradiance
happened during the analyzed period, disregarding the events durations. The graphic in figure 3 presents the monthly
overcome distribution. There is a higher frequency of cloud enhancement events from May to September months
that coincide to the highest nebulosity period. The lowest frequency is from October to December period. It can also
be observed that there is an interannual variation; in 2015, the frequency was twice higher in June and July than in
the other two years. In 2016 it was observed an inverse situation; the higher frequency occurrence happened from
January to May.
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Fig. 3: Monthly overcome percentage observed.

The graphic in figure 4 presents the duration percentage of enhancement irradiation events observed for each
analyzed period (2015 to 2017). It´s observed that, as presented by Almeida et al. (2014), the highest duration
frequency was 1 min (the measurement resolution), fast events are more common than slow ones. Around 70% of
events last 1 minute, 20% last 2 minutes. The frequency of occurrences that last more than 5 minutes are detached in
figure 4. The longest time observed was 12 minutes and the second one was 11 minutes.

Fig. 4: Percentage of duration enhancement period.

In figure 5, it´s presented the global irradiance of 07/12/2016 day (red line), that presented the highest time of
overcome (12 minute). The black line is the effective extraterrestrial solar irradiance, calculated with equations
described by Rabl (1985). It’s detached in the figure the 12 minutes period when the effect happened; the value of
global irradiance measured was 1127 W/m² in peak.

Fig. 5: Global irradiance of 07/12/2016 with the largest period of overirradiance (12 minutes).

It´s presented, in figure 6, the moment with the highest global irradiance value, verified in this analysis, 1571 W/m²
(03/16/2016 at 11:56 am local time).
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Fig. 6: Global irradiance of 07/12/2016 with the largest period of overirradiance (12 minutes).

In this case, it can be noted that the diffuse irradiance (green line) value was elevated, due to cloud presence, of order
of 600 W/m². The beam irradiance (red line), at this moment, increase rapidly from zero to 600 W/m² and after 1000
W/m², because the sensors leave the cloud shadow, hereupon the global irradiance (blue line) that is the sum of beam
and diffuse irradiance, elevated to 1571 W/m² overcoming the extraterrestrial irradiance (dashed black line).
Gueymard (2017) in his work defined three kinds of edge effect (A, B and C). The figure 7 presents a profile of a
type B edge effect. In this case, comparing the figure 6 to figure 7, the event can be classified as B, because the high
global irradiance value was due to the elevated diffuse irradiance that coincide with the shadow cloud exit, promoting
the increase of beam irradiance.

Fig. 7: Definition of cloud enhancement type B (Gueymard, 2017).

The figure 8 presents the hourly frequency distribution of the enhancement event for each analyzed year. The
behavior of the frequency occurrences is similar for all three years, in which it increases during 7 a.m. to 11 a.m. and
it decreases from 11 a.m. to 3 p.m. It can be noted that, after comparing each year, the 2016 10 a.m. time frequency
was lower than in the others two year. The frequency of other times was similar for all three years. The highest
frequencies are observed at 10 a.m., in which 21% of the events are concentrated.
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Fig. 8: Percentage of occurrences per hour for three years (2015 to 2017).

This work presented preliminary results of the enhancement events occurrences, in which only values of global
irradiance over extraterrestrial irradiance overcome was considered at Afogados da Ingazeira solarimetric station. It
was verified that the overirradiance moments behave as expected related to its duration. Its hourly distribution follows
a pattern. All results were only possible due to the algorithm developed to identify and classify the duration of the
overirradiance moments.
The consideration of cloud enhancement as an overcome of extraterrestrial irradiance produced all results presented
in this work, but all of these numbers will be significantly increased by changing the definition of cloud enhancement
as an overcome of clear sky irradiance, using models such as ESRA, REST2, SOLIS or the Bird Model.
Other six solarimetric station will be analyzed at different regions of Pernambuco State in future works not only
considering the condition of overcome the extraterrestrial solar irradiance but the clear sky global solar irradiance.

4. References
Almeida, M.P., Zilles, R., Lorenzo, E. 2014. Extreme overirradiance events in São Paulo, Brazil. Solar Energy. 110,
pp 168-173.
Andrade, R.C., Tiba, C. 2016. Extreme global solar irradiance due to cloud enhancement in northeastern Brazil.
Renewable Energy. 86, pp 1433-1441.
Gueymard, C.A. 2017. Cloud and albedo enhancement impact on solar irradiance using high frequency
measurements from thermopile and photodiode radiometers. Part 1: Impacts on global horizontal irradiance. Solar
Energy. 153, pp 755-765.
Gueymard, C.A., 1995. SMARTS2, A Simple Model of the Atmospheric Radiative Transfer of Sunshine: Algotithms
and performance assessment. Proceedings P. Paper (Ed.), Florida Solar Energy Center, Florida-USA.
Iqbal, M., 1983 An introduction to solar radiation, Academic Press.
Piacentini, R.D., Salum, G.M., Fraidenraich, N., Tiba, C. 2011. Extreme total solar irradiance due to cloud
enhancement at sea level of the NE Atlantic coast of Brazil. Renewable Energy. 36, pp 409-412.
Piedehierro, A.A., Antón, M., Cazorla, A., Alados-Arboledas, L., Olmo, F.J. 2014. Evaluation of enhancement events
of total solar irradiance during cloudy conditions at Granada (Southeastern Spain). Atmospheric Research. 135-136,
pp 1-7.
Rabl, A., 1985 Active Solar Collectors and Their Applications, Oxford University Press, New York.
Tapakis, R., Charalambides, A.G. 2014. Enhanced values of global irradiance due to the presence of clouds in Eastern
Mediterranean. Renewable Energy. 62, pp 459-467.

2061

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Analysis of the diffuse fraction from solar radiation values measured in
Argentina and Brazil sites
Germán Ariel Salazar1 and Manoel Henrique de O. P. Filho2
1Universidad
2

Nacional de Salta, Salta (Argentina)

Federal Institute of Education, Science and Technology of Pernambuco, Campus Pesqueira,
Pesqueira (Brazil)

Abstract
The knowledge of the spatio-temporal characteristics of the components of solar radiation is of importance to
optimize its practical application, mainly for direct component, which is the one that can be concentrated. But, since
most of the meteorological stations in the region only measure global radiation, the correlations between it and diffuse
component are studied. In this way, from the measured values of global solar radiation, diffuse component can be
estimated, and horizontal direct component can be calculated. In this paper, values of global and diffuse fractions
measured in La Quiaca (Argentina) and Araripina (Brazil) are analyzed, with a recording frequency of 1 minute,
adjusted according to a sigmoidal function. Qualifying data filters were applied to guarantee that invalid values
cannot be used in curves adjustment. Hourly and daily partitions are analyzed, and its coefficients are obtained.
Comparing the hourly curves to 5 other sites, it was noted that all curves are interlaced what indicates a quite
similarity of relation behave. Daily curves were also obtained, it was verified that they are similar
Keywords: Solar radiation, Diffuse radiation, Global radiation.

1. Introduction
According to Cao et al. (2017), the knowledge of the solar resource also has its importance in diverse areas like
agriculture, architecture and illumination. There is a relatively great shortage in relation to accurate and reliable
information on solar radiation values, mainly for the direct component, which makes it difficult to carry out feasibility
studies for the implantation of thermal solar power plants. There is a need to carry out measurements in several
locations, and thus to have a database of solar radiation and, with data ownership, to make a more detailed analysis
of the most promising places to carry out the projects that depend on the solar radiation.
In addition to obtaining values of direct radiation by a pyrheliometer, it is also possible to calculate the values of the
direct irradiance, using the relation presented in eq. (1).

Hb 

Hh  Hd
cos  z 

(eq. 1)

where Hh is horizontal global irradiation, Hd is horizontal diffuse irradiation, Hb is normal direct irradiation, all in
Wh / m². θz is the solar zenith angle. All the magnitudes can be studied in the 1-minute scale, being the most common
the hourly scale.
It is pointed out the importance of the study of diffuse radiation, from the use of the eq. (1) for the calculation of the
direct component of solar radiation, mainly of its well-known and studied mathematical relations with the global
radiation (Liu and Jordan (1963), Hay (1963), Erbs et al. (1984), Collarespereira and Rabl (1979), Perez et al. (1986)).
More recent studies such as that of Ridley (Ridley et al. (2010)) and Boland (Boland et al. (2013)) used logistic
functions with multiple predictors finding better results when estimating the diffuse fraction particularly in the
southern hemisphere and therefore its importance for this study.
On the other hand, some applications of solar energy require to know the diffuse radiation in sub-hourly periods, for
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which reason studies have been carried out in which models were developed for a 1-minute frequency such as those
of Gueymard (Gueymard and Ruiz Arias (2016), Lemos (Lemos et al. (2017)) and Engerer (Engerer (2015)).
For this study, data of two solarimetric stations located in Argentina (La Quiaca) and Brazil (Araripina) was used for
adjustment and comparison to previous works. Logistic functions presented by Pedrosa Filho and Gerônimo (2018)
was adjusted to both places.

2. Data collection and quality control
The database used for La Quiaca (Lat -22.10°, Long -65.6°, Alt 3460 m) corresponds to frequency of data recording
= 1 minute, made from 2005 to 2007. The sensors used are two Kipp & Zonen CM11 pyranometers (one shaded by
a ring to measured diffuse) and have been calibrated by the Argentinian National Meteorological Service (SMN)
using a cavity pyrheliometer with traceability to the PMOD / WRC. The diffuse records obtained were corrected
using the LeBaron method (LeBaron et al, 1990), which is commonly used to correct diffuse irradiance using a
shadow ring (Malet-Damour et al., 2018; Li and Lam, 2007).
For Araripina station (Lat -8.37°, Long -36.68°, Alt 660 m) a 1-minute frequency of data recording is also used,
measuring the direct and diffuse components as well as the global solar radiation in the horizontal plane. The data
was collected between 2015 and 2019. This solarimetric station have a Kipp & Zonen CMP3 pyranometer for global
radiation, a Kipp & Zonen CMP3 shaded by a ball for diffuse component and a Kipp & Zonen CHP1 pyrheliometer
for the direct component.
In order to remove anomalous values from data sets and detect errors in measurements, data quality filters were
applied, using the Raichijk criteria (Raichijk (2012)). It consists of a series of filters that impose lower and upper
limits of acceptance of the different values intensities measured. Since this work deals only with diffuse radiation,
initially focused on filters that work with this component, we have disregarded filters that use filters for Kt, focusing
mainly in filters of Kd and Kt.
In this work, Kt and Kd are defined by the eq. 2 and eq. 3 respectively.

(eq. 2)

(eq. 3)

In the eq. (2) and (3), Iglobal is the global irradiance, Idiffuse is the diffuse irradiance, I0eff is the extraterrestrial irradiance
corrected (all in W/m²) and θz is the zenith angle. For hourly and daily fractions, the I (irradiance) (W/m²) is changed
to H (irradiation) (Wh/m²).

3. Results
As a result of the application of the quality filters and adjustment of the distribution of data points in a Kt – Kd plane,
a sigmoidal function (eq. 4) was chosen to describe that relationship (Figure 1).

=

.

(eq. 4)

The software used for adjustments was SciDAVis that is a free application for Scientific Data Analysis and
Visualization, which can be downloaded at (http://scidavis.sourceforge.net/).
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Fig. 1: Adjustment of the hourly sigmoidal function for (a) Araripina (BRA) and (b) La Quiaca (ARG).

In the Figure 1a, 9103 data points from Araripina were considered to compound the correlation. For La Quiaca, 2100
hourly data points were used (Figure 1b). This difference is because Araripina data span the period (2015-2019)
meanwhile La Quiaca station just (2005-2007).
The values of coefficients a and b (see eq. 1) obtained for the study sites and of the adjustment quality indicators are
shown in Table 1.
Tab. 1: Hourly coefficients of the sigmoidal function adjusted for Araripina (BRA) and La Quiaca (ARG).

Sites
Araripina (BRA)
La Quiaca (ARG)

a
-4.523
-4.132

b
7.483
7.088

R²
0.8585
0.8466

χ²
31.14
9.388

It is observed from the presented values that the coefficients (Table 1), using hourly data, for both sites have similar
values (except 2). The sigmoidal function fits well to the points of Kt vs Kd since the coefficients of determination
(R²) are near the unit.
A validation to a different period of hourly measurement was done. It was considered data from march-2019 to
November-2019 for Araripina (BRA). The graph of Figure 2 presents this comparison.

Fig. 2: Validation to a different period to Araripina (BRA) station.

It was used statistical indicators to quantify this validation as MBE (Mean Bias Error), RMSE (Root Mean Standard
Error), MAPE (Mean Absolute Percentage Error) and R2 as described in Yang and Boland (2019).
The Table 2 presents the hourly statistical validations obtained only for Araripina (BRA) site, these values were no
calculated for La Quiaca (ARG) due to few amounts of data available for this work.
Tab. 2: Hourly statistical indicators for Araripina (BRA).

MBE
-0,0183
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MAPE
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To analyze the results, the two adjusted curves were compared with other 5 curves from different locations presented
by Pedrosa Filho and Gerônimo (2018). It is observed, in Figure 3, that the Araripina curve (continuous red) presents
values of Kd greater from Kt = 0.4. La Quiaca curve is consistent with the curve of the city of Pesqueira. With this
information it is expected to be able to determine, in future works, the factors that determine the relationship between
the curves format shown in each curve and local weather characteristics.

Fig. 3: Kt - Kd plan of 7 locations with their respective sigmoidal adjustment curves.

Using daily data from both sites, the Figure 4 presents the daily relations of Kd vs Kt, the eq. 2 was used for data
adjustments.

Fig. 4: Adjustment of the daily sigmoidal function for (a) Araripina (BRA) and (b) La Quiaca (ARG).

The Figure 4a shows daily data and its adjustment for Araripina station, it was used data of 1408 days. For La Quiaca,
the relation used less quantity of data points, 339 days (Figure 4b). The adjustment quality indicators are presented
in Table 3. The coefficient of determination (R²) is better to Araripina than La Quiaca otherwise they are high, what
shows that both adjusts are adequate.
Tab. 3: Daily coefficients of the sigmoidal function adjusted for Araripina (BRA) and La Quiaca (ARG).

Sites
Araripina (BRA)
La Quiaca (ARG)

a
-4.406
-5.216

b
8.047
8.969

R²
0.9140
0.8689

χ²
6.667
3.013
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The Figure 5 presents a comparation of two sigmoidal curves of daily Kt vs Kd relation. La Quiaca curve is above
Araripina curve due to La Quiaca “a” parameter that is higher than Araripina. It can be noted that for lower and
higher values of Kt, its correspondent kd value is closed to. The curves are similar, and its higher difference is 0.08
in Kd axis correspondent to Kt = 0.45.

Fig. 5: Daily Kt - Kd plan of 2 locations with their respective sigmoidal adjustment curves.

4. Conclusions
In this work, sigmoidal functions have been developed to describe the relationship between hourly and daily Kt vs
Kd for two different climate sites: Araripina (Brazil) and La Quiaca (Argentina). For both sites the results of R2 are
greater than 0.85, indicating a good degree of correlation. For future work, the influence of the different climates and
the height differences of both sites will be analyzed.
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Abstract

Photovoltaic technology is constantly evolving and its supply is increasing in various regions. Especially, as
installation technology of solar panel is developed and efficiency increases, installation is increasing in a complex
area with many shadows. Therefore, it is necessary to study the shadow effect caused by the complex objects in the
surroundings such as buildings and trees. An experiment of measuring diffuse irradiance with shadowing blocks is
designed in this study. The objectives of this experiment is to quantitatively measure and analyze the change in
irradiance by the shadowing blocks. Shadowing blocks are designed to make blocks having an equal area, the
angular blocked area in sky dome, from the view of solar radiation meters but different distances. Calibration of the
measured data from two solar radiation meter and the preprocessing methods are devised and applied. Tendency
and variance of data are analyzed and patterns are derived. The results show a linear pattern of the transmittance
according to the distance from shadowing objects in few meters. The proposed transmittance model is expected to
increase the accuracy of approximately 10% in diffuse irradiance calculation.
Keywords: Photovoltaic, Irradiance, Diffuse Irradiance, Shadowing

1. Introduction
International agreements have made it important to develop and spread renewable energy. Photovoltaic technology
is one of the major renewable energy sources. It constantly evolves and its supply increases in various areas. As
installation technology of solar panel is developed and efficiency is increased, installation is increasing in a
complex area such as urban cities. Photovoltaic systems on building facades such as BIPV(Building Integrated
Photovoltaic) systems have been frequently studied and have been installed in many places. However, these power
systems are exposed to many shadows. Solar panels in building façade are easy to be shadowed by other front
buildings. Therefore, it is necessary to study the shadow effect caused by the objects in the surroundings such as
buildings and trees.
Many previous studies focused on the shadows of nearby buildings. There are many models which can estimate
irradiance with shadows such as SAM(NREL), CBDM(Mardaljevic, 2010), PPF(Compagnon, 2004),
CAD(Autodesk). Most studies estimate shadows with a simple calculation based on sun position. However, this
simple calculation cannot consider shadows of diffuse irradiance. Although diffuse irradiance come from
everywhere in the sky, it can be shadowed by nearby buildings. Some studies consider diffuse irradiance shadows
by applying the ratio of the covered sky, which is referred as the Sky View Factor (SVF) (Dubayah and Rich,
1995), but there is not enough evidence yet. The effect of shadows by diffuse irradiance should be studied and
Quantitative data should be obtained

2. Set up of Experiment
The experiment system comprises of two solar irradiance meters, data logger, battery, two rotatable fixed frames,
and shadowing blocks which are shown in Fig. 1. Two irradiance meters satisfy secondary standard and Installed to
look horizontally. The data logger can store measurement data per second and can be moved freely without
external power via battery. To reduce the effect of surface and the surrounding environment, irradiance meters are
installed in 40 cm height and covered by the attachable device. This small semi-cylindrical shape device is
designed to block reflected irradiance from surroundings. It is made by the 3D printer and shown in Fig. 2.
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Shadowing blocks are stacked to make 3 different sizes, 40 cm to 120 cm. Rotatable fixed frames are designed to
install sensors with different height and direction.

Fig. 1: Picture and configuration of an experimental system for diffuse irradiance shadowing

An experiment which measures diffuse irradiance with shadowing blocks is designed in this study. The objective of
this experiment is to quantitatively measure the difference of diffuse irradiance by the shadowing blocks. Two
same solar irradiance sensors are installed on the same site. One measures diffuse irradiance without any shadows.
The other measures diffuse irradiance with shadowing blocks. These blocks can be stacked to create blocks of
different sizes. It is possible to make blocks having an equal area from the view of irradiance meter but different
distances. Fig. 2 shows the diagram of experiments for diffuse irradiance shadowing. As the sensors face north, the
beam irradiance is not measured by sensors.

Fig. 2: Diagram of experiments for diffuse irradiance shadowing and a picture of the attachable blocking device

The experiment was conducted on the roof of a five-story building on the campus of Seoul National University in
Seoul, Korea. It was conducted in 2018 and early 2019 but the data of the year 2018 were not used because the
experimental design was changed to reduce the error. In addition, several data have been lost or excluded because
of data logger errors and abnormal values. Therefore, total used measurements were made for approximately 5
days with three measurements cycle per day. Calibration data with no shadowing and measurement with three
different distances were acquired in each cycle.

3. Data Analysis
Since the measurement experiments are very error-prone, the preprocessing and analysis of error was conducted.
Diffuse irradiance by respect to three different distances and irradiance without blocks to calibrate are measured in
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each specific time by vertically installed sensors. In each cycle, data of each distance are measured for a few
minutes. They are calibrated by data without shadows and averaged in minutes to remove errors. The difference
between the averaged values of the two sensors is calculated and compared to original values. The ratio of this
difference is shadowing ratio and it is expected to be higher the closer the distance is. Boxplot, mean value and the
standard deviation is calculated to analyze error of experiments.
To estimate calculation model for diffuse irradiance shadowing, the measured data are compared to meteorological
data. The estimated irradiance with no diffuse shadowing is calculated with three irradiance indices, GHI(Global
Horizontal Irradiance), DNI(Direct Normal Irradiance), and DHI(Diffuse Horizontal Irradiance). As these indices
are measured in seconds at a nearby station, diffuse irradiance from the sky can be calculated in each second. The
distribution of the diffuse irradiance is calculated by the Perez model. Measured data and calculated data are
analyzed and a new formula for estimate diffuse irradiance by distances are devised. Flowchart of this study is
shown in Fig. 3.

Fig. 3: Flowchart of the data preprocessing and analysis

4. Results
Total of 269 data were measured and analyzed. The difference between two unshadowed sensors was less than 2%
for approximately 75% of data, but there were cases that difference exceeds 10%. The shadowing ratio is
calculated from calibrated irradiance and basic statistics of all measured data are shown in Tab. 1. The average
shadowing ratio decreases as the distance from the sensor increases. However, the error is significant as the
maximum values are approximately twice the average and minimum values are marginally negative. As seen as the
boxplot in Fig. 4, the error rate of the data is very high, apart from the average or median trend. The reason for this
error is that the measured data is basically very small compared to the standard solar radiation, which is 1000 W/m2,
and therefore sensitive to small changes in the surroundings.
Tab. 1: The statistics of the measured data

Sensor1 (W/m2)

Sensor2 (W/m2)

Sensor1, 2 Ratio
Shadowing Ratio (%)

2070

Distance (m)

1

2

3

Average

39.91

38.18

39.97

Standard Deviation

16.98

17.91

19.27

Max

79.57

70.42

78.80

Min

15.69

11.32

13.07

Average

43.15

41.18

42.93

Standard Deviation

18.75

19.60

21.08

Max

85.88

76.25

85.65

Min

17.70

12.36

14.63

Average

100.05

99.93

99.91

Average

7.82

7.26

6.75

Standard Deviation

4.53

4.29

4.31

Max

14.09

14.67

14.08
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Min

-0.38

-0.49

-0.12

Fig. 4: Boxplot of shadowing ratio according to the distance from shadowing block

The trend of the shadowing ratio is linear as shown in Fig. 5 (a). The distance from the sensor is simplified in Fig.
4, but averaged three-dimensional distances are calculated and used in extracting equation. These distances are
calculated to be slightly more than the experiment distance as the vertical distance is considered. From trend line
function, the value of 8.35% is estimated as a total of the irradiance from the shadowing block area. Transmittance
shown in Fig. 5 (b) are calculated based on this value, which linearly increases as the distance increases. It is about
6% at a distance of 1m and it is estimated to approach 100% at a distance of about 16m or more by calculation.
However, the linear pattern is expected to change to a log pattern because it converges to 100%.

Fig. 5: Boxplot of shadowing ratio according to the distance from shadowing block

Diffuse irradiance distributions can be calculated each time. They are calculated in equal-area skygrid (Oh and
Park, 2018) with Perez model. One of the distribution samples is shown in Fig. 6 (a). It shows the distribution of
irradiance which is normal to ground. Fig. 6 (b) shows the diffuse irradiance that is normal to measurement sensors.
As sensors are installed in the vertical axis, the irradiance on the horizontal plane becomes relatively strong. The
shape of the shadowing block is also shown. Theoretically, the diffuse irradiance shown in the block shape will
penetrate the block with the transmittance.
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Fig. 6: (a) Distribution of diffuse irradiance and (b) distribution of diffuse irradiance which is normal to sensors with shadowing block
area

The average relative RMSE (Root Mean Squared Error) of this calculation shows approximately 8% without
transmittance model. It decreases by 13% when transmittance model is applied. Although this calculation is
validated in only a day, it shows higher accuracy when the new model was applied. The accuracy improvement is
expected to be more noticeable when the distance from shadowing objects is a few meters. The RMSE with the
distance 1m is below 2% in this case, but the RMSE with the distance over 2m is over 9%. However, as accuracy
in this study is calculated from the diffuse irradiance, it can change when the direct irradiance is considered.

5. Conclusion
The systems for the experiment are constructed and installed. Measured data are acquired and analyzed with
comparison and computational calculation. As the acquired data show high variance and unstable results, more
measurement and analysis are required. Nevertheless, the data shows meaningful patterns and the results expected
to increase calculation accuracy. The results of this study are expected to aid the estimation of solar energy
potential and the installation of solar power systems.
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Abstract
It is known that measurements of long-term solar radiation are climatically, economically and anthropologic
important. Moreover, reliable and low uncertainty irradiation measurements are fundamental for assessment of
solar system and for improve the bankability of systems. This work describes a compact control system for a
solar tracker, which was successfully tested to an Eppley SMT tracker. The control unit uses a single board
computer BeagleBone Black, managed by MQTT IoT network protocol and azimuth and zenith angles are
estimated by NREL's SPA algorithm. Since the goal is to reduce the number of problems related to the
measurements, mainly to the miss alignment, we proposed a supervisory system, composed by web monitoring,
alarms, cameras, databases, time-lapses videos, among other possible services. The supervisory system is
simple to implement and uses Grafana,  that allows to obtain, visualize data and quality control, alert and
understand any metrics independent of the type of storage.
Keywords: Solar tracker control unit, IoT, supervisory system, single board computer.

1. Introduction
Solar irradiation is directly responsible for our climate, atmospheric circulation and ocean currents. Small
variations in the energy balance at the Earth's surface, if persistent, can lead to significant climatic, economic
and anthropologic effects (Chylek et al., 2007; Knox & Untersteiner, 2011 apud. Driemel et al., 2018).
Irradiation data have such importance in atmospheric studies – validation of satellite models, validation of
atmospheric radiative transfer models, weather research and forecasting models and monitoring long-term
variation – that in 1988 the WMO proposed the creation of the Baseline Surface Radiation Network (BSRN)
(Driemel, Augustine, Behrens, & Etal., 2018) which provides measurements of solar irradiation with high
temporal resolution.
On the other hand, the search for means for supply the energy demand of the modern society while reducing
GHG (green-house gases) emissions and other environmental impacts has increased interest in renewable
energies (RE). Among the renewable technologies, the solar energy stands out, not only for its high operating
potential, but for the wide range of technologies that can contribute to supplying the demand for various energy
services. According to (Polo et al., 2015), the proper design and consequent success of solar energy systems
requires adequate knowledge of the components of solar irradiation. Solar concentration systems (CSP) require
accurate and reliable measurements of direct solar irradiation (DNI). In the case of flat (PV or thermal)
collectors, precise data are required for the total slope irradiation (GTI), which can be calculated through the
three components, global irradiation (GHI), diffuse irradiation (DHI) and DNI. For example, (Hirsch, 2017)
estates that in performance evaluation of CSP plants, direct normal irradiance data (DNI) present the third
largest contribution in the uncertainties of the results.
Moreover, to assess the financial risk of the project, the performance evaluation of the CSP system should
consider the long-term inter-annual variability of the solar resource, therefore, solar irradiance data series with
10, 20 or 30 year must be available (Ramírez et al., 2017). Although irradiance data derived from satellite
models achieved acceptable uncertainties, and can be used for performance evaluation, ground measurements
of solar irradiance data are still fundamental. These measurements are fundamental to validate and identify
uncertainties of satellite models, to carry out measurement campaigns at potential locations for the installation
of solar systems, and provide irradiance data with high temporal resolution (minutes), which are fundamental to
assess the dynamic behavior of the solar systems and increase the bankability of these projects (Ramírez et al.,
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2017).
Measurements of the three terrestrial solar irradiance components are performed through sensors that require
accurate and reliable alignment with the sun. Sensors for DNI and DHI required an accurate and reliable
alignment with the sun during all day. This because DNI uses a pyrheliometer normally aligned with the sun’s
rays and DHI uses a thermopile pyranometer with a shading ball that slowly traces the sun. GHI is measured by
a thermopile pyranometer, without any kind of alignment. The pyrheliometer and DHI pyranometers are
aligned with the sun using a solar tracker device. Such equipment is composed of electro-mechanical systems,
electronics and algorithms (Reda & Andreas, 2004) that estimate the solar position. The SOLYS 2 Sun Tracker
(Kipp & Zonen, 2019), Eppley SMT (Eppley Lab, 2019) and the work of (Roth, Georgiev, & Boudinov, 2004)
are very good examples of solar tracker devices. In addition to trackers, a solar monitoring station requires a
storage infrastructure for the collected data. Measuring irradiance data for such long periods, maintaining the
standard recommended by BSRN requires a tremendous effort and resources, mainlining because of the cost of
the equipment and rigorous inspections, cleaning and calibration schedules. To minimize the possibility of
losing or discarding data, it is desirable an automation system that provides and interprets status information so
that possible problems could be quickly detected and solved.
Solar station automation can be implemented using Internet of Thinks (IoT) network protocols, providing an
infrastructure that ensures a better data reliability. Regarding the research activities of solar energy and IoT
protocols, it is possible cite the following works (Chieochan & Ph, 2017; Phung, Villefromoy, & Ha, 2017;
Williams & Qouneh, 2017). Where, (Chieochan & Ph, 2017) demonstrated a system of current and voltage
intelligent sensors to monitor the charge of voltaic cells. (Williams & Qouneh, 2017) uses IoT protocols to
control the solar positioning of voltaic cells in order to find the maximum output power. (Phung et al., 2017)
demonstrated the use of IoT protocols to control and manage the energy flow collected by solar panels and a
microgrid. Control optimization includes not only sensor data but also meteorological data and a fault tolerance
system containing multiple controllers to maximize the capture of solar radiation.
We present two main contributions in this work. First, we describe a control system for a solar tracker
implemented with a single embedded computer board. This system can handle real-time requirements to control
stepper motors and functional requirements to process solar positioning algorithms and IoT-related network
interfaces. The control system is successfully applied to an Eppley SMT tracker (Eppley Lab, 2019) without
any electro-mechanical modifications, just the control board. The second contribution is our solar station
supervisory system, composed by web monitoring, alarms, cameras, databases, time-lapses videos, among other
possible services. The goal is to reduce the number of problems related to the measurements, mainly to the miss
alignment, which can be hard to detect. We created all solutions using open source software and systems. Using
IoT protocols on solar energy research is not new (Chieochan & Ph, 2017; Phung et al., 2017; Williams &
Qouneh, 2017), but ours, as far as we know, it is an interesting approach for solar resource assessment and
energy meteorology.

2. Overview of the tracker control board
In order to create a reliable and compact control system, we use a single board computer BeagleBone Black
(Beagleboard, 2019). This board uses an AM3358 System-On-Chip (SoC) which embedded an ARM Cortex
A8 general-purpose processor and a Programmable Real-Time Unit and Industrial Communication Subsystem
(PRU-ICSS). The general-purpose processor runs Debian GNU/Linux 9.x operating system and a high-level
application responsible for solar positioning calculations, IoT protocols, logs and a simple text-mode user
interface. The PRU contains two 32-bit 200MHz RISC cores and they have their own local memory allocation,
can access general purpose pins, trigger interrupts and share memory with the Linux host device. Those cores
are a valuable resource since they provide support for interfacing applications that have hard real-time
constraints. The software we implemented for the PRU is responsible for low-level protection and generation of
digital pulses sent to the power drivers attached to the stepper motors. Control pulses and protection signals
must be held by a real-time subsystem to avoid timing interferences from the operating system and/or
applications with lower priority.
The BeagleBone Black card allows the connection of expansion cards, also known as capes, which can be used
to add application sensors and to implement electronics for signal conditioning of input and output data.
Particularly for this project, we build a cape to embed a GPS module and some electronics for voltage
conditioning for the stepper motors drivers. Fig. 1 presents an overview of the proposed tracker control unit and
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Fig. 2 shows the physical implementation of the protype, where the BeagleBone is shown on the left and the
original Eppley power unit and power drivers is shown on the right.

USART

Ethernet

GPS

Azimuth
Driver

M

Zenith
Driver

M

BeagleBoneBlack
PRU GPIO

Protection
Sensors
CustomCape
Fig. 1: Overview of the tracker control system

Fig. 2: Tracker control unit: Beaglebone with our custom cape (left) and stepper motor drivers (right).

3. Overview of the tracker control software
The control software runs on the Debian GNU / Linux 9.x operating system. Only a few modifications on the
configuration files were required, such as the activation of the PRU module (core activation and mapping of
input and output pins - GPIO) and the serial transceiver (USART). Regarding the kernel, the 4.9.x-bone11
stable version was adopted. It is important highlight the kernel version, since there are some differences on the
use of the PRU in different versions.
We use MQTT (MQTT.org, 2019) as IoT network protocol. It uses a publish/subscribe communication model
where all messages are handled by a broker server. The broker is responsible for receiving, queuing, and
sending messages from clients who publish data on a particular topic to clients subscribed to receive that
information. In this sense, the tracker software periodically (each second) sends a message with the value of
the azimuth angle in the topic "solar/az". Any application, as long as it achieves a network connection with the
broker using MQTT protocol, can subscribe to "solar/az" and receive all values of the azimuth angle. This
architecture is applied for all state variables of the solar tracker, as shown in Fig. 3. Moreover, the tracker also
receives commands, such as setting and calibrating start positions, fine adjustments of movement, start and stop
and other commands.
The developed tracker control system can be characterized as multithreaded and multiprocessing but with nonhomogeneous processors, since part of the system is executed by Cortex A8 while another by PRU. Fig. 4
shows an overview of the tracker software, depicted the main modules that were developed. The application
was implemented in C ++, C, and assembly with the use of some external components. The main class is called
SolarTracker, which instantiates the GPS, MqttComm and PRU modules. The GPS class is responsible for
receiving and interpreting data received from the GPS sensor that sends them in text format in the marine
standard NMEA 0183 (Garmin, 2019). In addition to informing the geographical position of the tracker, the
GPS provides the date and time for the system. The MqqtComm class is responsible for sending the state data
and receiving the MQTT protocol commands. The low-level communication functions are implemented by the
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Mosquitto external library (Mosquitto, 2019).
MQQT-BROKER

Fig. 3: Status information of the tracker control system (broker topics)

Third party Libraries

SolarTracker

GPS

MqttComm

PRU

SerialCom

mosquittopp.h

prussdrv.h

spa/spa.h

Fig. 4: Overview of the tracker software modules

The solar position calculation is performed by the external high precision Solar Position Algorithm – SPA
library (Reda & Andreas, 2004), which can calculate the solar position (zenith and azimuth angles) in the
period from the year -2000 to 6000, with uncertainties of ±0.0003 (degrees). A new solar position is calculated
by SPA at a frequency of 1 Hz (synchronized by the GPS). After SPA calculations, zenith and azimuth angles
are converted to stepper motor pulses: Eppley has a resolution of 0.01875 degrees/pulse. The necessary number
of pulses to move to the new solar position is sent to the PRU core by the external library prussdrv (Molloy,
2014), which is responsible for low-level communication between the software running in the Linux operating
system and the PRU. The MQTT communication system is implemented in a separate thread and does not
interfere with the calculation of the solar position, in the same way that the generation of the movement pulses
is independently performed by the PRU.
In order to validate our prototype, we used a camera recording the calibration shadow of the Eppley NIP
pyrheliometer every 30 seconds. Depicted in Fig. 5 is shown two images generated by the calibration camera on
February 8, 2019. About 1200 images are recorded daily and a time-lapse video is generated for visual
inspection of the tracker. The alignment of the solar tracker can be confirmed by viewing the dot of light from
the direct solar beam, which passes through the small hole in the front flange of the instrument and intercepts a
target mounted on the rear flange. When the dot of light is centered with outer diameter of the black dot of the
target there is an alignment error of 0.3 degree. In the case that the dot of light is centered with outer diameter
of the white circle of the target there is an alignment error of 1.0 degree.
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Fig. 5: Tracker calibration test on 8th February 2019.

4. Overview of the solar station monitoring system
Our solar station is composed by an Eppley SMT tracker, a CM21 and CM11 Kipp & Zonen pyranometers, for
global and diffuse irradiance, respectively, both using the CV2 ventilation unit. An Eppley NIP pyrheliometer
was used for the DNI measurements, and for the data acquisition system, we adopt a CR10X, integrated with
the NL100 network link and PS100 power unit, the last three from Campbell Scientific. Fig. 6 shows the tracker
and the acquisition system.

Fig. 6: Instruments and data acquisition system of the solar station.

Fig. 7 shows the design of our monitoring system. A solar station can contain several solar trackers and smart
sensors connected through a TCP/IP network. These devices send and receive information using MQTT
protocol and any device can connect to the broker (considering correct authentication and encryption) and
obtain values of the various sensors as long as the MQTT topics are known. It is interesting to note that it is not
necessary to know network addresses of the various devices since the broker server is responsible for
redirecting all data.
In order to visualize real-time data from a specific tracker on a smartphone, we can use a simple MQTT dash
application (Routix software, 2019), as shown in Fig. 8. The configuration screen is used to correct
misalignments and issue operation mode commands to the tracker like start, stop, enter manual mode or turn it
off.
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Fig. 7: Overview of the solar station monitoring system.

Fig. 8: MQTT dash: real-time information screen (left) and configuration screen (right)

The solar station data is stored and monitored by an application server. This application subscribes to all sensor
and tracker topics and stores relevant information in an InfluxDB time-series database (InfluxData, 2019). We
use Grafana (Labs, 2019) that allows to obtain, visualize, alert and understand any metrics independent of the
type of storage in order to create our supervisory application. Fig. 9 shows the solar tracker metrics of our
prototype on our WEB dash created in Grafana. It is possible to monitor the azimuth and zenith angles, camera
board temperatures and the alignment of the solar tracker, which is based on the images generated by the
calibration camera, installed on the flange of the pyrheliometer. With the aid of this image and the MQTT dash
configuration screen, it is possible to remotely align the solar tracker.
Since we have a functional time-series database, we can also store irradiation data to create a quality control
system that identifies errors, labels, ignores and informs invalid data. A sample of 6 th June, 2019 of irradiation
data is shown in Fig. 10.
The objective of the supervisory application, depicted on Fig. 10, is provide a real time graphical representation
of the quality of the measured data. This facilitates the identification of problems on the stations, such as
misaligned, dirty optics or any catastrophic failure. The Grafana tool allow us to implement alerts in various
notification channels like email and instant messaging (Telegram, i.e.), this feature can help station operators
identify problems as soon as possible, and prevent missing data for large periods, especially in the cases of
unattended stations.
In order to implement and improve our quality control, we will follow the BSRN recommendations published
by the World Meteorological Organization (König-Langlo et al., 2013), which consist of “flagging” the
measurements as “Physical Possible Limits”, “Extreme Rare Limits” and “Comparisons”. In addition, we are
also implementing the SERI QC (Maxwell, Wilcox, & Rymes, 1993), which consist of “flagging” each
measurement based on dimensionless parameters – clearness index (Kt), effective diffuse horizontal
transmittance (Kd), and direct beam transmittance (Kn). This method allows us to plot the measured data as a Kn
versus Kt scatter plot (Fig. 10), which facilitates the visualizations of data that do not couple well in K-space.

2078

R.A. Starke et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

As shown in Fig. 10, on the last sub-figure, the K-space identify the wrong measured data, especially when
compared with the theoretical limit’s lines. It is also possible to verify it the measured data is in the correct
region of the K-space, corresponding to the atmospheric condition of measurement. If the measured data falls
outside of the acceptance region of the K-space a set of alarm are triggered to warn the station staff. We also
plot the diffuse fraction (d) versus clearness index (K t), (Fig. 10), which also facilitates the visualization of data
that are not physically possible, or rare events such as cloud enhancement. With our implementations is also
possible to apply the work of (Moreno-Tejera, Ramírez-Santigosa, & Silva-Pérez, 2015), which provide a
visualization tool of the quality “flags” and facilitates identify common errors such as time shifts, changes in
recording frequency, misalignment of pyrheliometers, or nighttime and daytime offsets. As a further
development the cameras updating the tracker status alignment (1200 images recorded daily), will be used to
identify the alignment precisions of the tracker. In that context, it is possible to perform a statistical analysis of
the imagens or use computer vision and machine learning to alert and correct possible tracker misalignments.

Fig. 9: Grafana dash created to visualize tracker information

Fig. 10: Grafana dash created to visualize irradiation data
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5. Conclusions
It is known that measurements of long-term solar radiation are climatically, economically and anthropologic
important. Thus, in this article we present a control system that uses a Beaglebone single board computer to
control a two-axis solar tracker using NREL's solar position algorithm. The validation of the system was first
performed through a camera recording the calibration shade of the pyrheliometer, in future works, we will
compare irradiation measurements with a calibrated tracker.
Since we developed all the tracker software, except the solar positioning algorithm, we created an MQTT topic
system that allows adjustments and exports all real-time status information. With these and smart sensors
measurements, we have implemented a solar station monitoring system. All data are stored in time series
database and analyzed by the Grafana tool that can generate alarms in case of station problem, improving the
reliability of the irradiation data.
For future work, we will implement an automatic initial positioning system in case of power failure, fine-tuning
with a closed loop control for better alignment, add new sensors in the solar station, add gateways in order to
gather information of commercial trackers and create a quality control following the BSRN recommendations.
It is important to note that all software systems implemented in this work are open source technologies and can
be obtained online. The solar tracker software is available at https://github.com/xtarke/solarTracker. All the
images of the earlier calibration tests are available at https://github.com/xtarke/solarTracker/tree/master/
calibimages and time-lapse videos are available at:
•

https://www.youtube.com/watch?v=RLjJRj-Cs38

•

https://www.youtube.com/watch?v=b4RHYuFXH9A

•

https://www.youtube.com/watch?v=lTlY52YFF1I
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Abstract
A recent update of the ISO 9060 standard for the classification of solar radiometers introduces the use of the
clear sky spectral error. The spectral error is the change in responsivity that may occur when the spectral
distribution of the incident solar radiation differs from the spectral distribution present at the time of calibration.
Spectral errors may occur if the radiometer does not have a completely uniform spectral responsivity. This use
of the clear sky spectral error is a significant change compared to the previous version of the 9060 standard as
now not only thermopile radiometers, but also photodiode radiometers are covered by the standard. We explain
the method used to derive the spectral error and present spectral errors for several radiometers of different
technologies. The results demonstrate that the new method is helpful to classify radiometers, distinguishing
between different radiometer types and excluding inappropriate instruments from the classification as
pyranometers and pyrheliometers. We recommend that the method is also used for WMO’s radiometer
classification which up to our knowledge is currently not fulfilled by any field pyrheliometer and many
pyranometers on the market due to its demanding requirements for the spectral responsivity.
Keywords: solar spectra, radiometer, spectral error, standardization.

1.

Introduction

Accurate solar irradiance measurements are essential for the implementation of solar energy power plants and
their further development. Radiometer accuracy suffers from different errors, for example related to the
incidence angle of the solar radiation or the radiometer temperature. A quite complex measurement error is the
spectral irradiance error. It is the error introduced by the change in the spectral distribution of the incident
radiation and the deviation of the radiometer’s spectral responsivity from a uniform spectral responsivity. While
thermopile radiometers have a quite flat spectral responsivity within the wavelength range of interest (here 280
to 4000 nm) or at least up to 1800 nm, photodiode sensors have a strongly non-uniform spectral responsivity.
Radiometers are classified according to the ISO 9060 standard (ISO, 2018) in order to improve the
comparability of radiation measurements and to make it easier to compare and describe different available
instruments. The instrument errors mentioned above are the basis for this classification. The 2018 update of ISO
9060 introduces the clear sky spectral error for a set of clear sky spectra as one of the classification criteria. A
given accuracy class can only be reached if the spectral errors of an instrument for all defined test spectra
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relative to the IEC 60904-3 spectra (IEC, 2016) are within the given range for that class. For pyranometers only
global horizontal irradiance (GHI) spectra are tested, for pyrheliometers only direct normal irradiance (DNI)
spectra.
This new method represents a significant change compared to the previously used classification criterion for
spectral characteristics which was called spectral selectivity (ISO, 1990). The spectral selectivity was defined in
the ISO standard as the maximum deviation of the spectral responsivity within 350 and 1500 nm from the mean
spectral responsivity within this wavelength interval. The classification with the spectral selectivity excluded
photodiode based pyranometers from the standard as these instruments have spectral selectivities of about
300 % - far above the limit for the lowest class (10 %). With the new classification method from (ISO, 2018)
selected photodiode radiometers can fulfill the ISO 9060 requirements for the lowest pyranometer class as will
be shown in this work.
Another important change in the new version of the ISO 9060 classification from (ISO, 2018) is the possibility
to use correction functions to improve the instrument properties relevant to the classification method. Such
corrections for temperature or incidence angle effects are commonly used and were not allowed for the
classification according to the 1990 version of the standard. The potential for simple correction functions for the
spectral error is also analyzed in this paper.
Section 2 of this paper presents the method to derive the clear sky spectral error used for the ISO 9060
classification from (ISO, 2018) including the solar spectra involved in this method. After explaining the
calculation of the clear sky spectral error, spectral errors for typical instruments are shown in section 3. Section
4 of the paper discusses the robustness of the method to errors or deviations in the applied spectral responsivity
data. Section 5 presents the effect of a simple correction function for the spectral errors on the classification.
Finally, section 6 summarizes the work and discusses the results.

2.

Test spectra and calculation of the clear sky spectral error

The test spectra for which the clear sky spectral error is calculated are clear sky GHI and DNI spectra for nine
selected atmospheric conditions and air masses (AM) 1.5 and 5 (not pressure corrected). The nine different
atmospheric conditions are summarized in Tab. 1. The software SMARTS 2.9.5 (Gueymard, 2001, Gueymard,
1995) was used to generate the spectra. The spectra for AM 1.5 and the underlying atmospheric conditions are
described in detail in (Jessen et al., 2018; Wilbert et al., 2017). The AM of 5 corresponds to a zenith angle of
78.7° which is close to the 80° limit used for the definition of the directional error in the 1990 version of ISO
9060. Between 90 % and 99 % of DNI and GHI are received at air masses below 5 depending on the site. AM
1.5 was selected as it is considered to be a good choice for the creation of average spectra (Wilbert et al., 2017).
The spectra are available under http://standards.iso.org/iso/9060/ed-2.
Tab. 1: Conditions for the test and reference spectra. τ500 is the aerosol optical depth at 500 nm, PW the precipitable water vapor.
The abbreviations for different atmospheres correspond to those from the SMARTS 2.9.5 manual.

Short name
IEC 60904
SemClmedHum
SemClHum
HazMedHum
DustyMedHum
HazHum
ClDryHi
SemClDryHi
HazDryHi

Description
Reference (IEC 60904-3)
Semi-clean, med- humidity, sea level
Semi-clean, humid, sea level
Hazy, medium humidity, sea level
Dusty, medium humidity, sea level
Hazy, humid, sea level
Clean, dry, high elevation
Semi-clean, dry, high elevation
Hazy, dry, high elevation

Elev. (km)
0
0
0
0
0
0
1.5
1.5
1.5

τ500
0.084
0.27
0.27
0.54
0.54
0.54
0.084
0.27
0.54

PW (cm)
1.416
1.416
4.115
1.416
1.416
4.115
0.708
0.708
0.708

Atmosphere
USSA
USSA
TRL
USSA
STS
TRL
MLW
MLW
STW

The spectra deviate strongly from each other both in terms of broadband irradiance and shape. Figures 1 and 2
show the spectra normalized to the integrated broadband irradiance of 900 W/m² for DNI and 1000 W/m² for
GHI. Even after the normalization strong deviations are visible especially for DNI. The normalized spectra are
shown because only their shape is relevant for the evaluation of the spectral error as will become clear in the
following. The deviations increase with the air mass.
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For GHI the deviations are less pronounced than for DNI. This can be explained by the fact that the aerosol
scattering affects DNI much more than it affects GHI. A portion of the DNI scattered by aerosols is still
measured by the global pyranometer as DHI irradiance thus making GHI measurements less susceptible to
aerosol scattering. A great part of the deviations between the different DNI spectra stems from the aerosol
scattering.

Fig. 1: DNI spectra normalized to the integrated DNI of the IEC 60904-3 spectrum. Left: air mass 1.5. Right: air mass 5.

Fig. 2: GHI spectra normalized to the integrated GHI of the IEC 60904-3 spectrum. Left: air mass 1.5. Right: air mass 5.

The spectral errors for a radiometer and the 17 test spectra are calculated relative to a reference spectrum. The
reference spectrum ,
is derived for IEC 60904-3 atmospheric conditions and AM1.5 using SMARTS 2.9.5.
GHI spectra are used for pyranometers, DNI spectra for pyrheliometers. The spectral error
for a specific
radiometer with spectral responsivity
and the tested spectrum ,
is calculated as:
=
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is the j-th wavelength of N (from 280 to 4000 nm). The step size Δ
minuend is the spectral mismatch factor.

is between 0.5 nm and 5 nm. The

The maximum of the spectral errors of a pyrheliometer for all 17 DNI test spectra is called “clear sky spectral
DNI error”. The maximum for the 17 GHI test spectra and a pyranometer is called “clear sky spectral GHI
error”. The standard establishes limits of 0.5 %, 1 % and 5 % for the three pyranometer classes A, B and C and
0.01 %, 0.2 %, 1 % and 2 % for the pyrheliometer classes AA, A, B and C. A radiometer reaches a given
accuracy class if the clear sky spectral error is within the class’ percentage range specified by the standard and if
all other criteria for this class related to the other instrument errors are met. It is important to note that the
spectral error for different atmospheric conditions is different from this “clear sky spectral irradiance error”.
Also, the spectral error for DHI measurements is different from that for GHI as discussed in Wilbert et al.,
2016. The same holds for reflected or tilted irradiance. According to the standard (ISO, 2018), experimental
methods to derive the spectral error for the specified test spectra could be used instead of the above calculation
method according to the standard.

3.

Demonstration of the applicability of the classification method

To demonstrate the classification method and its applicability tests were performed with spectral responsivities
of common thermopile pyranometers (CMP11), thermopile pyrheliometers (CHP1) and photovoltaic devices
(LI200R pyranometer, LI190R photosynthetically active radiation (PAR) sensor, mono-Si reference cell). The
spectral responsivities are shown in Fig. 2. The information for the pyranometers and the PAR sensor was taken
from the manufacturer specifications (Kipp&Zonen, 2006; LICOR, 2005; LI-COR, 2015). The mono-Si cell’s
responsivity is obtained from (Winter et al. 2009). The spectral response for the pyrheliometer is derived as the
product of the spectral transmittance data from the manufacturer specification (Kipp&Zonen, 2009) and a
spectral absorptance measurement of the coated thermopile provided by Mr. van Wely from Kipp&Zonen. As
the spectral transmittance in (Kipp&Zonen, 2009) is normalized to the maximum of 1 the data were multiplied
with the maximum absolute spectral transmittance of a 2mm thick Infrasil 301 glass from (Heraeus, 2019) to
obtain the absolute spectral transmittance. According to (Kipp&Zonen, 2008) the pyrheliometer windows are
2 mm thick and Infrasil 301. The maximum spectral transmittance of such a glass sample is virtually identical to
the transmittance caused only by the reflectance on the sample’s two surfaces which is also given in (Heraeus,
2019).

Fig. 3: Spectral responsivities of the tested devices.
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The spectral GHI errors for the exemplary devices are shown in Fig. 4. We used eq. 1 without further
corrections for these calculations. The great difference between the thermopile pyranometer and the
photovoltaic devices, and the difference between the LI200R and the PAR sensor demonstrate that useful limits
for the spectral error can be found for classification. The maximum of the absolute amount of the spectral errors
are obtained from the displayed data and shown in Tab. 2. With the limit for the clear sky GHI spectral error of
5 % for the lowest pyranometer class, Si-pyranometers can obtain an ISO 9060:2018 classification if they also
fulfill the other criteria related to directional errors, etc.. PAR sensors on the other hand are excluded. Reference
cells are not rejected by the spectral error, but most likely by other limits given by the classification scheme, in
particular by the directional error. The clear sky spectral errors found for the thermopile pyranometers are below
0.4 % as visible in the zoomed in representation of the previous graph (Fig. 5). A pyranometer with the spectral
responsivity of the exemplary pyrheliometer would lead to even lower errors (0.03 %). This highlights the
advantage due to their flat spectral responsivity compared to photovoltaic sensors.

Fig. 4: Spectral errors for exemplary spectral responsivities of radiometers and GHI.

Fig. 5: Spectral errors for exemplary responsivities of radiometers and GHI. Same as Fig. 4 zoomed in.
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Tab. 2: Clear sky spectral error for several spectral responsivities corresponding to different radiometers and a reference cell.

Irradiance component

Spectral responsivity

GHI

mono-Si
PAR sensor
Thermopile pyranometer
Photodiode pyranometer
Pyrheliometer
mono-Si
PAR sensor
Thermopile pyranometer
Photodiode pyranometer
Pyrheliometer

DNI

Clear sky spectral
irradiance error [%]
2.4
11.5
0.3
4.4
0.03
26.2
63.8
1.7
10.0
0.1

Fig. 6: Spectral errors for exemplary responsivities of radiometers and DNI.

Fig. 7: Spectral errors for exemplary responsivities of radiometers and DNI. Same as Fig. 6 zoomed in.
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For DNI, the spectral errors are presented in Fig. 6. The results are also shown for hypothetical pyrheliometers
with the spectral responsivity of a PAR sensor, a photodiode pyranometer, a mono-Si reference cell and a
CMP11 like pyranometer as shown in Fig. 3. The corresponding clear sky spectral DNI errors are shown in Tab.
2. Huge errors of -64 % are visible for the PAR sensor and even for the photodiode pyranometer 10 % error are
found. This explains the absence of such DNI sensors on the market. Figure 7 shows the spectral errors for DNI
after zooming in to +/- 2 % spectral errors. The spectral errors of CHP1 like thermopile pyrheliometers are
below 0.15 % due to their quartz windows. A pyrheliometer using cheaper NBK7 entrance windows that are
commonly used for thermopile pyranometers would result in spectral errors of up to 1.7 %. Also working with
different less adequate Infrasil quartz glass types would result in higher clear sky spectral DNI errors of up to
0.7 % (not shown). This further demonstrates the efficiency of the method to distinguish between radiometer
classes in terms of the spectral error.

4.

Robustness of the method against deviations of the spectral
responsivity

An interesting question regarding this classification method is its robustness against variability of the spectral
responsivity. The spectral responsivity of individual instruments of the same model might deviate from each
other. Furthermore, spectral responsivity measurements for the common photodiode pyranometer LI-200 by
NREL (Vignola et al., 2016) indicate that the manufacturer specification might not be accurate. This could also
be the case for other manufacturer specifications.
Figure 8 shows the spectral responsivities for the LI-200 from the manufacturer specification and NREL’s
measurements (Vignola et al., 2016). Also the spectral responsivities of the similar, but newer LI-200R
pyranometer and a mono-Si cell are shown. One can notice significant deviations, especially to the NREL
measurement and to the reference cell. To test the effect on the classification, we calculated the clear sky
spectral GHI errors for the four spectral responsivities (Fig. 9, left). Approximately 0.5 % difference are seen
between the LI-200’s error depending on the used data set. More than 1 % difference are found between the
newer LI-200R and the Li-200 calculated using NREL data. However, the clear sky errors of all four devices are
all within the limits of 5 % and 1 % which are established for the pyranometer classes C and B. Although in
some cases the limits might be surpassed due to the deviations of spectral responsivity data, this quite extreme
example shows a sufficient robustness of the classification scheme.

Fig. 8: Spectral response for mono-Si cell, the new LI-200R and the LI-200 pyranometer using 2 different data sources.
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Fig. 9: Spectral errors for the LI-200 photodiode pyranometer calculated with spectral responsivity data from two different
references, the newer LI-200R pyranometer and a mono-Si cell. Left: Without the application of any correction function. Right:
After applying correction functions designed to minimize the clear sky spectral error as defined in ISO 9060:2018 based on AM.

5.

Clear sky spectral error for instruments using correction functions

Another major change in the 2018 version of the ISO 9060 standard compared to previous version is that
correction functions are allowed and that the corrected instrument signal can be used for the classification of the
instrument. This also includes correction functions for the spectral errors. This correction must be available also
for normal field operation, so that knowledge of the test spectra cannot be used. Corrections can be based for
example on additional measurements, or current time, coordinates and altitude which allow the AM to be
calculated. For example,
in eq. 1 could be multiplied by a factor obtained as a function f of the AM. This
leads to a correction of the uncorrected GHI (
) so that the corrected GHI is obtained as:
=

∙ (

).

(eq. 2)

The possibility to include correction functions raises another important question: Can one design a simple
correction function that allows a sensor to reach a higher accuracy class, although the correction might not work
well in practice? We investigate the question for the four spectral responsivities from Fig. 8 designing the
optimal corrections for each of the four devices that minimize the clear sky spectral error. We assume that only
the AM is used as input parameter of the correction and that the correction uses eq. 2. In Fig. 4 it was clear that
the spectral errors for AM 1.5 are much smaller than those for AM 5 and therefore we preliminarily set
(
= 1.5) to 1. Then we minimize the spectral errors for AM 5. For each device we use the vector
⃑ composed out of the 9
for the 9 GHI test spectra for AM 5 to determine the optimal correction
according to
(

= 5) = [1 + 0.5 ∙ max( ⃑

+

( ⃑ ))] .

(eq. 3)

The thus obtained (
= 5) are shown in Tab. 3. The remaining spectral errors are calculated and the clear
sky spectral GHI error is still determined by the AM 5 spectra for all four devices. Therefore, the preliminary
setting of (
= 1.5) = 1 can be used for the optimal air mass based correction.
Tab. 3: Correction factor (

Device
LI-200 NREL
LI-200 man.
LI-200R
mono-Si cell

= ) for the GHI correction of the four investigated devices.

(

= )
0.987
0.981
0.976
0.999

2089

S. Wilbert et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

The clear sky spectral GHI error after this correction is shown in Fig. 9, right. Compared to the uncorrected
clear sky spectral GHI errors from Fig. 9, left one can see a noticeable improvement for the photodiode
pyranometers from the range of 3 to 4.5 % to about 1.8 % after the correction. This indicates the potential of
such correction functions as also discussed in the literature (Forstinger et al., 2019, Geuder et al., 2016, Vignola
et al., 2017). The mono-Si cell is only improved less from 2.4 % to 2.3 %. This different behavior compared to
the photodiode pyranometers can be explained by the different pattern of the spectral errors
for AM 5 as
seen in Fig. 4. For AM 5 the LI-200R always overestimates the GHI while the mono-Si cell shows
overestimation and underestimation for different spectra with AM 5. Therefore, the AM based correction factor
is close to 1 and cannot significantly reduce the clear sky spectral error of the mono-Si cell.
All four devices remain within the established limits of 1 % and 5 % for the clear sky spectral GHI error of class
B and C pyranometers. This is important as a simple correction as in the example is not expected to improve the
actual measurement accuracy significantly. Therefore, we expect that the accuracy class remains unchanged
after the application of this simple correction. The significant remaining spectral errors show the strong
influence of the atmospheric conditions on the spectra and the spectral errors. The same test has also been
performed for the PAR sensor. Its clear sky spectral GHI error remains well above the 5 % limit class C
pyranometers, so that the classification remains unchanged, too. The tests for the AM correction indicate a
sufficient robustness of the classification method even if correction functions are applied.

6.

Conclusion and discussion

The method used in ISO 9060:2018 to derive the clear sky spectral irradiance error for the classification of
pyrheliometers and pyranometers has been presented. The spectral errors for common radiometers and a monoSi reference cell were shown. The classification method using the clear sky spectral errors can easily separate
different devices such as photodiode pyranometers and thermopile pyranometers in adequate classes. The
spectral error of photodiode pyranometers is relevant as it lies in the order of magnitude of their directional
errors and calibration errors. Furthermore, the classification method allows to exclude instruments such as PAR
sensors from their classification as pyranometers. Also common photodiodes and reference cells are excluded
from the application as pyrheliometers using the classification method.
The classification using the clear sky spectral error was tested for robustness against deviations in the used
spectral selectivity data in order to check its reliability. This test was conducted with different spectral
selectivity data for the LI 200 Silicon photodiode pyranometer, for the newer LI-200R photodiode pyranometer
and a mono-Si cell. Despite of significant deviations of the spectral selectivities of the four devices all of them
are in the same ISO 9060:2018 category of clear sky spectral errors. This indicates a sufficient robustness of the
method against deviations of the spectral responsivity data.
As the new classification also allows the application of correction functions, the spectral errors were also
derived for the mentioned four Silicon devices after applying a simple spectral correction. This correction was
designed to minimize the clear sky spectral GHI error using the AM as input. The correction was able to reduce
the clear sky spectral GHI errors significantly in the case of the photodiode pyranometers, but the resulting clear
sky spectral GHI errors are still far from the limit specified for reaching a higher accuracy class. This is a first
indication for a sufficient robustness of the classification method against unrealistic classifications due to the
application of correction functions.
The classification using the clear sky spectral irradiance error is considered a significant advantage compared to
the classification using the spectral selectivity as in the 1990 version of the ISO 9060 standard. The previous
version of the 9060 standard completely excluded photodiode pyranometers due to their spectral selectivity.
Furthermore, the specification of the spectral selectivity for an instrument was difficult to translate to a
measurement error. A huge spectral selectivity can even be connected to no spectral error at all. This would be
the case if the spectral responsivity of a radiometer is completely flat except of a strong deviation in a
wavelength interval in which the spectral irradiance is zero (e.g. around 1380 nm). The new clear sky spectral
irradiance error at least gives an indication of typically occurring GHI and DNI errors due to the spectral
variation under clear sky conditions. The method does not provide spectral errors for 1) cloudy situations,
2) extreme conditions not covered by the use cases, and 3) diffuse, reflected or tilted irradiance measurements.
This is important for the understanding of measurement errors, but not necessary for the instrument
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classification.
There is also another classification scheme for radiometers published by WMO (WMO, 2014). This
classification was close to the 1990 version of the ISO 9060, but for the spectral selectivity a decisive deviation
was present. The wavelength range considered in the spectral selectivity definition by WMO is 300 to 3000 nm
while it was 350 to 1500 nm in the 1990 version of ISO 9060. The WMO limits for the selectivity for the
different classes were the same or even stricter as in the case of the highest pyranometer class. This leads to the
unfortunate situation that to our knowledge no weather proof pyrheliometer fulfills the requirements of the
WMO classes. Although the spectral errors of the tested pyrheliometer are small ( <0.1 %) the spectral
selectivity according to the WMO definition is 2.5 % for this pyrheliometer. This is much higher than the limit
of 1 % established for the lowest pyrheliometer class. Typical pyranometers of the highest ISO 9060 class are
also excluded from the WMO classification. This holds for both the 1990 and the 2018 version of the ISO 9060
standard. For example, the responsivity of the class A thermopile pyranometer investigated in this work falls to
about 12 % at 3000 nm which leads to a very high spectral selectivity according to the WMO definition. We
recommend that the WMO radiometer classification scheme is also adapted to the new 2018 version of the
ISO 9060.
The new classification method for the spectral irradiance errors was found to be a great improvement compared
to previous methods and its results are considered as adequate. Future work related to the spectral errors after
using sophisticated correction functions, spectral errors under cloudy conditions and for diffuse, reflected or
tilted irradiance are of interest for solar energy.
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Abstract

Solar cadasters, have been mainly focusing on the prediction of the solar potential on roofs. However, in dense
urban areas there is sometimes most solar potential to be collected from vertical surfaces than from the roofs. Not
sufficient assessment for economical and urban energy planning. Possibility of shorter and dynamical time period
simulation has to be accessible. Moreover, in comparison with roof, building facades are representing big potential
for solar PV integration even if inclination is not optimal. Archelios map® developed by Cythelia Energy is used
to generate a solar cadaster, which can then be incorporated into the local authority’s geographic information
system (GIS) and/or uploaded to its website. For now, Archelios map® takes into account the brute solar radiation
on tilted rooftops (only, not facades). It takes into account tilt and orientation. The main objective is to extend the
actual cadaster features so it gives a solar cadaster including solar potential on facades by considering the inter
buildings effect and the urban environment climate so we can increase the solar power generation.
Keywords: Solar cadaster, solar power potential, roof and façade, local climate, solar reflected radiation.

1. Introduction
With the increase of the urban population, cities represent areas of high electrical power needs but low production.
Solar power represents on abundant well distributed renewable source of energy and can moreover be used to
generate different type of energy. As a result, the calculation of the solar potential becomes more and more
important in order to plan Photovoltaic (PV) integration in urban environment. The calculation of the solar
potential in an urban city gives an idea of the solar potential of each building. The solar potential of a building
depends on different parameters among them one can cite the local irradiation, the orientation and the tilt of the
solar system or the local operating conditions. Several studies have been done on how to get the most out of the
solar potential by focusing on the positioning method of the PVs. According to the literature, for optimal
orientation of PV, the solar radiation is increasing by 4% compared to the fixed annual orientation (Al Garni,
Awasthi, et Wright 2019). This value decreases when considering an urban context.
A solar cadaster offers many advantages for city. If it is based on a 3D description, it provides orientation, angle,
irradiation, and the potential of solar production for each building envelope. Most solar cadasters takes into
consideration horizontal surfaces in the calculation of the solar potential (Yuan et al. 2016). The consideration of
the vertical surfaces, also called facades, have an important effect on the solar potential predictions. The study of
solar energy potential done by (Redweik, Catita, et Brito 2013), shows that the irradiation reaching facades is
smaller than that of the roofs, but while working with big areas, facades have an important impact on the solar
potential of buildings in an urban area. As well as (Brito et al. 2017) who proved that during winter, facades have
the potential to double the solar potential, due to the more favorable inclination. Furthermore, the reflected rays
between buildings are neglected in the calculation of solar radiation, (Lobaccaro et al. 2012) highlighted the effect
of these rays in the urban region.
In an urban area, solar power potential, include several constraints (Naboni et al. 2019). It is the case of vegetation
(green space), thermal effects (Morakinyo, Balogun, et Adegun 2013), the spacing between the buildings and the
different components of radiation (direct, diffuse and reflected)... The morphology of urban region plays an
important role in estimating solar production as shown by (Zhang et al. 2019). In addition to that, temperature can

2094

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.45.01 Available at http://proceedings.ises.org

K. Bouty ISES SWC2019 / SHC2019 Conference Proceedings (2019)

change the potential of PV panels and it is therefore necessary to take into account urban heat island phenomena
while the calculation of solar potential in urban region (Bloem 2008).
The work presented here is a numerical study, of solar radiation in order to know the role of the reflected radiation
and the shading in the calculation of solar potential. Two cases studies are investigated, one corresponding to a
simple ordered geometry and the second to a part of the district of Carouge in Geneva.

2. Numerical methodology
2.1

Solar radiation theory and modelling

The solar radiation reaching a surface generally subsists of three components, direct, diffuse and reflected. The
direct, or beam, solar radiation is that received from the sun without having been interrupted by the atmosphere.
The direct solar flux reaching a surface is symbolized by ID. If the surface is perpendicular to the solar rays, the
incident solar flux is equal to the Direct Normal flux, IDN. The direct solar flux arriving to the surface is obtained
by:

=

cos

(eq.1)

where is the angle of incidence. The diffuse solar radiation is that received from the sun after changing direction
because of an obstacle. Diffuse radiation falling on a surface is noted as Id while it is noted
when achieving
horizontal surface. The diffuse radiation is hard to compute because of its no directional nature. The latter is
expressed, considering that the sky is a diffuse source, by the following equation:

= 1 + cos

/2

(eq.2)

Where is the surface tilt angle. The reflected solar radiation it is the part that falls on a surface after touching
another surrounding surfaces. This component depends on the geography of the area, the orientation and the
reflective characteristics of the surrounding surfaces. It’s noted by IR given by the equation 3:

=

1−

Where:

/2

(eq.3)

= solar reflectance of the ground and

= Total solar flux reaching the horizontal ground

The total solar flux attaining a surface at any time is the sum of the three components:

=

+

+

(eq.4)

Diffuse hourly irradiation on an inclined surface

:

As a general rule, diffuse radiation models for inclined surfaces can be classified into two groups: isotropic and
anisotropic models. They are differentiated by the division of the sky into normal regions and high diffuse
radiation intensities. Isotropic models assume uniformity in the distribution of diffuse radiation intensity over the
sky. Anisotropic models include modules suitable for representing areas of high diffuse radiation.
1.

Anisotropic

The Perez model is an anisotropic sky model, the total of diffuse energy according to these three parameters (the
sky, the circumsolar and the horizon) is calculated by the following equation:

=

1−

!

"#$%
&

'+

(
)

+

&

*+ ,-

(eq.5)

Thus, the model will operate both in an isotropic configuration (F1 = F2 = 1) and will collectively incorporate
circumsolar equivalent time and / or horizon lightening. Where
is the brightness coefficient of the sky, & the
brightness of the horizon, diffuse irradiation using weather file (kwh), a and b are related to the visibility and
then the angles of geometry and are calculated by the following equations

. = max 0, cos
4 = 5.6 cos 85 , cos

(eq.6)
9

(eq.7)
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!

' represent the sky view factor

An anisotropic sky is usually related to climatic conditions that are uniformly distributed in the sky. Then Perez
et al. They found that relative to a ground surface, the luminosity changes over the entire surface of the sky and
so they computed luminosity factors statistically (Perez, Seals, et Michalsky, s. d.) that allows defining the
anisotropic relationship. And as a result the brightness factor present in the equation of calculation of the total
diffuse energy (Eq. 5) is then calculate by the equations below:

= 5.6 0. !> + > & ∆ +
= !> & + >&& ∆ +

&

@AB
> 'CD E

(eq.8)

@AB
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(eq.9)

Where Δ is the brightness parameter;

∆= 5

(eq.10)

F

Where m is the mass of air given by equation 11 and

5 = #$% A

the extraterrestrial irradiation given by equation 12.
(eq.11)
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(eq.12)

Another anisotropic model is that proposed by Hay and Davies, commonly called Hay model. Two main sources
are supposed to be the origins of the diffuse radiation of the sky, namely the disk of the solar disk and the rest of
the sky with diffuse isotropic radiation (Hay 1979). The two components are described by the anisotropy index
> (M :

>

(M

=

N
F

O

=

(eq.13)

F

According to Hay's model, the equation of diffuse irradiance intensity on an inclined surface is:
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(eq.14)

Isotropic

Badescu presented a model of diffuse solar radiation on a sloping surface using the following elements (Badescu
2002):
E":;< &
R

=!

'

(eq.15)

- Liu and Jordan's model is one of the oldest and simplest radiation models (Liu et Jordan 1960). This model
assumes that the intensity of diffuse radiation is uniformly distributed over the entire sky, which is calculated as
follows:

=!

2.2

":;<
&

'

(eq.16)

Geometry and solar radiation modelling

Solar potential analyses are usually simulated on 2.5 D models, such as roof surfaces (Desthieux et al. 2018).
When applying 3D models methods, it allows the simulation of solar radiation on all building surfaces also
accounting for inter-reflections. A lot of software are able to perform calculations of solar radiation on horizontal
surfaces, so we must choose one that gives more precision regarding reflected ray-modeling and allows
performing more studies on vertical surfaces (facades).
•
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limited by the precision in level of reflected radiations and in addition, the calculation of solar radiation
is performed for one chosen building taking into consideration the effects of the neighboring buildings.
•

Radiance® is a tool that applies Perez's model of diffuse radiation and considers diffused and reflected
radiations in urban environment. This software uses ray-tracing and light-backwards algorithms based
on the physical behavior of light in a 3D volumetric model. It is a validated software and very well used
in applications related to the estimation of the solar potential on the roofs of buildings and facades for
the production of electricity and the analysis of daylight. DIVA-for-Rhino® is a highly optimized plugin for modeling daylight and energy for the Rhinoceros model. It allows users to perform a series of
assessments of the environmental performance of individual buildings and cityscapes, including radiation
maps, realistic photo rendering, and climate-based daylighting. A glare analysis in annual and individual
time steps, daylight compliance and energy calculations of a single thermal zone. DIVA-for-Rhino comes
with an improved user interface: Grasshopper®. Drop-down settings allow to quickly select materials.
Input and output parameters can be added and removed from components in one click, allowing full
control of script complexity. Grasshopper is a modeling algorithmic plugin for Rhino that uses a visual
programming language. It is a parametric design tool. Programs are created by dragging components
onto a canvas. The outputs of these components are then connected to the inputs of the following
components. DIVA-for-Rhino utilize Radiance in order to calculate solar radiation on buildings.

For RADIANCE software The lighting simulation engine uses a hybrid approach of Monte Carlo and deterministic
ray tracing to achieve a reasonably accurate result in a reasonable time. The method employed starts at a
measurement point (usually a viewpoint) and traces rays of light backwards to the sources (ie. emitters). The
calculation can be divided into three main parts: the direct component, the specular indirect component, and the
diffuse indirect component. DIVA-FOR-RHINO generate the irradiation map using RADIANCE, it is possible to
vary a given number of Radiance parameters. From these parameters we note –ab parameter: the number of
ambient bounces to N. This is the maximum number of diffuse bounces computed by the indirect calculation. A
value of zero implies no indirect calculation. By increasing the number of ambient bounces, we achieve more
precision in calculation of solar radiation concerning reflected rays.
2.3

Urban weather generator (UWG)

As mentioned in the introduction, temperature impacts the PV production and it is therefore necessary to evaluate
the local temperature to provide more accurate solar potential prediction. To that aim an urban weather generator,
developed by (Bueno et al. 2014) is used. UWG calculates the hourly values of urban air temperature and humidity
based on reference weather data typically measured outside a city. It requires an EnergyPlus weather (epw) file
and an Extensible Markup Language (xml) file describing the urban and rural site characteristics.

Figure 1: UWG principal of calculation

3. Cases of study
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The objective of the study is to estimate solar potential in urban areas, taking into consideration the different
constraints. The work will allow considering the geometry of the district and its microclimate (inter building
effects, diffused and reflected radiation, wind, vegetation, urban heat island). So we can optimize the solar energy
power generation. In addition to that, vertical surfaces are to taken into consideration. In order to properly consider
the inter-building effect in the calculation of solar potential, we first focus on the reflected radiation from obstacles
surrounding the buildings. To illustrate the role of reflected radiation, as well as the role of obstacles, several tests
are performed on urban district morphology using Rhino-for-Diva.
Two cases studied will be considered. The first case corresponds to the simple one, shown in Figures 2 and 3,
represent a study of solar potential for the roof of a building surrounded by several buildings, compared then by
adding a new partially reflective obstacle.

Figure 2: Adding a long building next to the target
house.

Figure 3: studied surface divided by 102 nodes / module

The second case of study is applied to a real neighborhood in Geneva. This case study aims to visualize the effect
of the reflectivity of building materials in the calculation of solar potential. Figure 4 shows the 3D data of the
neighborhood in Geneva. Diva-for-rhino is used with the Geneva’s weather file, to obtain visualizations of
irradiation maps by changing the properties of the surface materials of the building in the whole district. Two
simulations are performed simultaneously with:
o 90% reflective materials
o 35% reflective materials
The simulations are done using a low quality so for an ambiance bound equal two, so we can optimize the
simulation time.

Figure 4:Geneva area to study.

4. Results
•

Case1: The studied surface is divided by 102 nodes / module (32 modules in total):

The results for these case of study are generated using DAYSIM integrated into DIVA. The results obtained make
it possible to have for a year and every hour the irradiation value. In our case, for the easy visualization of the
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results, the results are generated with the irradiation data, for a most critical PV module and therefore for the one
closest to the addition obstacle: PV8. Figure 5 shows respectively the annual irradiation map of the studied surface,
with the addition of the reflecting obstacle and without the addition, zoomed on the modules 4, 8, 12 and 16. Each
node represents an irradiation value in kWh / m2 represented by color: the darker the colour is and the closer is to
red, the higher is the irradiation. This range of irradiation normally depends on location, geography and building
materials and it will result a different value if it was done at equator. In total 32 modules are studied, each module
is meshed in 102 nodes to have a more detailed idea of irradiation arriving on the total studied surface. Simulations
are done for an ambiance bounces equal to 2 and for a start time at 01/01 and an end time at 31/12 for 00: 24 range
of time.

Figure 5: Annual field of intensity of incident solar radiation with and without obstacle.
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Figure 6: Hourly irradiation per node on the PV module 8 (without and with obstacle) for the first of January.

Figure 6 represents the irradiation hourly simulation results on the PV8 module (102 node). This graph shows a
comparison between the irradiation received between 8am in the morning and 17h in the evening without and
with the addition of the obstacle for the first of January. The left graph shows this values of irradiation for the
studied surface and the one at right, the values after adding the obstacle. In total, 102 curves, each one represents
the hourly irradiation for one node. The addition of a non-reflecting obstacle, contributes to the decrease of the
irradiation arriving at the studied surface especially between 8am and 11 in the morning. This is obvious cause
when adding an obstacle, it shades on other building and so the quantity of radiation decrease. To evaluate this
change of irradiation on the studied surface, total hourly irradiation (between 7 am and 15 pm) on the first 16 PV
modules, for first of January, is calculated by adding all the irradiation received on the 102 notes of each module
and represented in form of two tables: one with obstacle in table 1 and the other without. As shown in the two
tables, the modules 4,12 and 16, therefore the ones closest to the addition of the obstacle, are the modules most
affected in terms of the decrease of solar radiation (by 6 to 50%). For the modules farthest from the obstacle there
is a slight decrease (about 3 to 9%). In addition, by comparing the module 4 and 8 we can notice the effect of the
auto shading between the modules themselves. That it is remarkable by looking at the blue and green colors on
the module 8 compared to the red one on the module 4 (figure 5) since the latter represent the first row so it’s not
shaded by another module.
Tab. 1:Solar radiation per module Wh/m2 per module (without obstacle) for the first of January.
Without
Module=1
Module=2
Module=3
Module=4
Module=5
Module=6
Module=7
Module=8
Module=10
Module=11
Module=12
Module=13
Module=14
Module=15
Module=16

Hour=7
914
909
1039
1406
696
693
729
872
737
728
872
717
742
740
941

Hour=8
5950
5073
5881
7787
3744
3844
4014
6566
4099
4019
8050
3955
4081
4077
9800

Hour=9
34692
33972
8961
8039
18997
18870
6918
7633
19282
6715
8456
18778
19009
6822
9874

Hour=10
57679
58102
44119
17197
31173
31113
24821
11582
31674
24345
10992
30740
31127
24426
24436

Hour=11
55248
56190
56106
45482
31837
31829
32449
27706
32738
32001
26798
31499
32216
32070
32277

Hour=12
29410
29981
30559
29844
19421
19420
20132
20026
20355
19944
19252
19340
20100
20009
20331

Hour=13
20915
20960
21531
21405
14993
14943
15570
15540
15708
15418
14884
14956
15567
15510
15813

Hour=14
15072
13019
12582
13327
9635
9410
9778
9783
9858
9652
9380
9519
9751
9719
9903

Hour=15
5275
4733
4820
4756
3492
3439
3609
3624
3652
3578
3455
3499
3623
3618
3704

Tab. 2: Solar radiation per module Wh/m2 per module ( with obstacle) for the first of January.
With
Module=1
Module=2
Module=3
Module=4
Module=5
Module=6
Module=7
Module=8
Module=10
Module=11
Module=12
Module=13
Module=14
Module=15
Module=16

•

Hour=7
825
808
890
835
611
622
541
457
610
525
417
608
595
514
411

Hour=8
5604
4667
5188
4648
3449
3569
3157
2520
3546
3009
2194
3549
3336
2865
2140

Hour=9
34343
33535
8291
6692
18701
18764
6183
4686
18785
5834
4050
18359
18404
5581
3841

Hour=10
57401
57737
43582
16379
30949
31228
24229
10460
31269
23687
9553
30422
30653
23640
22168

Hour=11
54807
55616
55254
44236
31537
32070
31585
26120
32183
31073
24848
31095
31592
30990
29345

Hour=12
28889
29398
28738
28597
19157
19704
19352
18585
19843
19123
17509
18974
19547
19042
17525

Hour=13
20413
20459
20807
20374
14767
15180
14900
14375
15304
14777
13504
14657
15116
14727
13504

Hour=14
14847
12834
12318
13140
9571
9693
9613
9515
9736
9530
9022
9424
9648
9518
9030

Hour=15
5127
4623
4708
4705
3455
3564
3547
3551
3571
3528
3346
3431
3573
3523
3353

Case2: Real district of Geneva (Carouge); Role of reflective materials.

For this case study, the results are zoomed in a way that we can well visualize and compare the irradiation values
between the two simulation. So, two positions are chosen, where one can have vertical and horizontal surfaces.
Figure 7,8 and 9 show the irradiation maps of the two simulations (35% and 90% reflective materials) using
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Geneva weather file. Some annual irradiation values in kWh/m2, on the zoomed surfaces, are shown in order to
compare the result. Comparing these values, we see that by changing the reflective property of the material, we
can observe changes in the potential predictions between 7 to 20%. It is clear that the irradiation on roofs, like
shown in figure 7,8 and 9 (colored almost in red and orange), represent more solar radiation than the facades but
so in an urban area where the presence of these verticals is in large quantities, exploitation leads to a change in
solar potential like it was proofed also by (Redweik, Catita, et Brito 2013).

Figure 7: Irradiation map in kWh / m2, 90% and 35%reflective materials

Figure 8:Irradiation map in kWh / m2, 90% reflective materials.
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Figure 9:Irradiation map in kWh / m2, 35% reflective materials.

The irradiation values calculated by DIVA included as already said the reflected part of the radiation arriving on
a given surface. And thus after comparisons of the results, this increase of irradiation values when the reflecting
property increases is rather because of the increase of the reflected radiation on the surface of the buildings coming
from the obstacle.
According to these two case studies, between 3% and 50% loss can be achieved because of the addition of obstacle.
And up to 20% of irradiation was gained due to the high reflective materials characteristics of building compared
to those with low reflective properties.

5. Conclusion /Future Work
Two case studies were performed using DIVA-FOR-RHINO. The first case was a simple case, a region created
using Sketchup and then modulated with DIVA. The addition of an obstacle enchains a decrease of solar
irradiation arriving on the surface to study. For the second case study, which is carried out on Carouge district in
Geneva, the variation in properties of building materials, from 35% reflective up to 90%, results an increase in
solar irradiation and so the importance of solar radiation reflected on a given surface is highlighted. The rays
reaching surface, are also increasing on the verticals surface and consequently an urban area having numerous
facades can have a higher solar potential. For the future work, the same work could be done for several cases
(even fictitious ones) for which the density of the obstacles, their height, the reflectivity (unique for all the
obstacles then randomly assigned (or not) for each obstacle). In addition, we should add the electrical production
using the irradiation values obtained. For the effect of microclimate in solar potential, we have to compare the
production profile for temperature data of the nearest meteorological station and the real temperature measured
using the UWG program.
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Abstract

Since 2005, the Brazilian National Institute of Meteorology (INMET) has developed and operated an extended
automatic weather station network. There are about 564 stations currently in operation, each one providing hourly
values of several meteorological parameters, including global solar irradiation (G). This long-term period (LT) of
data is important to support research and development in the energy production sector, and to assist the development
of the national energy matrix. However, due to interannual variability of meteorological variables, the use of typical
meteorological year (TMY) data to represent a long-term dataset is crucial to ensure that risk analysis and simulation
of solar plants are closer to reality. Thus, this paper presents a methodology to select the 12 representative typical
meteorological months of each INMET station. The TMY for 441 cities obtained using Sandia method show that the
process of constructing the TMY was well performed and the TMY dataset (including Brasilia’s TMY) should be
considered representative. This fact is supported by the analysis using the average KSI index over all stations and
other statistical parameters. In the end, the evaluate indicated that TMY have a good statistical similarity when
compared with original climate datasets.
Keywords: TMY, Energy Meteorology, multi-year analysis, building energy simulation, solar energy, KSI

1. Introduction
Due to the continental extension of Brazil, the country has extratropical, subtropical and tropical climate features
(Garreaud et al., 2009). Heterogeneous topography and climatic fluctuations involving atmospheric systems in the
temporal (interannual and interdecadal) and spatial scale directly impact the amount of energy produced from
renewable sources in the country. Therefore, the climate characterization is extremely important to indicate favorable
locations for energy applications and analyze the feasibility of such applications.
According to Hirsch (2017), the financing of complex systems involving renewable energy with high initial
investment, such as solar concentrators, requires detailed risk analysis. Such analysis should consider all effects that
may have an impact on the thermal and economic performance of the plant. To that end, designers use different
software tools that allow a realistic estimation of energy production and which require meteorological data as input.
This data can be composed from different sources, such as ground measurements, satellite images and atmospheric
models. Moreover, only one year of data is usually used in the energy simulation software in order to reduce data
volume and speed-up the simulation (Cebecauer and Suri, 2015). However, due to the interannual variability of the
meteorological parameters, it is necessary to use a dataset that represents one typical meteorological year (TMY) to
avoid the possible extreme variations contained in a particular year or in a long-term period (Wilcox and Marion,
2008).
In the literature, although there are many approaches available for the construction of TMY files, the commonly
approach used to create such dataset is the Sandia method, proposed by (Hall et al., 1978). This datasets usually
containing 8760 hourly records of meteorological parameters, that represent climate conditions of a determined
region (Sawaqed, Zurigat and Al-Hinai, 2005; Yilmaz and Ekmekci, 2017). Originally, this method considered
hourly data (air temperature, dew point, wind speed and global horizontal solar irradiance) measured over a long
period of time to generate a single year of data that represents in a stable way the climate conditions of a given
location. In other words, TMY represents the occurrence and persistence of a given climate pattern for 12 typical
meteorological months (TMM) of a given location.
In order to find the TMM, some procedures, such as the Finkelstein-Schafer (FS) statistic (Finkelstein and Schafer,
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1971), are applied over the hourly dataset. For each month of the dataset, the FS is used to find the minor distance
between the monthly cumulative distribution function (CDF) of each meteorological parameter and the long-term
CDF of the respective parameter, identifying twelve candidate months to compose the TMY. Another important
procedure is the use of weighting factors (WF) on the meteorological parameters. According to Hall et al. (1978),
the attribution of weights is used to define which meteorological variables will be of greater importance for the
selection of TMM. Thus, the WF values should be based on the type application for which the TMY is generated,
and so, for solar energy applications, the maximum weight should be assigned to global solar irradiance (Kalogirou,
2003). In addition, each change on the WF values or simply add a meteorological variable can generate a new TMY
version. For example, the TMY2 (Marion and Urban, 1995) is a dataset of 239 TMY based on Sandia method, that
includes direct normal solar irradiance to the variables list with same weight of the total horizontal solar radiation.
The last version is an update from TMY2 and is called TMY3 (Wilcox and Marion, 2008). It’s had a more than 1000
weather data files over USA and was generated by the National Renewable Energy Laboratory (NREL) from surface
observations, models and satellite data of the National Solar Radiation Data Base (Sengupta et al., 2018).
Other studies have been proposed to create new TMY, which propose new methodologies or modify the Sandia
method in order to find the best weather dataset for different energy systems. For example, a TMY known as Design
Reference Year (DRY) was proposed by Lund and Eidorff (1981) for Europe, and updated by Lund (1995). The
DRY contains additional parameters such as diffuse horizontal irradiance (Gd), illuminance, longwave radiation and
weather forecast data. Festa and Ratto (1993) modified the DRY to form a weather file to Ispra, Italy. They replaced
the FS statistic with a Kolmogorov-Smirnov statistic, and used the relative frequency distribution to compare single
month versus long-term frequency distribution of all the months. The study of Pissimanis et al. (1988) used the
Sandia method to generate a TMY weather file to Athens. However, the authors modified the procedure to find five
candidate years to form TMY by using the root mean square difference (RMSD) as primary selection criterion to
hourly global horizontal irradiation. Later, also for Athens, Argiriou et al. (1999) produced seventeen weather files
from different methodologies and compared the results to show that the best performing TMY was generated by a
modified version of the Festa Ratto method, with an additional score system applied to the month with the minimum
RMSD. Moreover, Cebecauer and Suri (2015) discussed the characteristics of TMY generation algorithms and
conclude that simple methods to form TMY may not preserve the behavior of G and Gb when is considered specific
solar energy technology. Cebecauer and Suri (2015) also suggest that to improve the financial and performance risks
assessment for solar systems or electrical power output which should be consider a worst-case climate scenario. Due
this, the authors defined a TMY construction considering a year with less-favorable solar resource (P90) and a year
average climate (P50). In other words, P50, P90 or PXX meaning is a 50%, 90% or XX% of the probability of
exceedance of G and/or Gb values, respectively. Therefore, P50 and p90 TMY should more appropriate for evaluate
of CSP and CPV projects.
Thus, the overarching aim of this work is to present the TMY generation method for the INMET network distributed
over Brazil. For this the TMY3 method was applied over 564 INMET stations, and the results were compared with
the long-term average of G and Gb.

2. Data and method
2.1 Weather data
The meteorological data were obtained from The Brazilian National Institute of Meteorology (INMET), which is recognized as the
National Weather Service and is linked to the World Meteorology Organization. Since 2005, the INMET has installed and operated
about 564 Automatic Weather Stations (AWS) along Brazil (Moura, Tadeu and Fortes, 2016), as depicted on
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Fig. 1. Although the AWS measure global horizontal irradiance and auxiliary meteorological variables (air
temperature, relative humidity, wind direction and wind speed, precipitation and barometric pressure), for this work
only the following meteorological parameters were considered: mean, maximum and minimum air temperature,
maximum and mean wind speed, mean, maximum and minimum relative humidity, total daily global horizontal and
direct normal irradiation. The time-series have hourly temporal resolution and about 13 years (2005-2018) of data.
However, each station was installed in different dates, being operative during different periods of time, or being
offline for a long time due to operational problems.

Fig. 1: Locations of the 564 INMET meteorological stations distributed over Brazil

Table 1 shows the specifications of the sensors installed in the AWS network and used to measure the meteorological
parameters considered in this study. The AWS were controlled by the QML201 datalogger (Vaisala company) and
data were measured at 5 seconds intervals, averaged every 1 minute and temporarily stored. Then hourly average
values were calculated and recorded, except for G, for which hourly totals were stored.
Tab. 1: Specifications of sensors installed in the AWS of the INMET network

Parameter

Sensor

Company

Model

Accuracy

Range

G

CMP6

Kipp & Zonen

CMP 6

± 20 W/m²

0 – 2000 W/m²

Relative humidity

HUMICAP180

Vaisala

HMP155

±1%

0 – 100 %

Wind speed

Windsonic

Gill

1405-PK-021

±2%

0 – 60 m/s

Air temperature

PT-100

Vaisala

QMT103

±0.1 °C

- 50 – 60 °C

2.2 Direct normal irradiance estimate
As neither direct normal irradiance (Gb) or diffuse horizontal irradiance (Gd) were measured in the network, the BRLBrazil model (Lemos et al., 2017) was used to estimate the diffuse horizontal irradiance (Gd) and thus obtain the Gb.
The BRL-Brazil model is an adjustment of the BRL separation model for Brazilian data, developed using measured
G, Gb and Gd data from INPE (Brazilian Institute for Space Research) weather stations. The model estimates the
diffuse fraction of solar irradiance using a sigmoid function, which takes as inputs the clearness index at the evaluated
hour, the solar altitude angle, the apparent solar time, the daily clearness index and a persistence factor, defined as
the average between the clearness index in the preceding and the following hours. The model has been shown to
deliver better irradiance estimates in Brazil than other hourly separation models widely mentioned in the technical
literature.
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2.3 Quality control and gap filling
In order to ensure data quality, automated tests were performed on time-series obtained from the INMET network.
The quality control (QC) procedure employed for solar radiation is based in the quality checks proposed by Long
and Dutton (2010). The procedure created by these authors is recommended by Baseline Surface Radiation Network
(BSRN) (Driemel et al., 2018) and was developed to be an efficient procedure for regularly controlling operation of
each automatic solar radiation station of the BSRN. Since Gb is estimated by G and Gd, all solar radiation data, in
W/m², was discarded if G did not fulfill the following conditions:
𝐺𝐻𝐼 > −2

(eq. 1)

𝐺𝐻𝐼 < 1.20 𝐸0𝑛 cos1.2 𝜃𝑧 + 50

(eq. 2)

𝐺𝐻𝐼 < 1.50 𝐸0𝑛 cos1.2 𝜃𝑧 + 100

(eq. 3)

where 𝜃𝑧 is the solar zenith angle, in degrees, and 𝐸0𝑛 is the solar constant (1367 W/m²) adjusted for Earth-Sun
distance along the year.
A quality control procedure was also applied on the auxiliary meteorological, where suspect variables were removed
by applying the criteria proposed by Fiebrich et al. (2010). Temperature data (𝑇, in °C) must lay inside a range that
goes from -30°C to 50°C, and if two consecutive temperature values are equal, the values are discarded. Similar
conditions apply to relative humidity (𝑅𝐻, in %) and wind speed (𝑊𝑆, in m/s). Those conditions are summarized by
the following equations:
𝑇 > −30 and 𝑇 < 50 ; 𝑇𝑡 ≠ 𝑇𝑡+1

(eq. 4)

𝑅𝐻 > 3 and 𝑅𝐻 < 103 ; 𝑅𝐻𝑡 ≠ 𝑅𝐻𝑡+6

(eq. 5)

𝑊𝑆 > 0 and 𝑊𝑆 < 40 ; 𝑊𝑆𝑡 ≠ 𝑊𝑆𝑡+10

(eq. 6)

After applying the quality control, the time-series of each station contains “gaps” – missing data – that need to be
filled before creating the TMY. Therefore, these missing data were identified and divided in three groups, according
to the length of the gaps. The first group contemplates gaps length between 1 and 3 hours, which were filled by a
linear interpolation, as proposed by Wilcox and Marion (2008). The second group considered gaps between 3 and 24
hours, to preserve the diurnal cycle of the variables and fill larger gaps still contained within 24 hours. To this group,
each hourly gap was fulfilled using the mean between the values of the previous and next day for that hour, as
suggested by Liston and Elder (2006).
The last group contained gaps greater than 24 hours, which were filled using ERA5 reanalysis data from ECMWF
(European Centre for Medium-Range Weather Forecasts). The ERA5 consists in numerical methods combined with
historical observations to estimate the state of the atmosphere over the globe with fine spatial grid and high time
resolution, 31 km and hourly, respectively (ECMWF, 2017). According to Urraca et al. (2018), ERA5 has shown
great potential to estimate variables, such as global horizontal irradiance, and for this reason it was considered for
filling of large gaps. The data were extracted from the grid point closest to the INMET station location, given by its
latitude and longitude.
2.4 TMY development procedure
The TMY3 algorithm consists in selecting, from different years, 12 individual months, which are concatenated in
order to generate a typical meteorological year. For example, in Brasilia station there are 14 years of data. Therefore,
all 14 Januarys are examined and one of them is chosen as the typical January. The same process is done for the other
months. Since the concatenation of typical months can cause abrupt discontinuities at month interfaces, a smoothing
of 6 hours on each side is recommended. In this work, the method used for smoothing is a moving average. Below,
the steps of the Sandia method are detailed using Brasilia station as example.
Step 1: Hourly data are used to produce daily parameters for the variables of interest. Short-term Cumulative
Distribution Functions (CDFs) are then generated for the individual months, using the generated daily data. For
example, in Brasilia there are 14 short-term CDFs generated for each of the 12 months. Additionally, long-terms
CDFs are generated using the daily data from all years for the 12 months. Following the previous example, the longterm CDF for January is generated from the 14 Januarys, concatenated together. The CDF generation process is
repeated for each variable used in the TMY algorithm. Therefore, 12 long-term CDFs are produced for each variable.
Since there are 10 meteorological variables of interest, 120 long-term CDFs and 1680 short-term CDFs are generated
in total.
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Step 2: Each short-term CDF is compared against the long-term CDFs using the Finkelstein–Schafer (FS) statistic in
order to find 5 candidate months for each of month of the year. This comparison is done using the following
expression:
𝐹𝑆𝑥 =

1
𝑁

∑𝑁
𝑖=1|𝐶𝐷𝐹𝑚 (𝑥𝑖 ) − 𝐶𝐷𝐹𝑚,𝑦 (𝑥𝑖 )|

(eq. 7)

where 𝑥 is the meteorological variable, 𝑁 is the number of days of the month of interest, 𝐶𝐷𝐹𝑚 is the long- term CDF
for the month 𝑚 and 𝐶𝐷𝐹𝑚,𝑦 is the short-term CDF for the year 𝑦 and month 𝑚. The weighted sums (WS) indicator
used to select the five candidates’ months is calculated using the equation that follows:
𝑊𝑆 = ∑𝑛𝑥=1 𝑤𝑥 𝐹𝑆𝑥

(eq. 8)

where 𝑛 is the number of variables, 𝑤𝑥 is the weight assigned to each variable 𝑥, which are presented in Tab. 2. The
weights are assigned in this work according to the NSRDB TMY2 and TMY3 (Wilcox and Marion, 2008), using the
relative humidity instead of the dew point.
Tab. 2: The weighting parameters (𝒘𝒙 ) used by Sandia method and in this work.

Sandia Method

This work

Parameter

Weight

Parameter

Weight

Max dry bulb temperature

1/24

Max air temperature

1/20

Min dry bulb temperature

1/24

Min air temperature

1/20

Mean dry bulb temperature

2/24

Mean air temperature

2/20

Max dew point

1/24

Max relative humidity

1/20

Min dew point

1/24

Min relative humidity

1/20

Mean dew point

2/24

Mean relative humidity

2/20

Max wind speed

2/24

Max wind speed

1/20

Mean wind speed

2/24

Mean wind speed

1/20

Global horizontal irradiation

12/24

Global horizontal irradiation

5/20

Direct normal irradiation

Not used

Direct normal irradiation

5/20

For each of the 12 months, five candidate months are obtained. The candidates are the ones with the lowest weighted
sums, representing the closeness to the long-term. The Fig. 2 shows the worst, the best, the chosen and the long-term
CDF for total global horizontal irradiation of April. It is important to note that because of the weighs and the next
steps of the algorithms, the best CDF (the one with the lowest FS value) is not necessary the one chosen to compose
the final TMY.

(a)

(b)

Fig. 2: Comparison of the short- and long-term CDF’s for April months, for Brasilia, considering total daily G (a) and Gb (b)

Step 3 The absolute difference between the short-term (ST) mean and long-term (LT) mean are calculated in respect
to temperature and total daily G for the five candidate months. The process is repeated considering not the mean, but
the median, calculating another two differences. The candidates are then ranked in ascending order of their maximum
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absolute difference. Note that four differences are calculated for each candidate, two for temperature and two for
total daily G. Tab. 3 summarizes the absolute differences for the candidate years of April.
Tab. 3: Absolute differences and ranking for April

| Mean ST – Mean LT |

| Median ST – Median LT |

Candidate years

Temperature

G

Temperature

G

Maximum
difference

Sorted maximum
differences

10

0.2033

28.11

6.25×10-8

9.2555

28.11

28.11

3

0.3275

120.62

0.6188

63.950

120.62

120.62

4

0.1854

157.98

0.3156

401.84

401.84

238.51

8

0.5196

235.72

0.5708

291.14

291.14

238.51

13

0.7625

238.51

0.8229

69.022

238.51

401.84

Step 4: The persistence of mean temperature and total daily G are evaluated by calculating the frequency and the
length of runs above and below a fixed parameter for each candidate month. For temperature, determine the frequency
(number of runs) and runs’ length above the 67th percentile and below the 33rd percentile, which represent respectively
consecutive warm and cool days. For G, only the frequency and runs’ length below the 33rd percentile is evaluated,
representing consecutive low-radiation days. Based on the persistence evaluation, a process of elimination occurs for
each group of five candidates, in order to exclude months under extreme conditions. Tab. 4 shows the runs obtained
for fist candidate year of Abril. The bold numbers in the temperature and total G indicate the values, below which
the values under the 33rd percentile are found. In this case, runs above the 67th percentile for mean temperature were
not found. The process excludes the months with most runs and the months with zero runs, if any is found. After the
exclusion, the first month is selected from remaining months, ordered as the previous step. The selected month is the
chosen month for the TMY. Repeating the process to the other set of five candidate, twelve months are selected and
concatenated, in order to generate one typical meteorological year.

Tab. 4: Runs obtained for the mean temperature and total daily G for April’s first candidate

Day
30
29
3
24
23
28
25
26
16
4
27
12

run length = 2

run length = 2

run length = 2

Mean temperature (°C)
18,550
18,550
19,783
19,958
20,000
20,327
20,519
20,773
20,871
20,942
21,008
21,229

Day

3
23
24
8
16
25
12
22
21
9
6
27

run length = 2

Total daily G (Wh/m²)
1577,889
2900,917
3240,722
3518,083
4014,028
4379,25
4489,25
4638,056
4738,806
4801,972
4816,667
4850,194

2.5 Statistical analysis
In order to evaluate if the generated TMY represent an annual typical behavior of G and Gb, two statistical analysis
were performed. Firstly, the monthly averages calculated over the whole period (multi-years) were compared with
monthly values obtained from TMY, which were done using the mean absolute error (MAE), mean bias error (MBE)
and root mean square error (RMSE), defined as follows:
MBE =
MAE =

∑𝑛
𝑖=1(𝑇𝑀𝑌𝑖 −𝐿𝑇𝑖 )
𝑛
∑𝑛
𝑖=1 |𝑇𝑀𝑌𝑖 −𝐿𝑇𝑖 |

RMSE = √

𝑛
2
∑𝑛
𝑖=1(𝑇𝑀𝑌𝑖 −𝐿𝑇𝑖 )

𝑛

(eq. 9)
(eq. 10)
(eq. 11)

where 𝑇𝑀𝑌𝑖 and 𝐿𝑇𝑖 are the TMY mean and long-term mean, respectively, of the variable of interest for month 𝑖 and
𝑛 is the number of months. For MBE with a positive value indicates overestimation and a negative value represent
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an underestimation of the calculated values while MAE shows the absolute difference between 𝑇𝑀𝑌𝑖 and 𝐿𝑇𝑖 . Thus,
a value closest to zero is desirable because indicates a minor error. RMSE provides information about the global
error by comparison between 𝑇𝑀𝑌𝑖 and 𝐿𝑇𝑖 . A large value of RMSE indicates a wide deviation between 𝑇𝑀𝑌𝑖 and
𝐿𝑇𝑖 while the best performance of the 𝑇𝑀𝑌𝑖 regarding absolute deviation occurs for lower RMSE values.
The second statistical analysis uses the Kolmogorov-Smirnov (KS) to evaluate the TMY’s representativeness. The
KS, that is a non-parametric and distribution free test, was proposed by Massey (1951) to compare the maximum
difference between two cumulative (or probability) density distribution. Several studies have evaluated TMY using
the KS test. For example, Huld et al. (2018) compared air temperature from three different datasets (measured data,
TMY and TMY’s reanalysis). The integrated difference between the CDF of two datasets is called KSI (KolmogorovSmirnov Integrated) and is a measure of dissimilarity between these two distributions. Thus, KS and KSI were
calculated for G and Gb to determinate the similitude between the CDF from the TMY and the values on the longterm CDF, considering the. The KS index is calculated as follows:
𝑑𝐾𝑆 = max(|𝐶𝐷𝐹𝑇𝑀𝑌 (𝑥𝑖) − 𝐶𝐷𝐹𝐿𝑇 (𝑥𝑖)|)

(eq. 12)

where, 𝑑𝐾𝑆 is the maximum value of the absolute difference between 𝐶𝐷𝐹𝑇𝑀𝑌 (𝑥𝑖) and 𝐶𝐷𝐹𝐿𝑇 (𝑥𝑖) with i = 1…n and
n is the number of observations. According to Massey (1951) for confidence level of 99% , the critical value CV is
defined as:
𝐶𝑉 =

1.63

(eq. 13)

√𝑛𝑒

the effective number of samples 𝑛𝑒 is defined by Nielsen et al. (2017):
𝑦

𝑛𝑒 =

𝑛𝐿𝑇

𝑦
𝑛𝐿𝑇 +1

𝑛 𝑇𝑀𝑌

(eq. 14)

𝑦

where 𝑛𝐿𝑇 is the number of years of the long-term and 𝑛 𝑇𝑀𝑌 is the number of samples of TMY. The KS ratio is
expressed in percentage as the ratio of 𝑑𝐾𝑆 to its critical value as follows:
𝐾𝑆 =

𝑑𝐾𝑆
𝐶𝑉

× 100

(eq. 15)

According to Espinar et al. (2009), if 𝑑𝐾𝑆 is lower than a critical value CV, then TMY and long-term datasets have
a similar distribution and statistically agree. In other words, the null hypothesis stating that the two CDF are coming
from the same distribution is accepted. On the other hand, the KSI quantifies the difference between the two CDFs
over the whole data set, not just considering the maximum absolute difference. This indicator is defined as follows:
𝑥

𝐾𝑆𝐼 =

∫𝑥 𝑚𝑎𝑥 𝑑𝐾𝑆 (𝑥)𝑑𝑥
𝑚𝑖𝑛

𝐶𝑉(𝑥𝑚𝑎𝑥 −𝑥𝑚𝑖𝑛 )

(eq. 16)

3. Results
The first exploratory analysis of the 564 AWS time-series from INMET Brazil network showed that there were
approximately 9% of missing data over the whole database that includes all meteorological variables. Fig. 3a shows
the classification of gap lengths of the missing data found before applying the quality control procedure.
It was observed that approximately 60% of the missing data (9 % of all data) was found on G measurements, while
the all auxiliary meteorological variables represented the remaining amount (40 %). The larger missing data on the
G measurements can be explained by with higher sensitivity of pyranometer, regarding the presence of excessive
dust in the air and that are deposited over the sensors, when compared to other sensors. It also can be noted that there
were no gaps greater than 24 hours on G measurements due to replace by zero for nighttime gaps.
The quality control procedure removed an additional 7 % of data that were classified as erroneous or suspect data.
Therefore, the dataset contained 16 % of missing data, respective to 9 % before the QC and 7 % of data removed by
que QC. Fig. 3b shows that, after the QC was applied, gaps between 1 and 3 hours represented 88% of the missing
data, which were filled using a linear interpolation method. Moreover, 11,4% of the gaps were filled with mean
between the previous and next day, since its lengths were between 3 and 24 hours. Consequently, more than 99% of
the gaps were filled with statistical methods. On the other hand, larger gaps (greater than 1 day), which represented
approximately 0,5% of set of gaps, were then filled with ERA5 data. Therefore, all gaps were successively filled.
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(a)

(b)

Fig. 3: Length of missing data before (a) and after (b) data quality control for INMET – BRAZIL network

To generate the TMY using Sandia method for 564 weather stations from INMET Brazil network, the procedures
described in 2.5 section were applied. The first step consists of selecting only station that have more than 5 year of
data, as considered by the Sandia method. This results that 441 of 564 stations fulfill this requirement and could be
used to generate the TMY files.
To assess the 441 generate TMY files the MAE, MBE and RMSE between the values of the monthly global horizontal
and monthly direct normal irradiance obtained from the TMY and long-term data were calculated and depicted in
Fig. 4 and Fig. 5. The individual biases calculated for each station indicate that there are more positive
(overestimation) values for both solar variables. Regarding the magnitude of the MAE, 110 Wh/m² on average over
all stations was recorded for G and 230 Wh/m² for Gb.

(a)

(b)

Fig. 4: Mean bias error (MBE) for monthly G (a) and Gb (b) from TMY at each INMET Brazil station. The red (yellow) color indicate
positive (negative) bias and the magnitude of the error is represented by size circle

The results for RMSE between TMY and LT indicate that regions with high variability of climate tend to maximum
RMSE. For example, the South and Southeastern of Brazil are influence by mesoscale and synoptic atmospheric
systems and natural solar cycles (solar annual variability due four seasons well defined along whole year). The
stations located in driest area of the Northeastern of Brazil where the total daily G is maximum, for instance, has a
low RMSE. In other hand, stations operating over Northeastern of Brazil, but it's has a medium or high RMSE is due
to the existence of dry and wet season of the region. According to Luiz et al. (2018) the dry season is due to the
influence of Walker circulation cell while the wet season occur due to precipitation caused by Intertropical
Convergence Zone present between February and April. The same can be seen for Gb (Fig. 5b), but an additional
observation is that for all regions in generally there are smaller values of RMSE over Brazil when compared with G
values. The reasons for this can be associated with the fact that the TMY monthly average for Gb is close to the longterm average when compared with TMY monthly average and LT for G.
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(a)

(b)

Fig. 5: Root mean square error (RMSE) for monthly G (a) and Gb (b) from TMY at each INMET Brazil station is represented by size
circle. The irradiance is represented by gradient of colors

The results for KSI are displayed in Erro! Fonte de referência não encontrada. and provide information on the
similitude between the CDF of the TMY and long term data of each INMET station. The smaller KSI values indicate
that the TMY generated from the Sandia method is close to the long-term behavior, while larger values of KSI
indicates that the TMY CDF’s deviates of the long-term data. The magnitude of the KSI values found in this paper
is similar to that presented by Espinar et al. (2009). KSI values was below 33% for G and 44% for Gb and the average
magnitude over all stations was 14% (G) and 18% (Gb). Furthermore, higher G and Gb were found mainly in the
northeastern part of Brazil where the larger KSI values are also concentrated. In this study, the higher distance
between the CDF (higher KSI values) can be explained by the high year-on-year variations of the meteorological
variables used to form the TMY. In other words, in regions where the weather data varied significantly from year to
year were observed large KSI values. On the other hand, the south region of Brazil is where generally the smallest
values of G, Gb and KSI can be found.

(a)

(b)

Fig. 6: Kolmogorov-Smirnov Integrated (KSI) for monthly G (a) and Gb (b) from TMY at each INMET Brazil station is represented
by size circle. The irradiance is represented by gradient of colors.
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Finally, an analysis was made for Brasilia’s TMY. In this work, the Sandia method was applied to 14 years of data
from Brasilia and Fig. 7a presents monthly average values for G and Fig. 7b for Gb. The curves in each figure are the
TMY (blue), the 14 years long-term average (green) and the monthly average to each year (black solid line). It is
possible to note that both the TMY and the long-term curves reproduce the trend of the monthly variability shown
by each year of the data, although for some months the TMY curve overestimates with relatively larger deviations
from long-term average. However, the proximity between TMY and long-term values is not mandatory and depends
on the cumulative probability distribution function obtained for the variable under analysis.

(a)

(b)

Fig. 7: Average monthly (a) global horizontal irradiance and (b) direct normal irradiance for Brasília city. The blue line represents
the TMY monthly average, green line the long-term monthly average and the distribution of monthly averages of the multi-year series
are described by black solid lines

Fig. 8 presents a comparison between the TMY and long-term CDFs for city of Brasilia. The selection of the most
appropriate month (TMM) to form the TMY shows that there is a good agreement between TMY CDF and LT CDF
for both solar variables with a minimum TMY deviation from the long-term CDF, mainly for smaller G and Gb
values. This result was expected because the Sandia method-TMY3 was designed to preserve climate statistics
especially for G and Gb where the maximum weights are assigned to these variables.

(a)

(b)

Fig. 8: TMY and long-term CDFs comparison for G (a) and Gb (b) for Brasilia station
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4. Conclusions
The increased use of clean energy sources in Brazil indicates that there is still a great potential for solar energy
applications in the country. In this context, in order to provide a weather files to use in computer simulation for
design and research on buildings and energy systems we have presented the generation of the typical meteorological
year using data from the largest weather station network in Brazil, operated by INMET. In developing TMY was
considered Sandia Method that is widely adopted to establish typical weather files. Now, Brazil has a database with
TMY for 441 cities, generated from measured data (including Gb estimated), to support solar studies on continental
scale. The monthly profiles of the weather data were compared to the long-term weather data using statistical analysis
such as the MAE, MBE, RMSE and KSI. The results show that the process of constructing the TMY was well
performed and the TMY dataset (including Brasilia’s TMY) should be considered representative. For example, the
analysis of the average KSI index over all stations (14% for G and 18% for Gb) indicated that TMY have a good
statistical similarity when compared with original climate datasets. Those interested may contact the authors for an
electronic version of Brazil-TMY.
.
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Abstract
Data from three weather stations is used to estimate the Global irradiance by means of data interpolation which
are then compared with the solar resource estimated from nearby PV system. This numerical interpolation is be
able to estimate the Global irradiance in the area englobing the weather station. The proposed method can be used
to make a first analysis of Global irradiance on sites without Global irradiance measurements. That evaluation
was conducted for Brazil, on Minas Gerais state with a Tropical weather with dry season.
Keywords: Estimation of solar resource, photovoltaic, solar energy, interpolation.

1. Introduction
The knowledge of solar radiation causes direct and positive impacts: from negotiations in electric energy bid, to
the leveling of load demand curves, even reducing the production from other power sources such as thermal and
hydraulic.
“Photovoltaic (PV) generation has a stochastic nature and is related to weather variables such as temperature,
water vapor, aerosol levels, and in particular, cloud movements.” (Yang, et al., 2017)
Nowadays, there are consolidated complex methods to estimate the solar resource for locations that do not have
Global Irradiance measurement. They are complex because they use heavy numerical studies and many climatic
variables to better characterize the region microclimate.
In this work, a methodology is proposed to predict Global irradiance where sensors are not available. The
predictions are very simple to obtain, since they are numerical interpolations and do not use climatic variables.
Different weights are used for the data from the weather stations depending on their distance to the site of interest.
The major contribution of this paper is the demonstration that with free Global irradiance data from public weather
station next to a site of interest it is possible to improve the accuracy of publicly available Global irradiance
estimate. Moreover, be demonstrate that it can be achieved without requiring any weather information.

2. Spatial variability of solar resource
The variability of Global irradiance at ground level is dependent on the local microclimate and its data reports are
dependent on the averaging timescale used Badescu 2008 APUD (Coimbra, et al., 2013). Besides, there are several
factors affecting it, like gases, aerosols, solar position and cloud cover.
There are some studies about the precision of estimate when the weather stations are far from the site of interest.
For weather stations farther than 30 km, assessments based on satellite techniques are preferable (Ruiz-Arias, et
al., 2015). For a regularly spaced network, the distance among the stations is estimated to be 50 km (Perez, et al.,
1997).

2116

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.45.03 Available at http://proceedings.ises.org

S. Fontes Domingos et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

The Brazilian Atlas of Solar Energy (Pereira, et al., 2017) suggests then that the use of radiative transfer is a better
option when the distance from the stations are longer than 30km, since the error of data interpolation is lower.
There are some works for interpolation, like these show in the next.
(Grossi Gallegos & Lopardo, 1988) suggest that for an error lower than 8,5% and the required confidence level
of 90%, it may be seen that the extrapolation of monthly averages Global irradiance could be extended up to 150
km from the measuring site and up to 225 km for an error lower than 10%. In this context, this work proposes a
methodology to estimate solar resource using interpolated data from ground weather stations resulting in lower
errors.
“Angström–Prescott model consists in using the mean values (generic) of the site-calibrated A–P parameters to
compute the global solar radiation at any location from the number of bright sunshine hours.” (Meher, et al., 2015)
Compared the interpolation method of the A–P regression parameters with the conventional method (generic A–
P parameters) and showed that they have similar results.
The study of (Junyu, et al., 2019) compared interpolation weather data and NASA North American Land Data
Assimilation System Phase Two (NLDAS2) weather data used in SWAT application at a large-scale watershed—
the Upper Mississippi River Basin (UMRB) and as result the SWAT model underestimated stream flow in the
UMRB due to the overestimation of evapotranspiration in the scenario of NLDAS2-SWAT.
Geostatistical interpolation and stochastic simulation approaches are compared for (Jeonga, et al., 2017) and the
comparison is only based on the performances of two approaches because they have different application
constraints and algorithms to each other and the end suggests a guideline to select an appropriate simulation
approach.
(Lefevre M, 2002) demonstrates that “taking into account the latitudinal effects in the distance increases the
accuracy in interpolation.”

3. Characterization of weather stations and solar power plant
The weather station and the Solar Power Plant are in different cities, but all in the Minas Gerais state. Minas
Gerais is a mountainous region, it is the second more populated state in Brazil and the fourth largest. Belo
Horizonte city is the capital of the state and had 2.5 million of people in 2018 (IBGE, 2018).
In Brazil, the INMET (National Institute of Meteorology) manage more than 400 weather stations (equipped with
pyranometers sensors) taking measurements of Global irradiance, as shown in Figure 1. However, there is the
need to estimate the solar resource in places apart from the weather stations, because the stations are distant. The
INMET’s data are free, with easy access and the data of Global irradiance is one measurement per hour.

Fig. 1: Localization of weather stations on Brazil. Source: (INMET, 2019a)
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The triangle inside the Figure 2 is about 50 km each side, and is close to Belo Horizonte city, detailed in Figure
3.

Fig. 2: Localization of weather stations on Minas Gerais State. Source: (INMET, 2019a)

The Figure 3 shows the localization of three automatics weather station from INMET on the vertex of the triangle
and the Solar Power Plant, taken as the site of interest for validation purposes, is inside the triangle.

Fig. 3: Localization of three weather stations and the UFV. Source: (Google, 2019)

The Table 1 shows details of three weather stations and the Mini PV system UFV WO.
Tab. 1: Details of weathers stations

Name

Pampulha’s
weather station

Sete Lagoas’s
weather station

Florestal’s weather
station

PV system UFV
WO

Ofitial Name

Pampulha – A521

Sete Lagoas-A569

Florestal – A535

UFV Wagner
Oliveira

Coordinates

-19.883945º;

-19.455288º;

-19.885398º;

-19.802°;

(Lat; Long)

-43.969397º

-44.173380º

-44.416883º

-44.151°

Altitude [m]

854

719

754

-

Installed Power

-

-

-

5,67 kWp

Data Source: (INMET, 2019a), (IMAX Energia, 2019)

The Pampulha’s weather station is in a high-density urban region on Belo Horizonte downtown, the Sete Lagoas’s
weather station is on Sete Lagoas downtown, and the Florestal’s weather station is located on Florestal’s
downtown.
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The Mini Solar Power Plant UFV WO is located on Ribeirão das Neves’s district (close to the capital). The power
measurement is recorded in one per 5 minutes basis and was converted in solar radiation and then calculated the
mean value for 1 hour.
The weather stations have differences, like the terrains, which contribute to the formation of different
microclimates. Figure 4 shows the global Global irradiance for those weather stations for a period of two days.

Fig. 4: Global Irradiance for the three stations: Two days global irradiance. Data Source: (INMET, 2019a).

Figure 5 presents the comparison among Pampulha and the others weather stations for fifty-one days. The weather
stations have differences, like the terrains, which contribute to the formation of different microclimates. Figure 3
presents the comparison among Pampulha and the others weather stations for all days. Pampulha’s weather station
differs from the others, mainly due to the microclimates.

Fig. 5: Global Irradiation of the three stations: Comparison of weather stations. Data Source: (INMET, 2019a).
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The observation period was 05/02/2019 to 15/04/2019, 13 hour per day. Some days does not have measurement
or has some error and were not considered. This data supported the simulations, done for fifty-one valid days.
In Brazil, up until March 20th is summertime and after is autumn, so March is the change of seasons. For a 30
years average, in Belo Horizonte, February has 206mm, March has 143mm and April has 45mm of accumulated
rain. February and March have average temperature between 19 and 29 degrees and April between 17 and 28
degrees. (Climatempo, 2019)

4. Methodology
A spatial interpolation was applied with Global Irradiance data from the three weather stations from INMET using
MATLAB. “The function returns the interpolated values on a refined grid formed by repeatedly halving the
intervals k times in each dimension. This results in 2(𝑘−1) interpolated points between sample values” (Math
Works, 2019). In this work, k = 3 times and V is a 2x2 matrix with the weather stations Global irradiance values
for each hour of the day. The result is a 9x9 matrix with the weather stations values on each corner and the
interpolated data on the other positions.
For validation purposes, we chose to make the spatial interpolation at the location of an operating mini solar PV
power plant call UFV WO. Therefore, the information of the power generation will be used to estimate the solar
resource and these data will be compared with the data interpolation from INMET weather stations.
A study was carried out to find the relationship between the localization of the interpolated data selected and the
localization (latitude and longitude) of PV system. For the 9x9 matrix, was selected the cell starting the stations
data coordinates and proportionally was found the cell where is the PV system.
The basic parameters for UFV-WO are: 34.56 m2, 18 polycrystalline315 Wp CS6x-315p modules, 16.42 %
efficiency, 5.67 kWp total power. The following parameters are monitored: alternating current voltage, current,
power and energy at inverter output, continuous current voltage, current and power at the inverter input. The
values at the inverter input, which are used for MPPT, are used to calculate the instantaneous power produced by
the plant used for instantaneous irradiance estimation. It is worthy to note that the modules temperature is not
considered and the estimation is done for horizontal plane.
The power measurement is recorded in one per 5 minutes basis. Upon conversion to irradiance, the result a mean
value is calculate for a period of one hour to meet the INMET data.
To better estimate the module efficiency, a performance ratio – PR was calculated from the measurement data. It
was based on plant production data referred to Standard Test Condition – STC. This calculation is done according
to Nobre (2015). The following equations were used:

𝑃𝑅 =
𝑌𝑓 =
𝑌𝑅 =

𝑌𝑓

𝐸𝐴𝐶

(eq. 2)

𝑃𝑜
∑𝑡0 𝐺𝑚𝑜𝑑

𝑃𝑅 =

(eq. 3)

𝐺𝑜
𝐸𝐴𝐶
𝑃𝑜

∑𝑡0 𝐺
𝑚𝑜𝑑
𝐺𝑜

∑𝑡0 𝐺𝑚𝑜𝑑 =
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𝑌𝑅

𝐸𝐴𝐶 ∗𝐺𝑜
𝑃𝑜∗𝑃𝑅

(eq. 4)

(eq. 5)
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Where:
PR: performance ratio,
Yf: final yield,
YR: reference yield,
EAC: energy output [kWh],
Po: CC power input to the inverter [W].
Go: STC irradiance [W/m²]
Gmod: irradiance at the module plane [W/m²]

Once the performance ratio was obtained, the module efficiency is estimated and an estimate value for the
irradiance is produced (Souza & Aristone, 2016) apud (Treble, 1980) and (Overstraeten & Mertens, 1996)
equation 6:

𝐺=

𝑉𝑚𝑝 𝐼𝑚𝑝
𝐴𝜂

(eq. 6)

𝜂 = Module's Efficiency [%]
𝑉𝑚𝑝 = Module’s Voltage [V]
𝐼𝑚𝑝 = Module’s current [A]
A= Module’s area [m²]
G = Global Irradiance [W/m²]

The PV system WO has 34.56m² formed with 18 modules of Poly-crystalline with 315 Wp, model CS6x-315P-Si
of Canadian Solar and 16.42% of efficiency. The solar plant is 5.670kWp.
The power measurement is recorded in one per 5 minutes basis and was converted in solar radiation and then
calculated the mean value for 1 hour.
The observation period for the two case was the same. It was among 05/02/2019 to 04/04/2019, 13 hour per day.
Eight days does not have measurement or has some error and were not considered: 13,16,17,26/02 and
01,05,12,13/03. This data supported the simulations, done for Fifty-one valid days. For this work, just the Global
irradiance was considerate. Others weather’s information like temperature, wind and altitude was not taken into
consideration.
In Brazil, up until March 20th is summertime and after is autumn, so March is the change of seasons. For a 30
years average, in Belo Horizonte, February has 206mm, March has 143mm and April has 45mm of accumulated
rain. February and March have average temperature between 19 and 29 degrees and April between 17 and 28
degrees. (Climatempo, 2019)
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5. Results
The Histogram of the Figure 6 shows the frequency distribution of three weather stations for all valid days. It is
worthy to note they have many common distributions, shown in dark purple. The dark purple chart columns, show
20% until 100W/m² and 50% until 400W/m².

Fig. 6: Histogram with the frequency of occurrence to each Global irradiance zone for weather stations.

The Figure 7 shows the frequency distribution comparison between UFV WO and data interpolation results,
shown reasonable agreement, shown in dark blue. The dark blue chart columns, show almost 20% until 100W/m²
and 50% until 500W/m².

Fig. 7: Histogram with the frequency of occurrence to each Global irradiance zone for the power plant and interpolated data.
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The interpolated data from the three weather stations uses a higher weight for Pampulha’s data, since it is closer
to UFV WO, benefitting the efficacy of spatial interpolation. Generally, the interpolated value it is close to the
middle point among the three stations, but the behavior of WO value is a little different from the weather stations
values. This can be attributed to the microclimate differences for these locations. The Figure 8 shows the Global
irradiance of stations, WO and interpolated data results for two days. Its important to see how differents are the
data among the stations. The clouds are different and then all the climate too.

Fig. 8: Global Irradiance of three weather station, the PV Solar Power Plant and interpolated data results.
Data Source: (INMET, 2019a).

The Figure 9 shows the comparison between the UFV WO and the interpolated data, showing the bands of error
for 8.44% error for Global Irradiance, which is on average of 100 W/m², mostly of the data, and 25.31% error for
300W/m². This Figure shows that the difference between the Interpolated data and measurement data is mostly
less then 100W/m

Fig 9. Comparison between the UFV WO and interpolated data for fit linear.
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Using data from Figure 9, Figure 10 shows the linear fit between Interpolation and WO.

Fig 10. Comparison between the UFV WO and interpolated data for fit linear.

Figure 11 shows the Probability Density Function (PDF) giving a probability distribution for Global irradiance
(with Normal distribution), allowing to calculate the Cumulative Distribution Function (CDF), in Figure 12.

Fig.11: Stations, Power plant and interpolation: PDF.
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In the Figure 12, the interpolated data is highest between 200 and 600 W/m². In this PDF graphic, this means
that between these irradiances, the interpolated data has a higher probability to appear. The Table 2 show the
statistics error for this case.

Fig.12: Stations, Power plant and interpolation: CDF.

6. Error statistics
Error statistics are common to evaluate a new forecast method. Each error statistics has a different interpretation
of the method and turn possible to evaluate clearly. The errors statistics selected are show: Mean Absolute Error
(MAE), Mean Bias Error (MBE) - most used bias - and Root Mean Square Error (RMSE) (Carlos F.M. Coimbra,
2013)
The adhesion test KSI Test (Kolmogorov-Smirnov Test) quantify the ability of a model to reproduce observed
frequency distributions. For the result h = 1, it rejects the null hypothesis at the 5% significance level.
The MAE (Mean Absolute Error) is the average absolute difference between Interpolated data and UFV WO,
furthermore, it provides the mean of the absolute estimation error. The interpolated data is close to the weather
stations but each difference between the UFV WO weights the result.
The MBE (Mean Bias Error) gives information about the bias in estimation error and be negative values show
how the Interpolated date is underestimated for UFV WO. The ideal value is tending to zero.
The RMSE (root mean square error) related the value to the standard deviation of the errors. RMSE closer to zero
shows a better quality for the values. But for estimation purposes, the values are good.
R² shows the relation between actual and estimated value. The determination coefficient R²=1 means a perfect
estimation, so the results are good. The Table 1 shows the results about this comparison study for these different
parameters.

2125

S. Fontes Domingos et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Tab. 1: Analyze the interpolation data and the UFV WO data for different ways

Parameter
KSI Test
KSI Test

Value
and h=1

UFV WO

−24

and h= 1

Interpolated data

𝑝 = 1.0500𝑥10
𝑝 = 6.6189𝑥10

Variables

−21

MAE

116.9753 [W/m²]

Interpolated data and UFV WO

MBE

-1.65723[W/m²]

Interpolated data and UFV WO

RMSE

166.8271 [W/m²]

Interpolated data and UFV WO

R²

0.7193

Interpolated data and UFV WO

For reference, the statistical error metrics for day-ahead forecast in hourly intervals realized by (Amanpreet Kaur,
2016) shows the method North American Model (NAM) as MAE=109.86, MBE=-69.65, RMSE=166.94 and
R²=0.72. The performance of the NAM model is extensively evaluated.

7. Conclusions
This numerical interpolation used in this work is able to estimate the Global irradiance for locations inside an area
among the weather stations. This is done using data from three weather stations, located at the corners of the area
of interest (a triangle), which are then interpolated, using weights, to produce solar resource information for points
of interest located inside the triangle. For validation purpose, the interpolated results were compared with the
power output of a PV plant (in the same location, obviously), translated to Global irradiance.
It is important to notice that this method is prone to errors due to the characteristic of microclimates, which also
pose difficulties to other estimation methods. Giving the quality of the results, that the proposed method is good
enough to make a first analysis of Global irradiance on places without direct Global irradiance measurements.
The time period for this simulation was April, March and beginning of April. In Brazil, up until March 20th is
summertime and after is autumn, so this work happen is the change of seasons .
The time period for this simulation can be extended for draw better conclusions about this method. It is need to
understand how the others seasons behave for this study.
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Abstract
Ultraviolet radiation is an important and highly energetic component of solar spectrum that needs to be monitored
because is harmful to life on Earth, especially in areas where ozone layer has been depleted like Chile. The
erythemal ultraviolet (UVER) radiation, corresponding to 280-315 nm, is the component of ultraviolet band most
used to identify overexposure limits. In this work, four years of UVER measurements at the surface, carried out
from January 1st, 2015 to December 31th, 2018, in Santiago City, Chile, are analyzed and used to develop a
mathematical regression models to estimate UVER in terms of solar global irradiance (IG). The UVER models,
obtained by fitting a second-degree polynomial, perform better during summer (RMSE=0.028, NRMSE=20%)
and the worst in the winter (RMSE=0.015, NRMSE=54%) for hourly values. Similarly, performance is presented
by daily values of UVER.
Keywords: solar global irradiance, erythemal ultraviolet UVER, Chile

1. Introduction
Ultraviolet radiation (UV) is a highly energetic component of solar spectrum that needs to be monitored because
is harmful to life on the Earth, especially in areas where the ozone layer has been depleted like Chile (Rivas and
Rojas, 2018). It is subdivided into three specific bands: UV-A: 320<λ<400nm; UV-B: 280<λ<320nm; UV-C:
200<λ<280nm. The UV-C is completely absorbed by the ozone layer; however, a significant fraction of UV-B
and UV-A reach the surface. Human, animals, plants and materials can be negatively affected by the radiation
within these spectral bandwidths. Human overexposure to solar UV-B radiation is properly identified through
ultraviolet erythemal radiation at the surface (UVER, 280-315 nm), which is determined by the integral of the
UV-B power spectrum weighted by the erythemal action spectrum given by the CIE (Commission Internationale
de l'Éclairage) (McKinlay, A.F. and Diffey, 1987). The erythema action spectrum and UVER are the basis of UV
index (UVI), which is used globally for public health risk information. Examples of UVER negatives effects in
human beings are reddening of the skin (erythema), reduction of vitamin-D synthesis, cataracts, suppression of
the immune system and developing of skin cancer and melanoma (Rivas et al., 2014). Melanoma is the first cause
of death among skin diseases, a malignant and very aggressive skin cancer. Worldwide, melanoma is responsible
for 59,782 global deaths (Karimkhani et al., 2017). In Chile, according to the Chilean Society of Dermatology,
237 people die from skin cancer every year (Hartman and Calvo, 2014). In this country, during the period 20102015, there was an 20 % increase in the number of skin cancer cases, affecting mainly elderly persons (Iribarren
B. et al., 2018). Santiago, which has 40 % of Chile´s population, has reported high prevalence of malignant
melanoma (Sabatini-Ugarte et al., 2018). Therefore, continuous monitoring of UVER and its corresponding UVI
can provide useful information for risk assessment of skin and eye damage.
In the southern hemisphere, the increase of UVER irradiance is noteworthy (Corrêa, 2015), (Feng et al., 2015).
Despite the expected increase in the stratospheric ozone content in next years (Hodzic and Madronich, 2018), the
amount of UVER that reaches the surface needs to be considered due to its negative effects. However,
measurements in spectral bands using ground-based instruments are scarce due to the instrumentation high cost
and limiting studies about UVER, mainly in South America. One alternative, that will be addressed in this work,
is using modelling techniques. There are UVER models based on numerical solution of the radiative transfer
equations, such as TUV (Palancar et al., 2017), LibRadtran (Antón et al., 2012) and others (Koepke et al., 1998).
They are difficult to use because they require a detailed description of the atmosphere composition, mainly ozone
concentration, and of the thermodynamic state. There is a more simple model based only on empirical expressions
derived from the correlation between solar global irradiance (IG) and its ultraviolet component, both measured
independently at the surface (Ogunjobi and Kim, 2004), (Cañada et al., 2007), (Adam and Ahmed, 2016). Most
of the correlation models reported in the literature were developed for measurements carried out in the northern
hemisphere, for a variety of climatological conditions, e.g. in Kwangju, South Korea (Ogunjobi and Kim, 2004);
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Valencia, Spain (Cañada et al., 2007); Wuhan, Central China (Wang et al., 2014); Qena, Egypt (Adam and Ahmed,
2016);, but stratospheric ozone spatial distribution differ from that in the southern hemisphere where fewer works
are available as in Argentina (Salta, El Rosal, and Tolar Grande) (Utrillas et al., 2018) and Lauder, New Zealand
(McKenzie et al., 2006).
Aiming to fill the observational gap, the main objective of the present work is to describe the seasonal variation
of UVER radiation in Santiago de Chile, and derive a new empirical model to predict daily and hourly values of
UVER from IG radiation at the surface that takes into consideration the climate conditions and air pollution effects
of Santiago. This work is based on observation of UVER carried out in the urban area of Santiago continuously
for four years, from 2015 to 2018. In this paper sections 1 and 2 show the introduction and methods and data.
Section 3 describes seasonal variation of UVER. Section 4 describes the correlation model. Finally, section 5
summarizes the main findings of this research.

2. Methods and data
2.1 Site, climatology and sensors
Chile is a long and narrow country. It extends over 4,400 km in the longitudinal direction from 17°30′ S to
56º30′ S, displaying a variety of climatic conditions (Fig. 1a). The climate in northern Chile is characterized by
high insolation due low cloudiness (Schulz et al., 2012). In the southernmost latitudes the increased cloudiness
combined with astronomical factors reduce the incident solar radiation on the surface, mainly during the Austral
winter. Santiago de Chile (33°30'S, 70°42'W), where this study is carried out, is a city with almost 6 million
inhabitants (http://www.ine.cl) located at 88 km far from Pacific Ocean, in a relatively longitudinal valley at 520
m above sea level (asl) (Fig. 1c). The standard Norma Chilena (NCh 1079–2008) classifies Santiago´s climate
as Mediterranean continental (Instituto Nacional de Normalización, 2008). Santiago's urban area is surrounded by
a mountain range, with the Andean mountains (peaks 5 km) to the east and the coastal hills (peaks 1 km) to the
west (Fig. 1c). These topographic features inhibit the air pollution dispersion and favors intense smog events in
Santiago during the Austral winter (Morata et al., 2008).

Figure 1. City of Santiago de Chile showing the location of the monitoring stations (a, b), elevation map (c) and sensors (d).

In this work, the UVER and IG were measured in the roof of 4-story building of the Physics Department (Fig. 1d)
in the University of Santiago (USACH, "Universidad de Santiago") (33°27′24″S, 70°38′53″W, 512 m asl). The
USACH is located in the Central Station district of the Metropolitan Region of Santiago and indicated in Fig. 1b
(right panel). Hourly values of IG and UVER irradiances were measured with a pyranometer with photodiode
model BPW46 and Analog Biologically Weighted Erythema UV-B Sensor; model PMA-1101 (Solar Light

2129

L. González Rodríguez et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Company, Inc.) respectively. These sensors are calibrated annually. Table 1 shows the main features of these
sensors provided by the manufacturer. Note that the spectral ranges of pyranometer (350-1150 nm) and UV-B
sensor (280-315 nm) do not overlap. For consistency values of UVER irradiance given in µWcm-1 are transformed
to Wm-2.
Table 1. Operational characteristics of solar sensors.

Features

IG

UVER

Manufacturer

Vishay Semiconductors

Solar Light Company, Inc.

Models

BPW46

PMA1101

Spectral Sensitivity

350 - 1150 nm

280 - 315 nm

Response time

10 min

2 min

Directional (Cosine) Response

± 65° zenith angle

5% for angles <60°

Operating Environment

-40 to +100°C

0 to +50°C

Units

Wm-2

µWcm-2

To complement the UVER analysis a set of meteorological (Air temperature, relative humidity, wind speed,
precipitation and cloud cover) and environmental (particulate matter concentration and total ozone column)
variables are used. These variables are analyzed by monthly mean values. Meteorological variables such as air
temperature, relative humidity and precipitation were measured at the Quinta Normal station (33°26'27''S,
70°40'57''W, 520 m asl) belonging to the Chilean Meteorological Service (DMC, "Dirección Meteorológica de
Chile") and indicated by Quinta Normal in Fig. 1b. In case, the relative humidity was taken the values at 08:00
local time (LT).
Particulate matter concentration for particles with radius smaller than 10 μm (PM10), at surface (in μg m−3), and
wind speed at the reference level of 10 m above ground level (agl), were measured at Independencia station
(33°25′00″S, 70°40′00″W, 536 m asl), belonging to the Air Quality Information System network (SINCA,
"Sistema de Información Nacional de Calidad del Aire") and indicated by SINCA in Fig. 1b. Data of Total Ozone
Column (TOC) was obtained from measurements of the Ozone Monitoring Instrument–Total Ozone Mapping
Spectrometer (OMI–TOMS) onboard NASA’s Aura satellite available at NOAA Earth System Research
Laboratory website. OMI-TOMS has a spatial resolution of 0.25 degree, which results in a ground resolution at
nadir ranging from 13 km by 24 km to 13 km by 48 km. In addition, total cloud cover for the period 1983-2015,
was taken from the International Satellite Cloud Climatology Project (ISCCP) (1-degree resolution) in the nearest
grid point to Santiago de Chile.

2.2 Data quality control
A quality control procedure was applied to irradiances measurements where negative values and values higher
than the Top-of-Atmosphere (TOA) were discard. The hourly values of UVER and IG irradiances at TOA are
estimated using (1)-(3). The solar zenith angle (SZA) in (1) is estimated by the algorithm proposed by (Ibrahim
Reda, 2004), the earth-sun distance factor (U) in (2) are based on the expression proposed by (Iqbal, 1983). Io is
the extraterrestrial irradiance at 1 astronomical distance set equal to 1366 Wm2 for IG and 9.89 Wm-2 for UVER
(Utrillas et al., 2018). The yearlong variation of sun-earth relative position is indicated by (𝛤 ) in (3) estimated in
terms of the year day (Jday), vary from 1 on January 1 to 365 (366) on December 31(leap year).
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(1)

𝑈 = 1.00011 + 0.034221 𝑐𝑜𝑠 𝛤 + 0.00128 𝑠𝑖𝑛 𝛤 + 0.000719 𝑐𝑜𝑠 2𝛤 + 0.00007 𝑠𝑖𝑛 2𝛤

(2)
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𝛤 = 2𝜋 ⋅ (𝐽𝑑𝑎𝑦 − 1)/365

(3)

After quality control, the resulting time series consist of 10,799 hourly values and 1,460 daily values for
simultaneous measurements of UVER and IG. The available hourly values of solar irradiances are reprocessed
into a daily and monthly resolution, respectively. Hourly values are expressed in irradiance units (Wm-2) and daily
values in irradiation units are expressed in kJm -2 for UVER and MJm-2 for IG, respectively. Table 2 shows the
number measurements depending on the resolution at each year after the quality control.
Table 2. Number of values after the quality control.

Year

Hourly

Daily

2015

2,593

338

2016

3,022

351

2017

2,631

345

2018

2,533

332

Total

10,799

1,460

2.3 Models validation
A convenient measured of the correlation between two variables is the Pearson correlation coefficient (R)
indicated (4), is a quantity that gives the quality of a least squares fitting. The R measures the direction of a
relationship between two variables X and Y.

𝑅=

̅
̅
∑𝑁
𝑖=1(𝑋𝑖 −𝑋)(𝑌𝑖 −𝑌)
̅̅̅̅2 𝑁
̅̅̅2
√∑𝑁
𝑖=1(𝑋𝑖 −𝑋) ∑𝑖=1(𝑌𝑖 −𝑌)

(4)

It should be noted that -1 ≤ R ≤ +1, where + and – signs are used for positive and negative correlations respectively.
Where, 𝑋̅ is the mean of X variable and 𝑌̅ mean of Y variable. When the value of the correlation coefficient (R)
is multiplied by itself, R is squared (R2). R2 close to 1 indicates more efficient models. On the other hand, if there
is no correlation, the R is close to 0. To verify the model performance a subset (10 %) of the data set described in
Table 2 is removed from entire data set used to estimate the following statistical parameters: root mean square
error (RMSE) indicated in (5) and normalized root mean square error (NRMSE) in (6) as indicated below:
1

2 2
∑𝑁
𝑖=1(𝑃𝑖 − 𝑂𝑖 )
𝑅𝑀𝑆𝐸 = [
]
𝑁

𝑁𝑅𝑀𝑆𝐸 =

𝑅𝑀𝑆𝐸
∑𝑁
𝑂
( 𝑖=1 𝑖 )

(5)

(6)

𝑁

Where Pi represents the modeled values and Oi the measured one, with N the number of observations. The RMSE
is a frequently used to compare forecasting errors of different models (Despotovic et al., 2015). The NRMSE can
be interpreted as a fraction of the mean error with respect to the average. In general, lower RMSE and NRMSE
indicate better model performance.

2131

L. González Rodríguez et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

3. Seasonal variation of UVER
3.1 Climate and environmental conditions
The seasonal variation of meteorological and environmental variables from 2015 to 2018 in Santiago are indicated
in Fig. 2. During this period the mean temperature (relative humidity at 08:00 LT) is 15°C (78%), varying from
minimum of 8°C (maximum of 94%) in the austral winter of 2017-2018 (2017) to a maximum of 24°C (minimum
of 51%) in the austral summer of 2017 (Figs. 2a,b). Similarly, the mean wind speed is 1 m s-1, varying from a
minimum of 0.65 m s-1 in the austral winter of 2016 and a maximum of 1.39 m s-1 in the austral summer of 2017
(Fig. 2d). During this period, the prevailing wind direction is southwesterly (not show). The cloudiest period of
the year begins in April and ends in October. Cloudy conditions predominate during 53% of the year.
Comparatively, rainfall in Santiago presents larger interannual variability. The mean annual accumulated
precipitation is 242 mm with a maximum of 111 mm in the austral winter of 2015 and no precipitation in the
austral summer of 2016 (Fig. 2f). About 57% of the rainfall recorded in Santiago between 2015 and 2018 occurred
from June to August. Considering period of observation from 1983 to 2015, the mean cloud cover is 67%, varying
from a maximum of 79% in the austral winter (June) and a minimum of 52% the austral summer (January) (Fig.
2f). Based on analysis is possible to infer that mean conditions from 2015 and 2018 does not differ significantly
from typical climate conditions in Santiago (Stolpe and Undurraga, 2016) and (Boisier et al., 2018).

Figure 2. Annual variability the meteorological and environmental parameters available for Santiago, Chile.

From 2015 to 2018, the mean PM10 concentration in Santiago is 67 μg m-3, varying from a maximum of 113 μg
m-3 in the austral winter of 2017 to a minimum of 41μg m -3 in the austral summer of 2015 (Fig. 2c). In general,
the geographic (Fig. 1) and climate (Fig. 2) conditions of the Santiago do not favor the dispersion of air pollutants.
Especially during the winter months when low wind speed combined with shallow mixing layer height leads to
high values of PM10 concentrations at the surface (Morata et al., 2008). Large concentration of aerosols during the
winter in Santiago may affect the solar radiation field at the surface by increasing scattering and augmenting the
diffuse component of global radiation detrimental to the direct beam component (Préndez et al., 1995). The large
presence of aerosols during fog events in the winter in Santiago may affect also the spectral distribution of solar
radiation, mainly in the UV bandwidth (Préndez et al., 1995), (Koronakis et al., 2002).
Similarly, during the period of 2015 and 2018, the mean TOC is 283 DU, varying from a minimum of 258 DU
during the end of austral summer and begin of austral autumn of 2015 and a maximum of 320 DU in during the
austral spring of 2017 (Fig. 2e). Compared to similar latitudes in the North Hemisphere mean TOC values in
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Santiago is lower (Rafiq et al., 2017). Therefore, the seasonal evolution of TOC in Santiago indicates that steps
should be taken to avoid overexposure to radiation UVER in the warmer months.

3.2 Annual cycle using daily values
Figure 3 displays seasonal evolution of statistical parameters based on charts plots of daily values UVER and IG
observed in the Santiago from 2015 to 2018. The seasonal variation of mean values of UVER and IG are due
mainly to astronomical factor. However, the seasonal variation of median, minimum value, maximum value, the
1st and 3rd quartiles and the 5th and 95th percentiles) may be strongly affected by the seasonal variation of climate
(cloud, moisture) and environmental (TOC, PM10) conditions (Fig 2).
The mean daily values of IG and UVER are 15.89 MJ m-2 and 2.93 KJ m-2, respectively. Monthly average daily
values of UVER vary from a minimum of 0.48 KJ m-2 in austral winter (June) to 5.99 KJ m-2 in the austral summer
(December). The monthly average daily values of IG ranged from minimum of 6.52 MJ m-2 in the austral winter
(July) to a maximum of 26.10 MJ m-2 in the austral summer (January). In case the UVER radiation, the absolute
maximum of 7.86 KJ m-2 occurred during the austral summer (January) when TOC and cloud cover are minimum
(Figs. 2 e,f).
(a)
(b)

Figure 3. Seasonal variation of daily values of (a) UVER and (b) IG in Santiago de Chile. The boxplot extends from the percentile
25 to 75. Orange horizontal lines indicate the medians; green triangles indicate means and red circles outliers’ values.

In contrast, the absolute minimum values of UVER (0 KJ m-2) and IG (0.5 MJ m-2) occurred during the austral
winter months when cloud cover is maximum and TOC increases towards spring maximum (Figs. 2 e,f). During
winter the air pollution conditions deteriorates in Santiago and the MP10 concentration (Fig. 2c) and other trace
gases (nitrogen dioxide and sulfur dioxide) increases (Gallardo et al., 2002), attenuated the solar radiation beam
and contributing to reduce UVER and IG at the surface. UV irradiances recorded under cloudy conditions can be
enhanced by the radiation scattering, produces an effect in opposition to the attenuation events (Schwander et al.,
2002).
Despite the astronomical, climatic and environmental conditions described in this section the observations carried
out from 2015 to 2018 indicates that during eight months the hourly values of UVER at solar noon are
systematically larger than 0.20 Wm-2, indicating "very high" harmful potential according to the World Health
Organization (WHO et al., 2002).

4. Correlation model
In the literature there are two types of correlation model for UVER: simple linear (UVER = a 1 IG + b1) and
quadratic (UVER = a2 IG2+b2 IG+c2) (Ogunjobi and Kim, 2004; Adam and Ahmed, 2016; Gholami and Yoosefi,
2009; Kudish and Evseev, 2000; Kudish and Evseev, 2011). The model type depends on shape of the experimental
points distribution in the UVER-IG dispersion plot. In the case of Santiago, both hourly (Fig. 4a) and daily (Fig.
4b) UVER-IG dispersion plots indicate that the best fits are given by a second order polynomial for c2 equal to
zero. R2 values higher than 0.90 (Fig. 4) confirmed the good correlation between UVER and IG.
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Figure 4. Scatter plot of (a) hourly and (b) daily UVER and IG in Santiago de Chile for all sky conditions.

Similar procedure was applied to subsets of the time series of hourly and daily values of UVER and IG for
observations carried during summer, autumn, winter and spring months from 2015 and 2018. Tables 3-4 indicate
second order polynomial coefficients and the statistical parameters RMSE and NRMSE considering the UVER
model obtained for each season.
Table 3. The seasonal variation of regression equation coefficients and statistic parameters for empirical models of hourly values .

Season a (10-7) W-1 m2 b (10-5)

RMSE

NRMSE

N

Summer

2.7

3.47

0.0279

0.2030

3860

Autumn

2.8

1.77

0.0187

0.2537

2307

Winter

1.4

4.47

0.0148

0.5351

1547

Spring

2.0

7.27

0.0296

0.3206

3065

Annual

2.2

5.18

0.0262

0.2751

10779

Table 4. The seasonal variation of regression equation coefficients and statistic parameters for empirical models of daily values.

Season a (10-7) W-1 m2 b (10-5)

RMSE

NRMSE

N

Summer

-0.5

27.0

0.0147

0.0962

344

Autumn

1.7

9.80

0.0146

0.2382

340

Winter

-0.1

10.0

0.0076

0.3296

339

Spring

0.7

16.0

0.0152

0.1695

343

Annual

2.1

8.86

0.0174

0.2124

1366

In general, RMSE smaller than 0.03 Wm-2 for hourly (Table 3) and daily (Table 4) values of UVER, indicates that
all models performed very well. In terms of NRMSE (percentage) the best performance is obtained during summer
(20%) and the worst in the winter (53%) for hourly values of UVER. For daily values the model performed better
during summer (9.6%) and worst during winter (32%). The performance reduction in the models during winter is
caused by the increase in the cloud cover and aerosol loads in Santiago reduce the correlation between UVER and
IG. Table 5 shows a comparison between UVER models available in the literature. The coefficients of model for
hourly values in Santiago differ from ones obtained in Mediterranean sites in Cyprus (Kalogirou et al., 2017),
indicating that correlation models for hourly values are strongly dependent on climate conditions and
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environmental conditions.
Table 5. Regression equation coefficients and R² for empirical models of hourly values.

Site

Latitude,
Longitude

b2 (10-5)

R²

Larnaca, Cyprus

34.87 N, 33.63 E

rural

1

1

17

0.96

Athalassa, Cyprus

35.14 N, 33.39 E

semi-rural

165

0.1

1.6

0.95

Santiago, Chile

33°30'S, 70°42'W

urban

520

2.2

5.8

0.92

Land use Altitude (m asl) a2 (10-7) W-1 m2

5. Conclusion
In this work, four years of UVER measurements at the surface, carried out from January 1 st, 2015 to December
31th, 2018, in Santiago City, Chile, are analyzed and used to develop a mathematical regression models to estimate
hourly and daily values of UVER in terms of solar global irradiance (IG).
The UVER models, obtained by fitting a second-degree polynomial performed better during summer
(RMSE=0.028, NRMSE=20%) and the worst in the winter (RMSE=0.015, NRMSE=54%) for hourly values.
Similarly, performance is presented by daily values of UVER. In general, UVER can be estimated in terms of IG
for Santiago using the following expressions:
UVER = 2.2*10-7 IG2 + 5.18*10-5 IG (hourly)
UVER = 2.1*10-7 IG2 + 8.86*10-5 IG (daily)
The results of this paper can be used in scientific areas such as solar climatology, photobiology, biophysical
studies, and material degradation as well as in other scientific fields like water treatment in disinfection solar.
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Abstract

Satellite-based solar resource data are valued for their spatial extensiveness and long temporal record. Validation of
such data, including accurate assessment of their uncertainties against reference datasets, is essential to give users
confidence in and maximum benefit from the data. More broadly, the international Earth observation from space
community estimates many geophysical parameters from satellite data, such as, to name just a few, precipitation,
sea surface temperature and atmospheric aerosol amount, and validates them. In particular, the Committee on Earth
Observation Satellites (CEOS), an international body that coordinates the use of civilian non-meteorological Earth
observing satellites, has made considerable progress in developing standard validation protocols for numerous
satellite-derived parameters. These protocols recommend good practices to support the benchmarking and
validation of satellite datasets. This paper describes the benefits and development approach of a validation protocol
for satellite solar resource data that is being developed under the auspices of the CEOS Working Group on
Calibration and Validation (WGCV) Land Product Validation (LPV) subgroup. The protocol development has the
support of International Energy Agency (IEA) / Photovoltaic Power Systems (PVPS) / Task 16 Solar resource for
high penetration and large scale applications and will build on the work of Task 16 and previous IEA Tasks for
solar resource assessment.
Keywords: solar resource, satellite, validation, protocol

1. Introduction
Satellite-derived solar resource data are recognised as valuable for being spatially extensive and for providing long
historical records, often extending back decades. Acceptance and optimum use of solar resource data depend on
having a thorough and reliable characterisation of their uncertainties. Furthermore, users often have access to data
from multiple data providers and need to understand the differences between datasets in terms of their respective
uncertainty magnitudes and their relative strengths and weaknesses. Thus, benchmarking of satellite-derived solar
data—validating their data values and quantifying their uncertainties—is key to the confident and informed use of
the data.
For satellite-derived data, uncertainties are usually based on comparisons with quality ground measurements.
Different satellite datasets can also be intercompared. While there is some commonality to how such comparisons
are reported—mean bias error (MBE) and root mean squared error (RMSE) are almost invariably included in the
reported metrics—the choice of metrics reported and the manner of their generation can vary between various
dataset assessments. There is currently no standardised method for accuracy assessment of satellite datasets
(Sengupta et al., 2015). A suite of metrics that assesses a range of data characteristics of interest to users in the
solar energy sector, including, for instance, dataset completeness and higher order statistical properties, can provide
a comprehensive picture of dataset quality. Benchmarking can be improved by careful approaches to using groundbased reference data that consider the selection of sites spanning a range of conditions, the instrumentation and its
maintenance, and quality control of the data. Furthermore, benchmarking reports will be intercomparable if they
follow a standardised approach. While some work has been done to establish a standardised benchmarking
approach for solar resource data, there is scope to consolidate this work in a single recommended validation
protocol.
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The Committee on Earth Observation Satellites (CEOS) is an international body that coordinates the operation and
utilisation of civilian non-meteorological Earth observing satellites. CEOS, through its Land Product Validation
(LPV) Subgroup, has well developed processes for developing good practice recommendations for the validation of
a large range of satellite-derived biogeophysical data products. The CEOS processes thus offer a path to
formalising an internationally standard recommended validation protocol for satellite solar resource data.
A brief description of the CEOS structure and activities is given here. CEOS Members are agencies that operate
Earth observing satellites, while CEOS Associate Members are other agencies that utilize data from such satellites.
CEOS conducts activities to further its aims through its hierarchical structure, which resembles the structure by
which the International Energy Agency (IEA) organizes its work through its Technology Collaboration
Programmes (TCPs). For instance, the Photovoltaic Power Systems (PVPS) TCP oversees thematic Tasks such as
Task 16 Solar resource for high penetration and large scale applications, which in turn supervises Subtasks that
are groups of Activities. CEOS's component groups develop work packages in response to gaps and needs
identified by their technical experts, or to requests flowing down the CEOS hierarchy, sometimes from outside
such as from the United Nations.
CEOS's Working Group on Calibration and Validation (WGCV) coordinates CEOS's work to ensure long-term
confidence in the accuracy and quality of satellite-based Earth observation data and products. WGCV's Land
Product Validation (LPV) Subgroup is dedicated to fostering the quantitative validation of global land products
derived from remote sensing data and to relay results so they are relevant to users. A significant LPV activity to
further these aims is the development and publication of a set of validation protocols that recommend approaches
for the validation and characterization of uncertainty of satellite-derived data for specific geophysical variables
relevant to the land surface. These protocols are intended to recommend "good" practices rather than necessarily
"best" practices, since a WGCV priority is to encourage consistency in validation practices across the community
of data producers and users. The protocols can be adopted by data producers, be they CEOS agencies or others, or
anyone else who validates satellite data products. Recently published LPV validation protocols include land surface
albedo (Wang et al., 2019) and land surface temperature (Guillevic et al., 2018).
The websites for CEOS and its sub-bodies just described are:


CEOS: http://ceos.org/



WGCV: http://ceos.org/ourwork/workinggroups/wgcv/



LPV: https://lpvs.gsfc.nasa.gov/



CEOS cal/val portal: calvalportal.ceos.org/ .

LPV validation protocols typically devote a significant part of the document to recommendations on the collection
of ground-based validation data, covering aspects such as the location and spatial homogeneity of field sites,
instrumentation and quality control. Given that the Baseline Surface Radiation Network (BSRN,
https://bsrn.awi.de/) already exists to provide high quality ground-based solar data, a radiation validation protocol
does not need to cover that topic in depth.

2. Satellite solar data
Solar radiation is a key environmental variable for many natural and manmade systems. Besides being the fuel for
solar energy generation, it also drives weather, climate, evapotranspiration, plant growth and building thermal
behaviour. There are, therefore, many applications of solar data beyond the solar energy sector. The World
Meteorological Organization's Global Climate Observing System (GCOS) classifies downwelling surface solar
radiation as an Essential Climate Variable (ECV; https://gcos.wmo.int/en/essential-climate-variables) and includes
it as a core variable to be measured to high quality in its proposed GCOS Surface Reference Network (GSRN;
WMO, 2019). GCOS considers solar radiation from a climate perspective, and its requirements for solar radiation
monitoring include coarser spatial and temporal resolution and more stringent stability requirements than do solar
energy applications, and an interest in only global horizontal irradiance (GHI) as one component of the surface
energy budget rather than its direct and diffuse components.
Several operational agencies produce publicly available solar datasets from satellite data. The spatial coverage is
variously national, global or the region of the globe covered by one geostationary satellite. Some of these are
limited to serving climate applications and typically comprise only GHI with a resolution of tens of km. Examples
are datasets produced by:
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 The European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT) through its
Satellite Application Facilities on Climate Monitoring (CM-SAF; https://www.cmsaf.eu) and Land Surface
Analysis (LSA-SAF; https://landsaf.ipma.pt)
 The US National Aeronautics and Space Administration (NASA) from its CERES instrument
(https://eosweb.larc.nasa.gov/project/ceres/ceres_table)


The Japan Aerospace Exploration Agency (JAXA; https://www.eorc.jaxa.jp/ptree/index.html).

Other datasets are intended to support solar energy applications and deliver datasets that are at finer spatial
resolution and include direct and/or diffuse components. Examples include:
 The US National Renewable Energy Laboratory's (NREL) National Solar Radiation Database (NSRDB;
https://nsrdb.nrel.gov/)
 NASA's Prediction Of Worldwide Energy Resources (POWER, formerly Surface meteorology and Solar
Energy; https://power.larc.nasa.gov/) data
 The radiation service of the European Commission's Copernicus Atmospheric Monitoring Service (CAMS;
https://atmosphere.copernicus.eu/)
 The Australian Bureau of Meteorology's satellite-based solar data (http://www.bom.gov.au/climate/dataservices/solar-information.shtml).

3. Previous work
IEA coordinates expert groups working on energy research topics through its TCPs. IEA/PVPS Task16 Solar
resource for high penetration and large scale applications (http://www.iea-pvps.org/index.php?id=389) brings
together an international group of some one hundred self-funded technical experts from around twenty nations to
advance solar resource assessment and forecasting for the solar energy sector. The goals of Task 16 include
lowering the uncertainty of satellite-derived solar data and establishing or contributing to the international
benchmarking of datasets. IEA/PVPS Task 16 builds on the work of a series of earlier IEA tasks of fixed duration
on solar resource data and forecasting, most recently Task 36 and Task 46 of IEA's Solar Heating and Cooling
(SHC) Programme.
Beyer et al. (2009), which was published under the auspices of IEA/SHC Task 36, consolidates much of the current
practice in satellite solar data validation. This report made recommendations for, among other topics, reporting
point comparisons at ground stations and map-based relative intercomparison of satellite datasets. Its recommended
metrics included MBE, RMSE and measures of the difference between probability distributions.

4. Protocol structure
The radiation validation protocol can be modelled on previous LPV protocols such as the recently published
protocol for land surface albedo (Wang et al., 2019), with adaptation to incorporate prior work on the
benchmarking of solar data and to identify any necessary future work.
The scope of the albedo protocol includes:


definitions;



requirements for satellite-based data;



spatial and geometrical aspects of satellite observations;



sources of uncertainty;



sources, characteristics and uncertainties of reference data;



global and seasonal representativeness of validation;



stability evaluation;



status of current validation capacity and methods;



validation metrics;



the stratification of performance statistics.

All of these issues are appropriate for coverage in the solar radiation protocol.
Solar radiation is different from many other geophysical variables in its fine scale spatial and temporal variability.
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Solar radiation has the spatiotemporal variability of drifting cloud fields, which motivates ground observations to
be made at 1 minute or even 1 second sampling, and satellite solar data products to be produced with temporal
steps as small as the 10 or 15 minutes imaging cycle of the most recent generation of geostationary satellites. This
variability introduces unique challenges in comparing satellite and ground data, such as significant spatial variation
within a satellite imager's pixel or a satellite product grid cell, the greater temporal variability of point ground
observations than that of spatially averaged satellite observations, and the dependence of the errors of dataset
intercomparison on spatial and temporal resolution.
The radiation protocol's recommended metrics will include those already in common use for solar data. However,
the existing LPV protocols include metrics characterising dataset properties that have not generally been reported
for solar data but could be considered as worthwhile additions to solar benchmarking. Table 1 presents the metrics
recommended by the albedo protocol for assessment of satellite data against ground data. The completeness
metrics in this table are, for instance, possibly new and useful for solar radiation. Some metrics are not appropriate
for solar radiation, such as the temporal "smoothness" metric that is suitable for land surface variables that vary on
the scale of weeks but not for the far more variable solar radiation. Conversely, solar radiation metrics should
include the measures of PDF difference developed in IEA/PVPS Task 36, as well as possibly differences in the
representation of temporal variability or ramps in datasets.
Tab. 1: Common practice and recommended good practice for validation, from the CEOS surface albedo validation protocol

Quantity

Current practice

Good practice, add:

Accuracy

Bias; absolute bias

Median error
Median and percentiles of residuals
Box-plots of residuals vs. Albedo

Precision

Standard deviation

Median absolute deviation
Median 3 point difference

Uncertainty

Root mean square error

Scatter plot of match-ups
Median and percentiles of absolute residuals, RMSE
Box-plots of absolute residuals vs. Albedo

Completeness

Gap size distribution
Gap length

Stability

Time series average, standard deviation, and regression slope
Mean error per decade

The validation protocol needs to serve all applications of solar radiation data, and the selection of metrics might
need to be adapted to specific data products and their application. For instance, metrics of fine scale temporal
variability might be applicable to 15-minute solar time series but not daily totals.
The protocol document should identify knowledge gaps where future research is needed. For instance, to what
degree does the land surface in the vicinity of a ground site need to be homogeneous? What is an adequate global
distribution of ground sites? What quality control should be applied to ground data? What approach should be
taken to deal with gaps in ground or satellite data to be compared as temporal aggregates such as daily totals or
monthly averages? Is there a need to define separate validation requirements for the global, direct and diffuse
components?

5. Conclusion
The widespread adoption of a standard validation protocol for satellite-based solar resource data would improve the
confidence in and use of such data and improve the intercomparability of dataset assessments. Such a protocol is
being developed through CEOS's Land Product Validation Subgroup with the broad support of IEA/PVPS Task 16.
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Abstract

This work aimed at investigating the surface solar irradiation variability and trends in the Northeastern Brazilian
region (NEB), relating it with regional climate and environmental characteristics. The statistical analysis used
ground data acquired in automated weather stations (AWS) operated by the Brazilian Institute of Meteorology.
The results pointed out a remarkable variability in seasonal and annual scales. The cluster analysis provided five
regional patterns presenting remarkable temporal complementary regimes for the incoming solar irradiation. The
surface solar irradiation achieves the highest average in the Southeastern area of NEB and the lowest average in
the Western area in the austral summer. The annual and seasonal trends of the surface solar irradiation were
investigated using the Mann-Kendall method and the Sen technique. The surface solar irradiation in the
Southeastern area of NEB is decreasing by 50 Wh/m2/year since 2008. On the other hand, it is increasing around
40/m2/year in the semi-arid area along the same timeframe.
Keywords: Incoming solar irradiation, Seasonal variability, Cluster analysis, Trend analysis, Northeastern
Brazilian region,

1. Introduction
The Brazilian energy mix is based on mostly hydroelectric and thermoelectric power plants (Pereira et al.,
2006). The hydropower is around 64% of the total installed power capacity in Brazil, but the climate variability
is affecting the power generation due to more frequent and extreme drought events as occurred in 2001-2002
and 2013-2015. As a response to the climate variability and increasing energy demand, the thermal power
generation based on fossil fuels has increased over the last years. The consumption of fossil fuels releases
greenhouse gases into the atmosphere, especially carbon oxides (Goldemberg and Lucon, 2008).
The solar and wind power generation are valuable alternatives, not only because of the inherent advantages
related to energy matrix diversification but also there will be great worldwide pressure to stabilize carbon
emissions rate in the atmosphere through reducing the consumption of fossil fuels. Although Brazil has a vast
potential for solar energy applications, some studies are pointing the technological issues related to the solar
irradiation intermittency due to the weather conditions as significant barrier to the growth of solar energy share
in the Brazilian electricity mix (Martins and Pereira, 2011; Ueckerdt et al., 2015; Luis et al., 2018). The solar
energy resource will not replace fossil fuels or hydroelectric power in the current Brazilian scenario, but it can
be gradually added to complement the existing resources through hybrid and distributed generation systems.
The required data and information on the surface solar irradiation variability to overcome such barrier is still
scarce for the Brazilian territory. Several studies faced many limitations due to the small number and uneven
spatial distribution of radiometric measurement sites in the Brazilian territory (Martins et al., 2007; Martins and
Pereira 2011; Lima et al., 2016). Besides the reliable solar energy assessment recently published (Pereira et al.,
2017), the energy sector is demanding reliable short-term forecasts of solar energy variability to support both the
planning and operation of the solar generation plants and the country's electricity grid system. (Martins et al.,
2008a, b, Pereira et al., 2017).
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In this context, the present work provides information and knowledge on the spatial variability of the surface
solar irradiation in the Northeastern region of Brazil (NEB) using ground data acquired by the automated
weather stations (AWS) operating in NEB territory from 2008 to 2015. It also aimed at investigating the
climatological trends in the surface solar radiation data. The results provide information for several issues of
high relevance: better understanding and knowledge on the availability and variability of solar energy resource;
supporting the methodology development for solar energy forecasting, and supporting the Brazilian energy
sector in planning and operating the Brazilian Electricity System.

2. Methodology
2.1. The Northeastern Brazilian region (NEB)
The Northeastern region of Brazil presents a wide variety of climate and anthropic features affecting the surface
solar irradiation. The NEB has around 1.56 million km², corresponding to 18% of the Brazilian territory. The
region presents three climates according to Kayano and Andreoli (2009):
•

the humid coastal climate is the typical climate in the coastal area;

•

the tropical climate occurs in the Western continental area; and

•

the semiarid tropical climate occurs in the central area of the NEB.

This topic briefly describes the major issues, but the authors recommend the reading of Cavalcanti et al., (2009)
for a more detailed description. The rainfall regime in the NEB is quite complex, and it depends on the
prevailing local atmospheric systems, such as the Subtropical Anticyclones, and the South and North Atlantic
Ocean Equatorial Trough (Kayano and Andreoli, 2009). The rainfall occurs from February to April in the North
of the NEB linked to the Intertropical Convergence Zone (ITCZ) shift toward the south hemisphere (Kousky,
1979; Molion and Bernardo, 2002). The precipitation in the Eastern coast occurs from May to June related to the
influence of the tropical air masses and easterly waves disturbances (EWD). It is important to mention that the
sea breeze also has a significant contribution to precipitation rates in the coastal areas. Finally, the precipitation
in the continental area occurs from November to December due to the influence of frontal systems, local
convection, and cyclonic vortices.
The air temperature presents high annual averages with values between 20 °C and 28 °C. The temperature
between 24 °C to 26 °C occurs in the low altitudes areas and the eastern seacoast. The surface global solar
irradiation is large all year round presenting annual average around 5.5 kWh/m².day. The NEB is the area
presenting the highest solar energy potential according to the Brazilian Atlas of Solar Energy (Martins et al.,
2008a; Pereira et al., 2017).

2.2. Observational Data
The Brazilian Institute of Meteorology (INMET) provided the ground data acquired from January/2005 to
December/2015 in 129 automated weather stations (AWS). The following meteorological parameters were
available: atmospheric pressure, air temperature, relative humidity, precipitation, global solar irradiation, and
wind data (speed and direction). The acquisition system records data every one-minute, but stores it with a onehour timestep.
Fig. 1 shows the location of the AWS used for this study in NEB. A quality control procedure was applied to
check all ground data. We discarded all AWS presenting less than 70% of the expected solar irradiation data
records for one year-round cycle to keep representativeness of the typical seasonal variability of solar
irradiation. After that, the ground measurements were checked to identify rare and suspicious data using
threshold criteria established by WMO (World Meteorological Organization) for the BSRN (Baseline Surface
Radiation Network) measurement sites (Roesch et al., 2011). We discarded all solar radiation data flagged as
suspicious to ensure the reliability of observational data used in this study. Finally, statistical analyses were
performed to describe the typical daily, monthly and annual conditions in every reliable AWS operating in NEB.
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Fig. 1. The orography map shows the spatial distribution of the automatic weather stations operated by the Brazilian Institute for
Meteorology (INMET) in the NEB region. Source: Modified from Lima et al. (2019)

2.3. Cluster Analysis Technique (CA)
The Cluster Analysis (CA) was the statistical approach used to identify homogenous regions based on the
similarity of the surface solar irradiation’s pattern. The CA techniques are commonly classified in hierarchical
and non-hierarchical methods. Hierarchical or agglomerative methods merge clusters based on a similarity
pattern starting from as many single-element clusters as initial objects and eventually reaching one cluster
accommodating all the stations. The results are usually displayed in a dendrogram, from which a cluster solution
can be found. Agglomerative hierarchical clustering methods have been fairly widely used in weather and
climate applications Bednorz (2008).
For this study, the agglomerative hierarchical Ward method (1963) was the CA techniques used to identify the
regions presenting similar patterns of surface solar irradiation. The CA procedure used a data array containing
the monthly average values of the surface solar irradiation and the geographical coordinates of each reliable
AWS data. The hierarchical cluster analysis follows three steps: calculation of the Euclidean distances between
AWS data arrays, determining the AWS clusters in a dendrogram, and then identifying the best similarity
threshold to establish the homogeneous regions (Tennant and Hewitson, 2002; Lima et al., 2010, 2016; Paixão
et al., 2011).

2.4. Seasonal and Inter-annual Variability and Trend Analysis
The statistical boxplot technique, described by Wilks (2006), was used to evaluate the surface solar irradiation
data variability on the homogeneous regions. The boxplot provides a complete statistical description: the
average and/or median values, the interquartile range and the asymmetry (the distance between quartiles and
median). Several studies have pointed out the Mann-Kendall method as the most appropriate method to
investigate the climate trends based on historical datasets of meteorological parameters (Goossens and Beerger,
1986; Santos et al., 2017). In summary, the Mann-Kendall method is a non-parametric test to evaluate whether
the null hypothesis that there is no trend in the dataset – each record data is independent and equally distributed.
We also evaluated the slope and scale of the statistical trend using the non-parametric method described by Sen
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according to expression (Sen 1968; Sneyers 1990). The presence of outliers does not influence the method
results, so it provides a more reliable trend evaluation of the time series than the typical linear regression method
(Silva and Dereczynski, 2014; Santos et al., 2016). The seasonal analyses were performed assuming the
following periods: the austral summer is from December to February (DJF); the fall season is from March to
May (MAM); the austral winter is between June to August (JJA), and spring occurs from September to
November (SON).

3. Results
3.1. Cluster Analysis
The CA analysis was performed using the geographical coordinates and the monthly average of GHI data as
input. Fig. 2 shows the geographical location of the five clustered regions. The map demonstrate a robust spatial
matching between the geographical location of the homogeneous regions and the spatial patterns observed in the
solar energy resource assessment provided by Pereira et al. (2017). The geographical location of the clustered
regions (HR) also reflects the influence of the seasonal meteorological systems and environment features on the
surface solar irradiation. The clustered regions 4 and 5 (HR4 and HR5) have a vast territorial extension over the
Northeastern backlands where typical climate characteristics and topography do not sustain the development of
convective clouds.
The HR4 and HR5 are the ones presenting the highest annual averages of surface solar irradiation as indicated in
Fig. 3. By contrast, the lowest averages are observed in the regions HR1 and HR2. The HR2 has the lowest the
surface solar irradiation due to the influence of heat and moisture from the Amazon region supporting a more
convection activity than any other HR in NEB.
Fig. 3 also provides information on the distinct seasonal cycles in each HR. Three of them (HR1, HR3, and
HR5) present seasonal cycles in phase with the maximum (minimum) daily solar irradiation occurring in
October/November (June). The other two regions, HR2 and HR4, also get the highest values in September.
However, both regions present very low variability during the first six months of the year (5 kWh/m2) due to the
deep convection systems in the Mid-Northern area of the NEB. The HR1 and HR2 have very close annual
averages and very low inter-annual solar irradiation variability (Fig. 3a), but the annual cycles are different. The
geographical distance between them is considerable, and they have very distinct climatic characteristics.
Similar behavior can explain the differences between HR3 and HR4. The HR5 receives the largest solar
irradiance all year long.

Fig. 2: The cluster areas (HR) regarding the surface solar irradiation in NEB: HR1, cyan; HR2, purple; HR3, green; HR4, Red;
HR5, blue. The dots are the AWS’s locations used in the cluster analysis technique. Source: Modified from Lima et al. (2019)
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Fig. 3: The annual and monthly averages of solar irradiation in the five clustered areas in NEB obtained based on the ground data
of the surface solar irradiance acquired in 129 AWS in NEB. Source: Modified from Lima et al. (2019)

Fig. 4 presents the boxplot analysis for the surface global solar irradiation in each clustered region of the NEB.
The boxplot allows evaluating the inter-annual variability. The dot and line inside the rectangles represent the
mean and the median values, respectively. The rectangles and vertical bars demonstrate the spreading of the
annual average taking into consideration one-standard deviation and two-standard deviation interval,
respectively. For the timeframe under investigation, the HR2 and HR4 showed the lowest inter-annual
variability. The HR3 has the greatest variability with annual averages ranging between 3.7 and 6.7 kW/m².day,
followed by the HR1 region (between 3.2 and 6.1 kWh/m².day). The highest annual mean values occurred in
HR4 and HR5, up to 7.1 and 6.8 kWh/m².day, respectively. The minimum annual mean global solar irradiation
was in region HR1 (around 3.2 kWh/m².day).
Figs. 4b to 4e shows the inter-annual variability on a seasonal scale. The HR1 and HR3 present the greatest
inter-annual variability in the season MAM (fall) and the lowest in the austral summer (DJF). The HR2 and HR4
present the opposite behavior with the lowest variability in the fall season. The largest seasonal averages for
HR4 and HR5 are in the season SON (spring). This behavior is consistent with regional climatology for the
spring season – low nebulosity in most of the continental areas of the NEB.
Fig. 5 presents the results of the trend analysis for the annual and seasonal averages of the surface solar radiation
using the Mann-Kendall and Sen methods. The daily surface solar irradiation in HR5 showed an increasing
trend with a magnitude of +0.04 kWh/m²/year and statistical significance of 90%. On the contrary, the surface
solar irradiation in HR1 showed a decreasing trend around -0.05 kWh/m²/year with the statistical significance of
90%. In seasonal scale, the surface global solar irradiation in HR1 presented a decreasing trend (around -0.05
kWh/m2/year) with the statistical significance of 95% during the seasons MAM (fall) and JJA (austral winter).
In HR5, the surface solar irradiation presented a positive trend around +0.04 kWh/m²/year in the season DJF
(austral summer) and +0.07 kWh/m²/year in the season MAM (fall). Trends also occurred in the other three
homogeneous regions, but none of them had statistical significance.

4. Conclusions
This work investigated the spatial and seasonal variability and trend of the surface global solar irradiation in the
Northeastern region of Brazil based on statistical analysis of ground data acquired by automated weather
stations (AWS) during the 2005-2015. The cluster analysis was used to identify areas presenting similar
statistical patterns regarding the incoming global solar irradiation in NEB territory. Five clustered regions (HR)
have a geographical location consistent with the regional climate characteristics and typical meteorological
systems operating in each HR. The HR5, the driest area, has the highest daily average of global solar irradiation.
The inter-annual variability is high in the mid-eastern area (HR3) due to the cloudiness associated with typical
meteorological phenomena in the region.
On the other hand, the smallest inter-annual variability occurs in the western area of NEB (HR2), and HR1
presents the lowest average of the daily solar irradiation. The HR2 is the area presenting the largest nebulosity in
NEB due to the influence of heat and moisture from the Amazonia region.
The austral summer, from December to February, got the smallest inter-annual variability of daily global solar
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irradiation, but not the largest averages in all clustered regions. It is worthy of mentioning two opposite
situations: the largest seasonal average of daily solar incidence in HR1 and HR3 occurred in the austral summer
DJF (summer) but, the lowest average of daily solar irradiation in HR2 happened in the same season (DJF).
Another seasonal complementarity behavior occurs between HR1 and HR4. The seasonal cycles in these areas
are quite the opposite – the incoming solar irradiation reaches the lowest values in austral winter while the
incoming solar irradiation in HR4 is almost in its maximum values. A similar condition is present in the SON
season: low solar irradiation in HR1 and high in HR4. Both regions receive similar solar irradiation during the
other six months of the year.
The Fig. 5 presents the time evolution of the annual average of surface solar irradiation. The trend analysis
demonstrated that the daily surface solar irradiation in the southeastern of NEB is decreasing by 50 Wh/m2/year
since 2008. On the other hand, the daily surface solar irradiation in HR5 (the semi-arid area) is increasing
around 40 Wh/m2/year along the same timeframe.
Annual
Global Solar Irradiation (kWh/m²)

7,5
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Global Solar Irradiation (kWh/m²)

DJF
7,5

6,5
6,0
5,5
5,0
4,5
4,0
3,5
3,0
2,5

HR1

HR2

HR3

HR4

6,5
6,0
5,5
5,0
4,5
4,0
3,5
3,0
2,5

HR5

HR1

HR2

HR3

HR4

HR5

(b)

(c)

7,0

7,0

6,5
6,0
5,5
5,0
4,5
4,0
3,5
3,0
2,5

(d)

SON
7,5

Global Solar Irradiation (kWh/m²)

Global Solar Irradiation (kWh/m²)

JJA
7,5

HR1

HR2

HR3

HR4

HR5

6,5
6,0
5,5
5,0
4,5
4,0
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Fig. 4: (a) The boxplot analysis for the annual averages of the surface global solar irradiation (kWh/m².day) in the five clustered
areas in NEB. The inter-annual variability on seasonal scale are presented in (b) DJF (austral summer), (c) MAM (fall), (d) JJA
(austral winter) and (e) SON (spring). Source: Modified from Lima et al. (2019)
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Fig. 5: The temporal evolution of the annual and seasonal averages of daily total surface global solar irradiation (kWh/m².day).
The slope and magnitude of the trend obtained by using the Sen method and the Mann-Kendall test are indicated for each
homogeneous region. Source: Modified from Lima et al. (2019)

The information on the spatial and seasonal patterns of the surface solar irradiation in NEB will be helpful in
methodology development of forecast solar energy using satellite data, optimization/sizing of solar energy
systems, and reducing the impact of the natural intermittency of the solar power resource in the Brazilian
electricity grid. Besides that, the proposed methodology would be a useful tool for selecting proper sites to setup a high-quality solar radiation measurement network. In NEB, the solar irradiance could be sufficiently
monitored with five ground measuring sites: one in each homogeneous area of NEB. Finally, the results also
could provide reliable and useful data for application in other areas like planning crops and land usage taking
into account the solar irradiation climatology.
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Abstract

We present the perfect forecast concept as both an effective forecast validation metric and an operational strategy
to integrate increasing amounts of variable solar power generation on power grids. The costs incurred in
transforming imperfect into perfect predictions define the new metric: these include the costs of backup storage
and output curtailment necessary to make-up for any over/under predictions. We illustrate the concept with the
most recent version of the SUNY forecast model for hour-ahead and day-ahead forecast examples with single
power plants as well as distributed PV fleets. We show that delivering perfect predictions – i.e., fully eliminating
grid-operators uncertainty -- is achievable at small operational cost. Most importantly, we show that a perfect
forecast strategy with optimized least-cost storage and overbuild/curtailment is an effective first step of a longterm strategy to cost-optimally transform variable PV generation into firm, effectively dispatchable generation
capable of displacing conventional dispatchable and baseload generation.
Key-words: solar resource, irradiance, forecast, storage, high-penetration, firm power generation

1.

Introduction

Solar power forecasts are an increasingly important part of utility and solar industry operations. Models are
becoming more sophisticated and accurate (e.g., Blaga et al., 2019, Yang et al., 2018) and their further
development and validation are the focus of several international collaborative efforts such as that piloted by the
International Energy Agency PV Power Systems Task 16 (IEA, 2019). The authors have produced one such model
-- often referred to as the SUNY model (Perez et al., 2018) -- that is operational in North America and served by
the SolarAnywhereTM data service (SolarAnywhere, 2019). This service is used extensively by the solar and utility
industries for both centralized PV plants and dispersed PV fleets production forecasts. The SUNY model is an
optimized blend of satellite-based cloud motion vector (CMV) forecasts and operational regional/global numerical
weather prediction (NWP) cloud cover and irradiance forecasts. The Electric Power Research Institute (EPRI)
recently evaluated this state-of-the-art model in climatically diverse US regions, and found it to be most accurate
among eleven other operational models (EPRI, 2017).
This paper contains two parts. The first part focuses on model validation and contrasts standard validation metrics
(e.g., Mean Absolute Errors) to the new perfect forecast metric. The second part discusses the logistics of
operational perfect forecasts and argues how such logistics could logically evolve toward least cost, ultra-high
penetration of variable solar [and/or wind] power generation.
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2.

Forecast Model Evaluation

We analyze the latest version of the SUNY model (Perez et al., 2018) as well as its four underlying Numerical
Weather Prediction (NWP) models: HRRR (2019), NDFD (2019), GFS (2019) and ECMWF (2019). In addition
to these NWP models, the SUNY model blend includes satellite-derived cloud-motion-vector forecasts that are
not evaluated here. The blend is a function of time horizon, solar geometry and predicted insolation conditions.
The operational version of the SUNY model was independently evaluated and found to perform best among eleven
US forecast providers (EPRI, 2017). Here, we evaluate a newer (beta) version that evolves the model’s blend over
time to locally capture the evolution of the relative performance of its underlying models.
All validations are fully independent. For the SUNY model, the validation data are entirely distinct from the data
used for blend optimization.
We consider three logistically important time horizons: 1, 3, and 24 hours ahead.
We evaluate performance for seven point-specific locations as well as for a fleet of sixteen locations in California.
The evaluation period spans 16 months from January 2016 to April 2017. Out of this period, we analyzed ~ 11.5
months’ worth of data when all models were present.
For both point-specific and regional validations, we use global irradiance (GHI) as proxy for solar production.
The seven-station SURFRAD network that spans a wide range of climatic conditions (SURFRAD, 2019) is used
for the site-specific validations. For the regional fleet validation we consider the aggregated output of 16 identical
plants located in each of the state’s climatic regions shown in figure 1 (CEC, 2017). The considered points are
located at the barycenter of each region. We use SolarAnywhere satellite-derived historical irradiances for
performance benchmarking (SolarAnywhere, 2019). We had previously shown that using satellite irradiances is
acceptable, if not in many cases preferable, to validate forecasts, yielding error metrics comparable to ground
measurement validations (Perez et al., 2016). In a recent article (Yang & Perez, 2019) we further discuss the
appropriateness of satellite data for forecast validations: we show that while satellite data may be a suboptimal
reference for single points (under-representing short-term variability) they are appropriate for intercomparing
models, especially as the footprint evolves from single points (individual plants) to regions (PV fleets).
2.1 Standard Metrics
Commonly used standard metrics include Mean Bias, Mean Absolute and Root Mean Square errors (resp. MBE,
MAE, RMSE) as well as their relative (percent) counterparts normalized either to the mean [daytime or 24-hour]
observation or to nominal installed capacity. Another frequently used standard metric is the Forecast Skill that
contrasts a model’s RMSE to that of persistence. Several definitions of persistence exist, including: simple
persistence of irradiance or power; scaled persistence of irradiance or power to account for [fully predictable]
solar geometry variations; and more stringent definitions often termed “smart persistence” such as the one
informally adopted by the IEA Task 46 experts (IEA, 2017). The latter consists of increasing the integration time
defining current conditions commensurately to the forecast time horizon.
The choice of possible relative references for MBE, MAE and RMSE as well as the possible definitions of
persistence do constitute a source of ambiguity when comparing published results from different studies,
particularly for those who are not well versed in the metrics’ definitions.
In this paper we focus on the often-preferred absolute MAE metric and the Forecast Skill in its IEA-Task 46
version (IEA, 2017). An advantage of the absolute MAE is that it can be easily interpreted in terms of %MAE
normalized to nominal capacity conditions – here, since we use GHI as a proxy for PV power generation, the
nominal percent error is obtained dividing the absolute MAE by 1,000 Wm-2 (plane of array irradiance at rated
conditions)
Absolute MAEs for each of the SURFRAD sites and for the California fleet are reported in Table 1. Forecast skills
for the same locations are reported in Table 2. A sample of the results in Table 1 and 2 are illustrated in Figures
2 and 3, respectively.
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Tab. 1: Mean Absolute Errors for individual SURFRAD locations and for the 16-site California Fleet

Location
GoodwinCreek
Boulder
Sioux Falls
Penn State
Fort peck
Desert Rock
Bondville
SURFRAD MEAN
California (Mean of indiv. Sites)
California Fleet
GoodwinCreek
Boulder
Sioux Falls
Penn State
Fort peck
Desert Rock
Bondville
SURFRAD MEAN
California (Mean of indiv. Sites)
California Fleet
GoodwinCreek
Boulder
Sioux Falls
Penn State
Fort peck
Desert Rock
Bondville
SURFRAD MEAN
California (Mean of indiv. Sites)
California Fleet

Smart
GFS
Persitence
One Hour Ahead MAE (Wm‐2)
43
51
73
61
58
79
50
44
67
53
53
73
47
44
67
39
39
46
47
49
69
49
49
68
34
39
51
12
17
25
3 Hours Ahead MAE (Wm‐2)
57
95
74
68
108
79
55
86
69
62
99
75
55
79
69
43
73
48
58
95
71
57
91
69
42
65
52
16
37
26
24 Hours Ahead MAE (Wm‐2)
64
144
79
77
122
83
66
130
72
67
129
77
60
94
72
47
89
50
71
134
81
64
120
73
46
87
53
19
60
27

SUNY

NDFD

ECMWF

HRRR

78
90
81
78
79
50
78
76
53
30

66
76
63
70
60
43
64
63
45
19

83
81
78
96
77
62
84
80
58
30

80
90
83
81
80
52
82
78
54
31

67
75
63
70
60
44
66
64
46
20

83
86
83
98
80
64
84
83
66
35

87
96
84
85
79
55
90
82
57
32

68
78
70
71
65
47
75
68
46
20

na
na
na
na
na
na
na
na
na
na

These evaluation results are consistent with our previous publications (e.g., Perez et al., 2018), with ECMWF
exhibiting the best performance among the underlying NWP models, followed by GFS, NDFD and HRRR. The
SUNY model is well ahead of the NWPs for short time horizons – thanks to the advantage provided by its satellite
cloud motion component -- and slightly better than ECMF -- its major blend component -- for longer time
horizons.
The California fleet exhibits considerably reduced MAEs compared to individual sites. Whereas individual points
in California are comparable to Desert Rock (see the individual location California mean of individual sites in
Table 1), the fleet’s MAE is reduced by a factor of nearly 3 for the SUNY model, achieving 12 Wm-2 for 1 hour
ahead and 19 Wm-2 for 24 hours ahead (i.e., respectively 1.2% and 1.9% of installed capacity)
Results for the forecast skill metric are also consistent with our previous findings: the underlying NWP models
exhibit a negative skill for one hour ahead while skills become positives beyond 3-hour time horizons. The SUNY
model exhibits a positive skill for all horizons, reaching over 40% for 24 hours ahead forecasts. Interestingly, the
skill differential between the models is noticeably amplified for the regional fleet compared to individual
locations: higher skill for the best models (SUNY is 66% for 24 hours ahead), lower skill for worst models.
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Tab. 2: Forecast Skills for individual SURFRAD locations and for the 16-site California Fleet

FORECAST SKILL
GoodwinCreek
Boulder
Sioux Falls
Penn State
Fort peck
Desert Rock
Bondville
SURFRAD MEAN
California Mean (single locations)
California Fleet
GoodwinCreek
Boulder
Sioux Falls
Penn State
Fort peck
Desert Rock
Bondville
SURFRAD MEAN
California Mean
California Fleet
GoodwinCreek
Boulder
Sioux Falls
Penn State
Fort peck
Desert Rock
Bondville
SURFRAD MEAN
California Mean
California Fleet

SUNY
GFS
One Hour Ahead
23%
‐43%
4%
‐37%
‐1%
‐55%
8%
‐28%
4%
‐52%
12%
‐18%
4%
‐40%
8%
‐39%
21%
‐25%
21%
‐46%
3 Hours Ahead
37%
13%
36%
17%
35%
11%
38%
23%
33%
8%
35%
21%
39%
19%
36%
16%
33%
11%
54%
33%
24 Hours Ahead
48%
33%
32%
17%
45%
35%
44%
32%
35%
15%
41%
32%
41%
29%
41%
28%
41%
26%
66%
55%

Fig. 1:

NDFD

ECMWF

HRRR

‐41%
‐36%
‐69%
‐40%
‐68%
‐18%
‐59%
‐46%
‐33%
‐113%

‐17%
‐19%
‐32%
‐19%
‐31%
‐3%
‐30%
‐21%
‐4%
‐22%

‐61%
‐34%
‐79%
‐68%
‐71%
‐55%
‐69%
‐61%
‐44%
‐118%

13%
18%
4%
14%
0%
21%
8%
11%
6%
4%

29%
29%
26%
30%
22%
33%
31%
29%
27%
45%

3%
15%
‐5%
‐1%
‐5%
‐6%
5%
2%
‐16%
‐26%

30%
15%
30%
24%
14%
30%
25%
24%
20%
34%

46%
29%
41%
40%
27%
39%
37%
38%
38%
64%

na
na
na
na
na
na
na
na
na
na

Sixteen California Climatic Regions
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2.2 Perfect Forecast Metric
In a previous article, we had introduced an initial version of this metric: the cost of storage necessary to offset any
over-predictions (Perez et al., 2016). This initial definition allowed nighttime storage recharge (i.e., implying low
demand and low-cost electricity available at night).
The metric we apply in this article derives from an operationally more robust strategy built on a new algorithm to
transform intermittent PV or wind generation into firm production at lowest cost (Perez et al., 2019a, Perez, 2014):
this algorithm seeks the optimum (least-cost) combination of storage and PV oversizing to meet a specified load
profile with 100% certainty. This optimum combination depends on the relative costs of storage and PV. Here we
consider two scenarios for these costs:
(1) a current utility-scale scenario with turnkey PV at $1,200 per kWac and storage at $200/kWh of
storage capacity;
(2) a future (2050) utility-scale scenario with PV at $400 per kWac and storage at $50/kWh.
The perfect forecast metric can either be expressed in terms of additional $/kW above and beyond the cost of
unconstrained PV, or in terms of levelized cost of energy (LCOE) premium above and beyond the LCOE of
unconstrained PV. Note that LCOE metric requires additional inputs -- the weighted average cost of capital
(WACC) and operating costs, in particular – hence our choice of $/KW for the present paper.
Results are presented in Table 3, for two sample SURFRAD locations and for the 16-points California Fleet.

Tab. 3: Perfect Forecast $/kW premium for selected SURFRAD locations and for the 16-site California Fleet

PERFECT FORECAST
Smart
SUNY
GFS
NDFD
ECMWF
METRIC
Persitence
One Hour Ahead Perfect Forecast Metric ($/kW ‐‐ current)
Goodwin Creek
$
414 $
182 $ 1,145 $ 1,441 $ 1,281
Desert Rock
$
398 $
161 $
968 $
898 $
692
California Fleet
$
118 $
89 $
285 $
169 $
246
One Hour Ahead Perfect Forecast Metric ($/kW ‐‐ future)
Goodwin Creek
$
115 $
47 $
328 $
365 $
343
Desert Rock
$
110 $
44 $
261 $
234 $
192
California Fleet
$
33 $
23 $
77 $
50 $
69
3 Hours Ahead Perfect Forecast Metric ($/kW ‐‐ current)
Goodwin Creek
$
589 $
489 $ 1,180 $
764 $
892
Desert Rock
$
560 $
434 $ 1,017 $
912 $
691
California Fleet
$
172 $
255 $
316 $
184 $
262
3 Hours Ahead Perfect Forecast Metric ($/kW ‐‐ future)
Goodwin Creek
$
164 $
130 $
339 $
220 $
251
Desert Rock
$
149 $
111 $
275 $
237 $
191
California Fleet
$
47 $
71 $
86 $
54 $
77
24 Hours Ahead Perfect Forecast Metric ($/kW ‐‐ current)
Goodwin Creek
$
835 $ 1,645 $ 1,234 $
949 $ 1,016
Desert Rock
$
711 $ 1,208 $ 1,166 $ 1,203 $
772
California Fleet
$
199 $
629 $
441 $
363 $
224
24 Hours Ahead Perfect Forecast Metric ($/kW ‐‐ future)
Goodwin Creek
$
227 $
419 $
356 $
266 $
277
Desert Rock
$
189 $
309 $
309 $
308 $
205
California Fleet
$
52 $
177 $
115 $
96 $
62

HRRR
$
$
$

2,330
1,197
595

$
$
$

627
328
163

$
$
$

2,166
1,076
629

$
$
$

567
291
173
na
na
na
na
na
na
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The perfect forecast metric results are interesting on two fronts.
First on the operational front, delivering perfect 24-hour forecasts for the 16-plant fleet can be achieved for less
than $200/kWp at current hardware cost. This will reduce to ~ $50/kW with anticipated future PV/Storage costs.
Perfect forecast thus amount to a small financial burden to guarantee operational certainty for the TSOs.
Second, on the accuracy metric front, we note that the model performance ranking is different from the ranking
inferred from standard metrics. Particularly noteworthy is the better performance of persistence in relation to the
underlying NWPs when benchmarked with the perfect forecast instead of the MAE metric. This ranking difference
is illustrated in Figure 4. In this figure, the relative performance of each model is gauged against the average
performance of all the model models across all considered locations and time horizons – a relative performance
below 100% is better than the mean, and vice versa. Whereas persistence scores poorly when using the standard
MAE as a metric, it bests the reference NWPs when using the perfect forecast metric. The optimally blended
SUNY model scores very well with both metrics.
This observed ranking difference between the two metrics can be explained as follow: whereas the MAE is driven
by the error of individual (hourly) forecast events, the perfect forecast metric is driven by the accumulation of
under- or over-forecast conditions that determine the amount of storage and the degree of plant oversizing. The
persistence model is better ‘balanced’ in this respect, with shorter periods of enduring over/underpredicted
conditions than the reference NWPS.

MAE Metric
Perfect Forecast Metric
150%

100%

50%

0%
SUNY

Smart
Persitence

GFS

NDFD

ECMWF

HRRR

Fig. 4. Comparing model performance ranking across all locations and time horizons for standard and perfect
forecast metrics. The value of 100% amounts to the mean error metric of all models/locations/time-horizons.

3.

A Scalable Strategy toward Firm Power Generation

As discussed above, perfect forecasts constitute an economically attractive operational strategy for both grid
operators and solar operators. For grid operators, perfect operational forecasts remove all supply-side load
imbalance uncertainty and associated costs (e.g., spinning reserves) from intermittent renewable energy resources
like PV or wind. For producers, perfect forecast operations amount to replacing imperfect
administrative/regulatory penalties – that can evolve rapidly overtime -- by modest, predictable tangible hardware
costs (PV overbuild and battery).
However, the real value of a perfect forecast strategy lies in its operational scalability to least-cost firm, effectively
dispatchable PV (or wind) power generation. Firm PV power generation -- i.e., the capability of meeting grid
demand 24/7 year-around regardless of time of day, time of year and weather conditions -- is a prerequisite to
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ultra-high PV penetration and the displacing of conventional baseload and dispatchable resources.
The landmark Minnesota Solar Pathway study (Perez et al., 2019a, MN Dept. of Commerce, 2018, Perez &
Rabago, 2019) demonstrated that the least-cost means of transforming intermittent renewable energy resources
(wind and PV) into firm, effectively dispatchable resources entails optimizing generation oversizing and storage
reserves. The results of this project show that firm power generation is achievable in a northern state at costs near
or below current conventional generation costs – even before accounting for any environmental benefits (Perez et
al. 2019a, Perez et al., 2019b). Figure 5 (from Perez et al., 2019b) illustrates the case of meeting the Minnesota’s
transmission operator (MISO) load with 100% certainty, using an optimized mix of wind and solar resources and
allowing for a maximum amount natural gas generation of 5%. The figure assumes utility-scale PV wind and
battery future cost projections.

Fig. 5.
Illustrating the catalyst role of overbuilding/curtailment in achieving firm least-cost power generation. Without
overbuilding/curtailment, unconstrained variable wind/solar electricity will certainly achieve [apparent] grid parity (A).
However transforming this variable renewable generation in effectively dispatchable firm power generation capable of
meeting demand 100% of the time will remain well in excess of grid parity if overbuilding/curtailment is avoided because of
the quantity of storage required to make up for multi-day and seasonal production gaps (B). With optimally overbuilt
renewables, storage requirements can be reduced to the point where firm renewable power generation can achieve real grid
parity (C), hence effectively displace conventional power generation (source: Perez et al., 2019b)

Importantly, the operational logistics of least-cost dispatchable PV generation –optimized overbuilding and
storage associated with PV overbuild and proactive operational curtailment -- are identical to the logistics of
delivering perfect forecasts, but on a larger scale (i.e., more storage and overbuilding/curtailment).
Therefore, an operational perfect forecasts strategy constitutes a low-expense entry-level step and a learning curve
for both grid operators and energy producers toward enabling large-scale dispatchable PV power generation
capable of meeting load demand 24/7/365.
The transition from perfect forecast to fully dispatchable PV can be gradual over time following grid operators’
learning curve, PV penetration, and storage/PV costs decreases. Figure 6 graphically contrasts the tasks for
meeting perfect forecast and firm power generation objectives over a sample 10-day period. While the firm power
generation task is considerably heavier, both involve a transformation of the unconstrained solar resource into a
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predicted output: predicted production in the case of perfect forecast, and load shape in the case of firm power
generation. Both involve an optimization of storage and overbuild/curtailment requirements.

Fig. 6. Comparing the perfect forecast task of transforming PV output into predicted PV output (top)
to the firm power generation task of transforming PV output into the grid’s load shape (bottom).

In Figure 7, we illustrates how a gradual transition from perfect forecast to firm power generation could logically
occur. The figure shows the same 10 days’ worth of forecasted PV production (black line) and the regional TSO
load shape (red line). A gradual transition from perfect forecast logistics (guaranteed output = forecast) to firm
power generation logistics (guaranteed output = regional load) could occur progressively as PV penetration
increases while keeping the same operational storage/curtailment control logistics, in effect moving from the
optimum storage/curtailment cost reported in Table 3, to the optimum firm power generation cost illustrated in
Figure 5.
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Fig. 7. Illustrating a gradual transition from a perfect forecast PV target (black line) to
a regional load demand profile target (red line).

4.

Conclusions

Perfectly forecasting PV production as defined in this article amounts to guaranteeing [imperfectly] forecasted
production by: (1) optimally overbuilding1 the PV resource to allow curtailment, and (2) operating optimally
sized battery storage in parallel with PV.
The perfect forecast concept is innovative and effective in three respects:


As a metric, it offers unique insights on model performance that are directly relevant to the logistical
costs of operating PV fleets on a power grid. We showed that, compared to standard error metrics, the
perfect forecast metric led to different conclusions regarding the comparative performance of different
models. In particular, the perfect forecast metric indicates that smart persistence is a considerably more
robust model than a standard metrics assessment would indicate.



Perfect forecasts represent an operational strategy for grid operators and producers alike that can entirely
remove supply-side load imbalance uncertainty from intermittent renewable energy production.



Finally, and most importantly, perfect forecast operations represent an actionable entry step to optimally
achieve least cost ultra-high PV (or wind) penetration.
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Abstract

Exergy is a thermodynamic property that represents the potential work that can be delivered by a system. In
that regard, the exergy of solar radiation could constitute a supporting tool for assessing the potential locations
for the deploying of new solar energy project, as well as for evaluating the technologies to be considered. The
present work, proposes an empirical model for the exergy of solar radiation, using meteorological data
measured in Santiago, Chile. The developed model considers the clearness index as input variable, allowing
to be applied throughout the country, using the satellite based global radiation estimations. Thirteen different
models were analyzed in a regression routine, evaluating its effectiveness, and selecting the best
approximation. An innovative experiment was also carried out, which allowed to verify the empirical model
and compare it with other models proposed in the literature. The experiment follows the guideline of a test rig
reported in the literature, which considers a photovoltaic panel and several sensors that allow to assess an
accurate energy (and exergy) balance.
Keywords: Direct Radiation, Diffuse Radiation, Sky-Clearness Index, Exergy, Chile

1. Introduction
During recent years it has increased the global awareness about the environmental impact of human activities
on the planet. Nowadays, as the citizens handle more information, they can discern about changing habits for
the benefit of the environment. In this context, environmental awareness has propelled the deployment of
several solar energy projects in Chile, allowing to diversify its energy matrix (Raugei et al., 2018). Chile
presents outstanding conditions for developing solar energy systems, like the Atacama Desert in the northern
region, which stands-out as one of the places with highest radiation worldwide (Escobar et al., 2015).
Nowadays there are several new solar projects that are been developed thanks to the favorable conditions that
the recent governments have promoted.
The quantification of the maximum amount of work that can be extracted from solar radiation still constitutes
an active open discussion, as new materials are tested, and the limits of energy conversion are constantly
pushed forward. Therefore, considering the availability and the intensity of solar radiation it is fundamental to
determine the upper bound for the conversion efficiencies. In that regard, exergy is a property which represents
the magnitude of the maximum useful work that can be extracted from any source of energy. The exergy of
solar radiation has been studied since the '60s when Petela (Petela, 1964) proposed an initial model, which
considers the Sun as a black body that emits radiation at a temperature 𝑇𝑠 equivalent to the observed at the
photosphere surface (5777 K).
1 𝑇

4

4𝑇

𝜓 = 1 + 3 ( 𝑇0 ) − 3 𝑇0
𝑠

(eq. 1)

𝑠

where 𝜓 represent the maximum work obtainable from solar radiation and 𝑇0 is the ambient temperature. Over
the years, new models have been presented to estimate the exergy of solar radiation, among the models
proposed stands-out those proposed by Jeter (Jeter, 1981), Gribik and Osterle (Gribik, J.A., Osterle, 1984) and
Zamfirescu & Dincer (Zamfirescu and Dincer, 2009), which introduce significant changes to the original
Petela's model (Petela, 1964), as observed in the following equation,
𝑇 𝐼

𝜓 = 1 − 𝑇0 𝐼 𝑠𝑐

𝑠 𝑇0

© 2019. The Authors. Published by International Solar Energy Society
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doi:10.18086/swc.2019.45.08 Available at http://proceedings.ises.org

(eq. 2)

2163

E. Rodríguez et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

where 𝐼𝑠𝑐 is the solar constant and 𝐼𝑇0 is the direct normal irradiance. Nevertheless, these models do not
consider a specific term for computing the entropy generation when the radiation meets the terrestrial
atmosphere, neither considered splitting the exergy of solar radiation in its direct and diffuse components.
Later, Pons (Pons, 2012) managed to introduce these terms in a model that is able to assess the exergy of direct
and diffuse radiation separately, and considers the entropy generation, based on the following definition of
exergy:
𝐵 = 𝐸 − 𝑇0 𝑆

(eq. 3)

where 𝐵 is the exergy, 𝐸 the amount of energy emitted by the source, 𝑇0 the ambient temperature and 𝑆 the
entropy generated. Considering Pons’s model (2012) and the empirical models of Jamil and Bellos (Jamil and
Bellos, 2019), it is proposed in this work to develop a new empirical model of solar exergy that represents the
local particular features, based solely on the clearness index 𝑘𝑡 , since it is a parameter easily measured and
allows taking into consideration the sky conditions.

2.

Methodology

The exergy model of solar radiation was developed using the minute based data from a meteorological station
located in Santiago, Chile. These data include measurements for the full year 2018, considering global
horizontal radiation, horizontal diffuse radiation, direct normal radiation, wind velocity as well as ambient
temperature. A filtering procedure was implemented, following the criteria proposed by Lemos et al (Lemos
et al., 2017), aiming to eliminate any spurious data that could affect the subsequent analysis process. As Pons
(2012) described in his work, the exergy of diffuse and direct solar radiation can be computed separately by
dividing equation 3 into these two components:
𝑏𝑑𝑟 = 𝑖𝑑𝑟 − 𝑇0 𝑗𝑑𝑟
𝑏𝑑𝑓 = 𝑖𝑑𝑓 − 𝑇0 𝑗𝑑𝑓

(eq. 4)
(eq. 5)

where 𝑏𝑑𝑟 is the direct exergy flux, 𝑖𝑑𝑟 the direct radiative flux and 𝑗𝑑𝑟 the direct entropy flux. Similarly, 𝑏𝑑𝑓
is the diffuse exergy flux, 𝑖𝑑𝑓 the diffuse radiative flux and 𝑗𝑑𝑓 the diffuse entropy flux. The entropy flux is
assumed as isotropic attenuation and uniform over the frequency spectrum. Then, the entropy flux is stated as,
𝑗𝑑𝑟 = 𝑋𝑑𝑟 (𝜖𝑑𝑟 )

4 𝑖𝑑𝑟
3 𝑇𝑠
4 𝑖𝑑𝑓

𝑗𝑑𝑓 = 𝑋𝑑𝑓 (𝜖𝑑𝑓 )

3 𝑇𝑠

(eq. 6)
(eq. 7)

where 𝜖 is the attenuation factor and 𝑋𝑑𝑟 (𝜖) is a function calculated numerically as,
𝑋𝑑𝑟 (𝜖𝑑𝑟 ) = 0.973 − 0.275 ∙ ln 𝜖 + 0.0273𝜖
𝑋𝑑𝑓 (𝜖𝑑𝑓 ) = 0.9659 − 0.2776 ∙ ln 𝜖
𝑖
( 𝑑𝑟 )
𝜔𝑠 cos 𝜃
𝜖𝑑𝑟 =
𝜎𝑇𝑠4
𝜋
𝑖𝑑𝑓
( )
𝜋
𝜖𝑑𝑓 =
𝜎𝑇𝑠4
𝜋

(eq. 8)
(eq. 9)
(eq. 10)

(eq. 11)

where 𝜔𝑠 is the incidence solid angle and is used as 6.79𝑥10−5 (𝑠𝑟) and 𝜎 is the Stefan-Boltzmann constant.
Finally, it is determined the exergy factor of global solar radiation 𝜓𝑔𝑙 by the sum of the factors of diffuse and
direct solar radiation, as described by Neri et al. (Neri et al., 2017).

𝜓𝑔𝑙 =

𝑏𝑑𝑟 +𝑏𝑑𝑓
𝑖𝑑𝑟 +𝑖𝑑𝑓

(eq. 12)

From the regression analysis, it is explored the equation that can represent the exergy in terms of the clearness
index 𝑘𝑡 , which is determined using the meteorological data described above, and is easily computed for
locations where accurate measurements are not available. Regarding the regression analysis, it is evaluated 13
different models such as: linear, quadratic, cubic, quartic, quintic, sextic, septic, logarithmic, exponential with
one term (exponential 1), exponential with two terms (exponential 2), power with one term (power 1), power
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with two terms (power 2), and inverse. Afterward, it is analyzed 10 different statistical error: Mean Bias Error
(MBE), Mean Absolute Error (MAE), Root Mean Square Error (RMSE), Mean Percentage Error (MPE),
Uncertainty at 95% (𝑈95 ), Relative Root Mean Square Error (RRMSE), t-statistics (t-stats), Maximum
Absolute Relative Error (erMAX), Mean Absolute Relative Error (MARE) and Correlation Coefficient (R).
1

̅𝑖,𝑒 − 𝐻
̅𝑖,𝑐 )
𝑀𝐵𝐸 = ∑𝑛𝑖=1(𝐻
𝑛
1 𝑛
̅𝑖,𝑒 − 𝐻
̅𝑖,𝑐 |
𝑀𝐴𝐸 = ∑𝑖=1|𝐻

(eq. 13)
(eq. 14)

𝑛

2

1

1
2

̅𝑖,𝑒 − 𝐻
̅𝑖,𝑐 ) ]
𝑅𝑀𝑆𝐸 = [ ∑𝑛𝑖=1(𝐻
𝑛
̅ 𝑖,𝑐 −𝐻
̅ 𝑖,𝑒
𝐻
)×
̅ 𝑖,𝑐
𝐻

1

𝑀𝑃𝐸 = 𝑛 ∑𝑛𝑖=1 (

100
1

𝑈95 = 1.96(𝑆𝐷 2 + 𝑅𝑀𝑆𝐸 2 )2
̅𝑖,𝑐 − 𝐻
̅𝑖,𝑒 )2
√1 ∑𝑛𝑖=1(𝐻
𝑛
𝑅𝑅𝑀𝑆𝐸 =
̅𝑖,𝑐
∑𝑛𝑖=1 𝐻

(eq. 15)
(eq. 16)
(eq. 17)
(eq. 18)

1

(𝑛 − 1)𝑀𝐵𝐸 2 2
𝑡 − 𝑠𝑡𝑎𝑡𝑠 = [
]
𝑅𝑀𝑆𝐸 2 − 𝑀𝐵𝐸 2
̅𝑖,𝑐 − 𝐻
̅𝑖,𝑒
𝐻
𝑒𝑟𝑀𝐴𝑋 = 𝑚𝑎𝑥 (|
|)
̅
𝐻𝑖,𝑐
𝑛
̅𝑖,𝑒 − 𝐻
̅𝑖,𝑐
1
𝐻
𝑀𝐴𝑅𝐸 = ∑ |
|
̅𝑖,𝑐
𝑛
𝐻
𝑖=1
̅𝑖,𝑒 − 𝐻
̅𝑒,𝑎𝑣 )(𝐻
̅𝑖,𝑐 − 𝐻
̅𝑐,𝑎𝑣 )
∑𝑛𝑖=1(𝐻
𝑅=
̅𝑖,𝑒 − 𝐻
̅𝑒,𝑎𝑣 )2 ∑𝑛𝑖=1(𝐻
̅𝑖,𝑐 − 𝐻
̅𝑐,𝑎𝑣 )2
√∑𝑛𝑖=1(𝐻

(eq. 19)
(eq. 20)
(eq. 21)

(eq. 22)

Considering that the statistical errors could differ in which model is the best to fit the data, it is used as an
indicator that could discern using the 10 errors calculated. In this case it is used the indicator used by Jamil
and Bellos (Jamil and Bellos, 2019). The Global Performance Indicator (GPI) described by Despotovic et al.
(Despotovic et al., 2015) combines all the statistical errors into a single value, in which the greater the value
is, the better the model performed in term of the behavior of the model into the data. First, it is normalized all
the statistical errors on a scale of 0-1. Then, it is subtracted to the median of the respective scaled indicator.
Afterward, the results are summed up after multiplying the valor with a weight factor indicate as follow,
10

𝐺𝑃𝐼 = ∑
𝑖=1

𝛼𝑗 (𝑦̅𝑗 − 𝑦̅𝑖𝑗 )

−1, 𝑓𝑜𝑟 𝑐𝑜𝑟𝑟𝑒𝑙𝑎𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, 𝑅
𝛼𝑗 = {
+1, 𝑓𝑜𝑟 𝑎𝑙𝑙 𝑜𝑡ℎ𝑒𝑟 𝑠𝑡𝑎𝑡𝑖𝑠𝑡𝑖𝑐𝑎𝑙 𝑒𝑟𝑟𝑜𝑟𝑠

(eq. 23)
(eq. 24)

where 𝑦̅𝑗 is the median of the scaled values of the error 𝑗, 𝑦̅𝑖𝑗 is the scaled value of the statistical errors 𝑗 for
expression 𝑖.
2.1 Experimental verification
The expression found to be the best to fit the data is then validated by an experiment that consists of measuring
different parameters in a photovoltaic panel, which allowed to determine the exergy factor of the solar
radiation. The experimental set-up follows the criteria suggested by Akyuz et al. (Akyuz et al., 2012). The setup considers a small photovoltaic panel of 10 (W) installed horizontally while is being measured different
component described in Table 1. The instruments are connected to a datalogger CR300 from Campbell
Scientific and the measurements are recorded minutely. The diagram with the variable evaluated is shown in
Figure 1 and the experiment carried out to validate the expression can be seen in Figure 2.
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Fig. 1: Diagram with the inputs and outputs considered to develop the thermal and exergy model.

Fig. 2: Experimental setup evaluated.

Tab. 1: Measurement Variable in the photovoltaic panel

Measurement

Instrument

Unit

Wind velocity

Anemometer 03001 Young Wind Sentry Set, Campbell
Scientific

𝑚2

Cell temperature

Thermocouple type k

𝐾

Tedlar temperature

Thermocouple type k

𝐾

Ambient temperature

CS-500, Campbell Scientifics

𝐾

Solar radiation

Pyranometer CMP-22, Kipp&Zonen

𝑊/𝑚2

Electric power

Microinverter M215, Enphase Energy

𝑊

3.

Results

The results of all the statistical errors for the different model evaluated are shown in Table 2. The lowest errors
for every statistical value are colored in red and as can be seen in the table, every error offers a different view
in which one is the best that suit the data used. The MBE has the lowest errors among the rest with values from
10−16 to 10−6 . The Linear, Quadratic, Cubic, fifth and sixth polynomials, Logarithmic, Exponential 2, Power
1 and Power 2 models do not show an acceptable fit, compared to the other models. The Fourth expression get
the lowest MBE and t-stats with −2.211 ∙ 10−16 and 2.493 ∙ 10−12 . The seventh polynomial expression shows
the best result for MAE, RMSE, MPE, RRMSE, erMAX and MARE. The Exponential expression with one
term obtains a favorable result using the 𝑈95 and the Inverse expression develops the lowest errors using the
R. With the different tendencies of the results, it is used the GPI to deliberate which one is the expression that
best fit the data. In table 3 is observed the results for the GPI with the scaled values for every expression.
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Furthermore, it a column with the result of the GPI and the ranking that every model obtains. As can be seen
in table 3, the best model with the highest GPI is the seventh polynomial, with the following expression,
𝜓𝑔𝑜 = −58,4212 ∙ 𝑘𝑡7 + 175,5171 ∙ 𝑘𝑡6 − 194,7993 ∙ 𝑘𝑡5 + 92,4632 ∙ 𝑘𝑡4 − 13,1965 ∙ 𝑘𝑡3
−2,5353 ∙ 𝑘𝑡2 + 1,0789 ∙ 𝑘𝑡 + 0,6144

(eq. 25)

To validate the representativity of this expression, it is used the experiment described in section 2. First, it is
measured the variables written in Table 1 for a PV panel for four days of June in 2019 in Santiago de Chile.
The measurements where complemented with a finite difference model implemented in Matlab, which allowed
to compute the all the energy flows and the temperatures in all the layers of the PV system. The solver
implemented in the model was the Crank Nicolson method, which is widely used to estimate the thermal
behavior in one or two dimensions. For this case, considering the small size of the PV panel and its low
electrical power, it is used the one-dimensional approach. To visualize the effectiveness of the model, it is
represented a scatter plot that in figures 2, 3, and 4. The distribution of some points in Figure 4 behave as a
vertical “line” is due to the resolution of the micro inverter M250 can only storage integer number. The
normalized root mean squared error (NRMSE) for every scattering plot is calculated as,
1

𝑛

2
1 1
̅ 𝑖,𝑒 − 𝐻
̅ 𝑖,𝑐 )2 ]
𝑁𝑅𝑀𝑆𝐸 = [ ∑(𝐻
𝑛 𝑛

(eq. 26)

𝑖=1

Tab. 2: Results of the different statistical errors for every model.

Linear
Quadratic
Cubic
Fourth
Fifth
Sixth

MBE

MAE

RMSE

MPE

U95

RRMSE

t-stats

-2.299E15

2.776E02
2.385E02
2.302E02
2.284E02
2.284E02
2.264E02
2.259E02
2.573E02
2.804E02
2.325E02
2.593E02
2.604E02
3.039E02

3.871E02
3.598E02
3.517E02
3.507E02
3.503E02
3.493E02
3.491E02
3.773E02
3.908E02
3.534E02
3.750E02
3.748E02
4.584E02

-2.198E01
-1.866E01
-1.793E01
-1.783E01
-1.779E01
-1.768E01
-1.766E01
-2.059E01
-2.285E01
-1.801E01
-2.027E01
-2.038E01
-3.079E01

1.008E01
1.008E01
1.008E01
1.008E01
1.008E01
1.008E01
1.008E01
1.008E01
1.003E01
1.009E01
1.010E01
1.008E01
1.008E01

2.806E07
2.608E07
2.549E07
2.542E07
2.539E07
2.532E07
2.530E07
2.734E07
2.833E07
2.561E07
2.718E07
2.716E07
3.322E07

2.349E11
1.632E11
2.383E11
2.493E12
1.504E10
7.769E11
2.335E09
3.833E08
1.697E01
2.523E02
4.919E02
5.940E11
4.675E08

1.485E-15
-2.119E15
-2.211E16
-1.332E14
-6.863E15

Seventh

2.062E-13

Logarithmic

3.657E-12

Exponential
1
Exponential
2
Power 1
Power 2
Inverse

1.678E-05
-2.255E06
-4.664E06
-5.629E15
-5.419E12

erMAX
2.970E-01
2.914E-01
2.931E-01
2.913E-01
2.916E-01
2.899E-01
2.890E-01
4.436E-01
2.966E-01
2.933E-01
3.218E-01
2.946E-01
1.478E+0
0

MARE

R

3.280E02
2.848E02
2.732E02
2.711E02
2.710E02
2.688E02
2.682E02
3.068E02
3.317E02
2.765E02
3.080E02
3.088E02
3.677E02

4.336E01
5.108E01
5.327E01
5.351E01
5.362E01
5.389E01
5.394E01
4.621E01
4.227E01
5.281E01
4.685E01
4.692E01
2.058E01
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Fig. 3: Scatter plot of the temperature measured and calculated for the solar cell and their respective NRMSE.

Tab. 3: Scaled values of statistical errors and the rank of every expression.
MBE

MAE

RMSE

MPE

U95

RRMSE

t-stats

erMAX

MARE

R

GPI

Rank

3.480E01

6.709E01

7.831E01

3.480E01

1.237E10

6.765E03

6.006E01

6.827E01

1.417E+0
0

11

9.781E02
2.337E02
1.485E02
1.128E02
1.886E03

9.238E01
9.796E01
9.869E01
9.903E01
9.983E01

7.831E01
7.831E01
7.831E01
7.831E01
7.831E01
7.831E01

9.781E02
2.337E02
1.485E02
1.128E02
1.886E03

8.144E11
1.257E10

2.075E03
3.465E03
1.974E03
2.201E03
7.427E04

1.664E01
4.989E02
2.939E02
2.820E02
5.801E03

9.141E01
9.797E01
9.871E01
9.902E01
9.984E01

1.601E-03

7

3.820E-01

5

4.449E-01

4

4.519E-01

3

5.212E-01

2
1

Linear

2.175E-01

6.627E-01

Quadratic

2.175E-01

1.614E-01

Cubic

2.175E-01

5.478E-02

Fourth

2.175E-01

3.096E-02

0
8.711E10
4.430E10
1.374E08

Fifth

2.175E-01

3.189E-02

Sixth

2.175E-01

5.322E-03

Seventh

2.175E-01

0

0

1

0

0

1

5.368E-01

7.768E01

7.831E01

2.578E01

2.258E07

1.301E01

3.882E01

7.681E01

-9.077E01
2.524E+0
0

0

Logarithmi
c

2.175E-01

4.020E-01

2.578E01

Exponenti
al 1

1

6.990E-01

3.819E01

6.047E01

0

3.819E01

1

6.373E03

6.378E01

6.501E01

8.389E-02

3.910E02

9.736E01

8.880E01

3.910E02

1.486E01

3.666E03

8.292E02

9.660E01

Exponenti
al 2

1.124E-01

Power 1

0

4.273E-01

2.370E01

8.015E01

1

2.370E01

2.898E01

2.758E02

3.997E01

7.875E01

Power 2

2.175E-01

4.414E-01

2.347E01

7.929E01

7.831E01

2.347E01

3.353E10

4.733E03

4.080E01

7.896E01

0

7.830E01

1

2.754E07

1

1

0

Inverse

2.175E-01

1

1

1.321E-01
1.095E+0
0
-7.901E01
4.463E+0
0

Fig. 4: Scatter plot of the temperature measured and calculated for the tedlar and their respective NRMSE.
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Fig. 5: Scatter plot of the power measured and calculated for the PV panel and their respective NRMSE.

Figure 2 and 3 show that the estimated values of the temperature for the solar cell and Tedlar, respectively,
which effectively correlates the measured data. The NRMSE for both the solar cell and Tedlar is 0.12 and 0.10
respectively, which means that the estimated values fit the measured data. As observed in Figure 4, the power
measured and the power calculated have a NRMSE of 0.16, which is explained by the limited resolution on
the microinverter, as previously mentioned. Both figures of temperatures show that the calculated values are
higher the measured data, and the electrical power of the PV panel behave as the opposite, where the measured
data obtained highest values than the power calculated from the thermal model. Now, it is used the data
calculated to obtain the exergy of the system, which is calculated as follow,
̇
̇
∑ 𝐸𝑥𝑖𝑛 = ∑ 𝐸𝑥𝑜𝑢𝑡

(eq. 27)

where,
(eq. 28)
𝐸𝑥𝑖𝑛 = 𝐸𝑥𝑟𝑎𝑑
(eq. 29)
𝐸𝑥𝑜𝑢𝑡 = 𝐸𝑥𝑒𝑙𝑒𝑐 + 𝐸𝑥𝑡ℎ + 𝐸𝑥𝑑𝑒𝑠𝑡
where the input exergy is considered as the exergy of the radiation 𝐸𝑥𝑟𝑎𝑑 and the output exergy is the
electrical and thermal exergy. All the irreversibilities in the system are considered exergy destruction 𝐸𝑥𝑑𝑒𝑠𝑡
and cannot be measured. The electrical and thermal exergy is expressed as follows,
(eq. 30)
𝐸𝑥𝑒𝑙𝑒𝑐 = 𝑉𝑚 𝐼𝑚
𝑇
𝐸𝑥𝑡ℎ = (1 − 0 ) 𝑄̇
(eq. 31)
𝑇𝑐𝑒𝑙𝑙
where the heat flow 𝑄̇ is computed from the thermal analysis above. Rearranging the term of equation 28 and
29 in 27, it is obtained,
(eq. 32)
𝐸𝑥𝑟𝑎𝑑 = 𝐸𝑥𝑒𝑙𝑒𝑐 + 𝐸𝑥𝑡ℎ + 𝐸𝑥𝑑𝑒𝑠𝑡
and finally, dividing this equation with 𝐸𝑥𝑟𝑎𝑑 , it is obtained the exergy factor of the system 𝜓𝑠𝑦𝑠 ,
𝜓𝑠𝑦𝑠 =
𝜓𝑠𝑦𝑠 =

𝐸𝑥𝑒𝑙𝑒𝑐 +𝐸𝑥𝑡ℎ
𝐸𝑥𝑟𝑎𝑑
𝑇
𝑉𝑚 𝐼𝑚+(1− 0 )𝑄̇
𝑇𝑐𝑒𝑙𝑙

(eq. 33)
(eq. 34)

𝐸𝑥𝑟𝑎𝑑

The destruction exergy 𝐸𝑥𝑑𝑒𝑠𝑡 was omitted in our analysis. To compare the model proposed in equation 25
with the one obtained in the literature, the radiation exergy 𝐸𝑥𝑟𝑎𝑑 will be used as described from the classic
approach by Petela’s model (Petela, 1964) and Zamfirescu & Dincer’s model (Zamfirescu and Dincer, 2009),
equation 1 and 2 respectively. The result for a sample day of June in 2019 can be seen in figure 5, 6 and 7.
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Fig. 6: Comparison between the model proposed and Zamfirescu & Dincer’s model with their respective NRMSE.

Fig. 7: Comparison between the model proposed and Petela’s model with their respective NRMSE.

In figures 5, 6 and 7 it is observed that the exergy factor obtained by using equation 34 for the different models.
First, the exergy factor calculated using Zamfirescu & Dincer’s Model shows values above the model
proposed. Also, most of the points are in the region delimited as the standard deviation limits for all the figures.
For the day evaluated, the exergy factors are in the range approximately 0.45 to 0.75 in a day of Winter, with
the highest concentration of points between 0.6 to 0.7 and the NRMSE was 0.054. in figure 6 it obtained the
opposite tendencies of figure 5. Here, the model proposed obtained highest values than the Petela’s model.
Also, above 𝜓𝑆𝑦𝑠,𝑃𝑒𝑡𝑒𝑙𝑎 = 0.6 the data exceed the superior limit, which means that with highest solar radiation
the difference between the model proposed and Petela´s model increased. The NRMSE was 0.057, higher than
the one obtained from Figure 5. Figure 7 shows the model proposed compared to Pons’s model which was the
model used as base to obtain the model proposed. It can be expected that the difference between both models
would be small and this is clearly represented with an NRMSE of 0.0015. To sum up, the model proposed is
located between Petela’s and Zamfirescu & Dincer’s models, with a tendency to be closer to Zamfirescu &
Dincer’s model for the sample day.
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Fig. 8: Comparison between the model proposed and Pons’s model with their respective NRMSE.

4.

Conclusions

The exergy of solar radiation is one of the most important topics to solve in every solar plant because it can
estimate the real work obtainable from the solar resource. Therefore, an expression that obtain the solar
radiation exergy that could be reliable and be validated with real data is important for every exergy balance in
a solar plant. In this work, the main purposed was to obtain an expression of the solar radiation exergy created
with the particular meteorological condition in Santiago de Chile. This expression was obtained from a
meteorological station of the complete year 2018. The seventh expression obtained the best result among the
thirteen different expressions proposed thanks to an evaluation with ten kinds of statistical errors. Then, it is
used an indicator to deliver the best model with the use of the GPI. Moreover, the seventh expression was the
one who obtained the highest GPI. Afterward, it is compared the model proposed with the one widely used in
the literature: Petela’s model and the new approach proposed by Zamfirescu & Dincer.
An experiment is evaluated with the condition suggested by Akyuz et al. (Akyuz et al., 2012). It is used as a
PV panel, where every variable is measured on a minute basis, which was combined to the implementation of
a thermal model. The thermal model presents low NRMSE for every variable. The data obtained from thermal
model was used as input for the comparison of the proposed exergy model, and the other solar radiation exergy
models described above. The model proposed obtained closer results to Zamfirescu & Dincer rather than
Petela´s model. The radiation exergy 𝐸𝑥𝑟𝑎𝑑 was overestimated in the Petela’s model, and Zamfirescu & Dincer
obtained lowest result in comparison with the model proposed. The NRMSE obtained for the comparison was
representative of these differences stated above. Finally, the model proposed it could be used with data of
different sites of the country and evaluate the radiation exergy especially in the north of Chile, where this
expression could be used as an input for an exergy balance in different kind of solar applications.
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Abstract

Concentrating Solar Power design is highly dependent on local solar radiation, atmospheric variables (i.e. water
vapor content, aerosols concentration, etc) and wind velocity. In the special case of central receiver power
plants, the impact of atmospheric attenuation has to be taken into account to get more accurate designs.
Atmospheric attenuation impacts both solar resource and heliostat field energy transmission and is neither
measured nor estimated by main solar atlas. A common heliostat field design consists of overestimating
heliostat number to ensure that the nominal energy is received at the receiver for all the range of attenuation
values. Atmospheric attenuation is a physical process that does not impact all wavelengths in the same way and
therefore it cannot be described as a single atmospheric attenuation without losing its physical meaning. This
work is focused on deriving atmospheric attenuation values from ground data using a numerical model and
describes step by step how it should be applied to estimate whole heliostat field attenuation. Atmospheric
attenuation will first be described from the radiative transfer theory to be express for each heliostat. On a second
part, numerical application will be shown using SMARTS radiative transfer model with satellite date from
MERRA-II. Variation in LCOE induced by atmospheric attenuation will be calculated to show importance of
this parameter in site selection for tower power plant.
Keywords: CSP, Heliostat field simulation, atmospheric attenuation, solar spectrum,

1. Introduction
On the path to the ground, sun’s photons interact with atmospherics compounds (scattering and absorption)
leading to a decrease of solar resource at ground level. In the case of Central Solar Receiver (CSR) technologies
(like tower power plants), this atmospheric interaction may still impact the amount of reflected flux from the
heliostat before reaching the tower receiver, due to the high travels distance. This attenuation mostly depends on
water vapor and aerosols concentration in the atmosphere at ground level and can represent up to 30 % of losses
for far heliostat (Ballestrín and Marzo, 2012). Knowing well these attenuation losses at the time of the selection
of the plant location could help to reduce costs (better heliostat field design) and risks (effective solar resource
well estimated).
In this work, we will study the impact of the atmospheric attenuation over a whole heliostat field taking into
account different factors. First, it will be demonstrated that atmospheric attenuation between any heliostat and
the tower can be written as a function of attenuation between tower and ground in a vertical path. To estimate
this attenuation, SMARTS model (Gueymard, 2001) will be used to extract atmospheric transmission and
furthermore calculate the total heliostat field attenuation. Finally, a method to calculate monthly or yearly
heliostat field attenuation from a single point (time and space) will be detailed. Numerical calculation will be
done to illustrate the theoretical method. To do so, two sites will be study in the North of Chile, one in the
Atacama Desert and the other one near to the pacific cost.

2. Extinction optical depth on heterogeneous atmosphere
Photons may interact with the atmospherics’ particles in two occasions when using CSR technologies. The first
time is to reach the heliostat level and the second time is on the way to the tower. Those interactions lead to a
decrease of the power that can be absorbed by the solar receiver. The Beer Lambert’s law can summarize the
link between atmospheric attenuation and transmitted power:

𝒯! = 𝑒

!!
!! !!! ! !"

(Eq. 1)

© 2019. The Authors. Published by International Solar Energy Society
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In Eq. 1, the atmospheric interactions are summarized in the extinction coefficient 𝑘! (𝑠) for a wavelength 𝜆 and
position 𝑠 along the path beteen two points 𝑠! and 𝑠! . Knowing the value of the extinction coefficient at each
point of the atmosphere would be enough to solve both the radiation reaching heliostat and the losses between
its paths to the tower. Unfortunately this coefficient is usually unknown, and therefore it is hard to estimate
those losses. If we suppose that the extinction coefficient is constant along the horizontal plane 𝑥𝑂𝑦 (only
depends on the height 𝑧), and that it is continue, the extinction coefficient can be solved in the plane 𝑥𝑂𝑧 as
shown in Figure 1.

𝑑𝑙 = 𝑑𝑧 1 +   

!! !
!!

= 𝛼𝑑𝑧

(Eq. 2)

If we combine Eq. 1 and Eq. 2 we can write the atmospheric attenuation between the heliostat and the tower
(𝒯!,!! ) as a function of the attenuation between ground and tower in a vertical path (𝒯!,!! ):
𝒯!,!! = 𝑒

!!
! !!!! ! !"

=    𝑒

!
!!
! !!! ! !"

=    𝒯!,!!

!

  

(Eq. 3)

Eq. 3 shows that if we can estimate the transmission between tower and ground level in a vertical path
(numerically or experimentally measured), the whole heliostat field can be described with the same equation,
changing only the value of 𝛼 according to the heliostat – tower distance. To make experimental measurements
of this attenuation, two spectrophotometers could be used, one at the top of the tower and one at the base, both
measuring DNI spectrum. The main challenge with this experimental method could be the measurement
sensitivity, as the difference between the two measurements will be very low and may be within experimental
error. Hence, in the following, a method based on SMARTS will be used in order to estimate this attenuation
between tower and ground level in the vertical path. Note that the factor 𝛼 from Eq. 2 represents the increment
of length between heliostat and tower in proportion of high of tower.

Figure 1 Integration path from heliostat to tower and from ground to tower in a vertical way.

3. Heliostat field extinction
Using Eq. 3, the local attenuation for any heliostat can be written as the integration of the attenuation spectrum
in a vertical path between ground and tower. If we want to use a plant scale attenuation (ie. only one value to
describe the whole power plant), each local attenuation has to be summed, taking into account all individual
cosine effect, blocking and shading.
Using Eq. 3 for each heliostat allows the calculation of the whole heliostat field attenuation for each wavelength
𝜆 but the attenuation losses, in percent of DNI power, is often used to design power plants (NREL, 2014). This
attenuation losses need to be calculated using the current DNI spectrum and Eq. 3. Main drawbacks of this
calculation reside in the integral form of the transmittance. Indeed, as shown by Eq. 4, due to exponential
dependency on wavelength, the transmittance of a heliostat cannot be written, in general, as a product of the
spectral transmittance of any other heliostat (or ground-tower) transmittance by the DNI.
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𝒯! =   

!!"#
𝐷𝑁𝐼! 𝑒 !!!! 𝑑𝜆    ⇎    𝐷𝑁𝐼
!!"#

!
!!"# !!
𝑒 ! 𝑑𝜆
!!"#

(Eq. 4)

Therefore, atmospheric losses at a slant-distance 𝛼 ∗ 𝑧! of the tower has to be written:
𝒜! = 1 −   

!!"#
!!!! !"
!!"# !! ∗    !"#! ∗  !
!!"#
!!"# !! ∗  !"#! !"

  

(Eq. 5)

Where 𝜌! is the spectral reflectivity of the heliostat and 𝐷𝑁𝐼! the value of DNI at the wavelength 𝜆. Note that
the reflectivity is used in both numerator and denominator to take into account only atmospheric losses in the
equation and not reflectivity losses. The full losses for an heliostat, ℎ, can be written:
𝒜!,! = 1 −   

!!"#
!!!! !"
!!"# !! ∗    !"#! ∗  !
!!"#
!!"#   !"#! !"

∗   𝛽  

(Eq. 6)

Where 𝛽 is a dimensionless coefficient taking into account cosine effect, blocking and shading losses, supposed
to be independents of the wavelength.

4. Numerical application
The implementation of the theoretical method has been employed by using SMARTS with satellite data to
describe the atmosphere at two sites in Chile. The two sites almost share same latitude but the first site (Point 1)
is close to the Pacific sea while the second (Point 2) is located into the Atacama Desert of Chile. The elevation
is also different has first site (Point 1) is 80 meters above sea level while second site (Point 2) is at more than
2700 meters above sea level. Table 1 shows main characteristics of the two sites used in this study.
Tab. 1: Locations of the two sites used to illustrate the numerical calculation of atmospheric attenuation.

Site name

Site characteristics

Latitude
[°]

Longitude.
[°]

Elevation
[m]

Point 1

Maritime

-23.00

-71.25

80

Point 2

Desert

-23.5

-68.875

2780

The MERRA-II (Bosilovich et al., 2015) database related to aerosols properties (Aerosol Optical Depth at 550
nm), total content of water (TCW), total ozone content (TOC) and ground pressure has been used as input of
SMARTS model to estimate atmospheric attenuation. As this work only aims to demonstrate the feasibility of
the theoretical method proposed, the atmospheric vertical profile has been set to the US-Standard and the
aerosol model Rural has been chosen and the simulated tower is 200 meter above ground level. The Sandia
method (Ebrahimpour and Maerefat, 2010) has been applied to the MERRA-II database, for 30 years of data
from 1989 to 2018, to get the most representative year of aerosols optical depth by selection of representative
months.
Once all the atmospheric description was obtained, two different simulations were done with SMARTS model
to obtain spectral transmittance between tower and ground along a vertical path and to obtain DNI spectrum at
ground level for the current sun’s position. As already used by Gueymard et al. (2017), the TCW at tower level
was calculated using a scale height of 2.0 km. This approach was also used to estimate pressure at tower level
(but with a typical atmospheric scale height about 8.8 km) and for the aerosols with a scale height about 3.0 km.
SMARTS spectral transmittance for Rayleigh, Water vapor, Aerosols, Mixed Gas and Trace gas were used for
both ground level and tower level to obtain a total transmittance on a vertical path between ground and tower.
Numerical simulations have been done for the whole selected year with an hourly resolution (as MERRA-II
input data) to generate transmittance and DNI spectrum for each hour at the two sites. In figures 2 and 3, Total,
Rayleigh, water vapor, aerosol, mixed and trace gas transmittance spectrum is represented at noon for the
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summer solstice of both sites for two value of 𝛼. Main difference of site transmittance is due to the water vapor.
Point 1 transitivity of water vapor is close to 0% around 2800 nm even for 𝛼 = 1 (i.e tower to ground in vertical
path) while it only reach 15% at the same wavelength for Point 2, as shown in Figure 4. Aerosols and Rayleigh
transmittance shows some difference between the two sites, affecting wavelength from UV to visible part of
spectrum.
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Figure 2 Total, Rayleigh, Water vapor, Aerosols, Mixed gas and Trace gas transmittance at Point 1 (Chilean pacific cost) for
summer solstice at noon for two different distances (𝜶 = 𝟏 and 𝜶 = 𝟏𝟎). Spectrums have been calculated with SMARTS and
MERRA-II data.
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Figure 3 Total, Rayleigh, Water vapor, Aerosols, Mixed gas and Trace gas transmittance at Point 2 (Atacama desert) for the
summer solstice at noon for two different distances (𝜶 = 𝟏 and 𝜶 = 𝟏𝟎). Spectrums have been calculated with SMARTS and
MERRA-II data.
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Figure 4 Total transmittance for the two sites at noon of the summer solstice for two different slant distances (𝜶 = 𝟏 and 𝜶 = 𝟏𝟎).
Spectrums have been calculated with SMARTS and MERRA-II data.

Spectral attenuation calculated with SMARTS for each hour at the two sites has been integrated around a
heliostat field of 8790 heliostats. The heliostat field layer was obtained by using System Advisor Monitoring
(SAM) (NREL, 2014) letting us calculate the value of the parameter 𝛼 for each heliostat. To calculate only the
heliostat field attenuation, the Equation 5 is used, whit a constant reflectivity of 100%. Table 2 represents the
monthly value of DNI and attenuation at the two sites and Figure 5 shows the monthly variation of atmospheric
attenuation at the two sites. The monthly DNI is obtained by summing the hourly DNI while the attenuation is
calculated as:
𝒜

=

!!!!"# !!!"#$
𝒜! !"#!
!!!
!!!
!!!!"#
!"#!
!!!

  

(Eq. 7)

Where 𝑡!"# is the total hour of the month while ℎ represent each heliostat of the heliostat field.
As expected, Point 1 suffers higher atmospheric attenuation than Point 2 (2.5 times higher for the yearly value),
mainly due to its location (close to the sea) and elevation. Linked to the atmospheric attenuation, the DNI of
Point 1 is 28% lower than Point 2 if we consider the yearly value. Both sites have variations of atmospheric
attenuation along the year. At Point 2, from April to October (Winter of South hemisphere) attenuation is low
while it is almost two times higher in summer. Point 1 attenuation is more stable even if some high value can be
observed in February and October.
Knowing the atmospheric attenuation, it is possible to estimate the impact on the yearly-generated power for this
power plant. Here again, SAM has been used to estimate for those two sites the losses on generated power due
to atmospheric attenuation and therefore the Levelized Cost Of Electricity (LCOE). Point 1 shows an increase of
LCOE about 7.2% while Point 2 increase is 2.6% in comparison to the same cases without any atmospheric
attenuation. Even if the variation of LCOE is close to the atmospheric attenuation, there is some difference. This
is due that the complete process of generation involved in a tower power plant is not a linear function of the DNI
and therefore a decreased of DNI can leads to an higher decrease of produced energy.
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Figure 5 Monthly atmospheric attenuation two sites for the whole heliostat field. Attenuation has been calculated with SMARTS
and MERRA-II data considering a 200 m tower and 8700 heliostats.

Tab. 2: Monthly value of DNI and atmospheric attenuation at the two sites. Yearly value is also written at the end of the table.

Month
DNI [𝑘𝑊ℎ. 𝑚

Point 1

Point 2

!!

!!

]

Attenuation [%]

DNI [𝑘𝑊ℎ. 𝑚

]

Attenuation [%]

January

285.8

5.6

341.8

3.7

February

227.8

6.9

305.9

3.3

March

234.3

6.5

309.8

3.4

April

211.9

5.9

303.3

2.2

May

189.3

6.0

285.1

1.9

June

175.6

5.5

265.2

1.6

July

186.2

5.6

279.6

1.6

August

194.6

6.6

311.0

1.7

September

220.1

6.3

321.3

1.9

October

255.1

6.2

359.1

2.0

November

265.6

6.1

364.5

2.3

December

275.2

5.9

360.7

2.8

Yearly

2721.9

6.1

3807.7

2.4

5. Conclusions
Physical description of atmospheric attenuation has been developed from the single tower to ground attenuation.
This way to describe attenuation allows simple but physically exact calculation of heliostat field attenuation by
taking into account heliostat distance and spectral attenuation. This application of the radiative transfer theory
can be applied to estimate local atmospheric attenuation of a Solar Central Receiver power plant. The theory
shows that only three parameters are needed to estimated whole heliostat field attenuation: the transmittance
spectrum between tower and ground in vertical path, the heliostat-receiver distance and DNI spectrum at ground
level. By combining those three parameters, theory shows that the atmospheric attenuation can be calculated
exactly for the whole heliostat field. This theory can be applied to any kind of atmosphere at the condition that
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atmosphere extinction coefficient is homogenous in the horizontal plane but not necessary in the vertical
direction. It has been shown that derived transmittance spectrum should be considered with the actual DNI
spectrum, to keep the mathematical calculation exact.
An application of the theory has been made by using numerical methods to estimate transmittance spectrum,
heliostat attenuation and DNI spectrum. Any atmospheric radiative model that allows spectral calculation (such
as ModTran (Berk et al., 2006), LibRadTran (Emde et al., 2016) or SMARTS) could be used to estimate whole
heliostat field attenuation. As an example, an application has been made using SMARTS model and MERRA-II
database to study heliostat field attenuation for two sites in Chile and a 200 meters tower power plant. In this
study, such power plant located near the pacific cost would suffer about 6% of atmospheric attenuation while if
it is located in the Atacama Desert, this attenuation would be only 2.4%. Knowing the atmospheric attenuation
of a tower power plant can help to design efficient heliostat field and have best estimation of its Levelized Cost
Of Energy. At the two sites, using System Advisor Monitor, it has been shown that variation in atmospheric
attenuation is a good indicator of LCOE variation, but a full calculation taking into account whole power plant
process need to be done to estimate accurately this variation.
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Abstract

Climatological normal is a powerful tool to understand the behavior of meteorological variables like wind
speed, and it is typically employed in wind resource assessments. This paper compares three different sources
of long-term wind speed data at a wind farm, located in the Northeast of Brazil, with meteorological mast
observations at the site from 2009 to 2018. The main goal is to determine which one better describes the wind
climate at the wind farm. All long-term sources, MERRA-2, ERA-Interim and ERA-5, showed satisfactory
correlations with meteorological mast data for monthly means, which were 0.91, 0.94 and 0.95, respectively.
Even though the wind speed observations were systematically underestimated, all reanalysis databases
represented well the seasonal variability, but were not able to capture extreme winds. Although negative bias
was reduced using a linear regression, it remained in the months of austral winter in all datasets. The correlation
coefficient was not improved by the vertical correction of ERA-Interim wind speed, therefore the dataset from
1000 hPa represents satisfactorily the mean wind speed behavior at the target site.
Keywords: reanalysis, wind speed, correlation, wind farm

1. Introduction
According to the Global Wind Energy Council (GWEC, 2019), Brazil kept the 8 position in the cumulative
installed capacity globally, which accounts for 14.7 GW shared between 12 states. Wind energy reached the
second position in the Brazilian electricity matrix, which represents 9.0% of all electricity produced, most of
which originated from wind farms located in Northeast Brazil (NEB). This significant share of wind power
from NEB in the electricity matrix is partly explained by the atmospheric circulation (ABEEOLICA, 2019).
The unequal heating of the surface produces three cells called Hadley, Ferrel and Polar. The first one is located
between the 0° and 30° of latitude and has the following mechanism: the warm air rises near the Equator and
is redirected towards the poles near the tropopause. Around 30° (N/S), it descends because of the cooling. Due
to the horizontal pressure gradient, the air flows back to the Equador to close the circulation. This equatorward
motion is deflected to the left (right) in the Southern (Northern) Hemisphere due to the Coriolis force
(AHRENS and HENSON, 2017).
The deflected wind defines the southeastern trade winds of the Southern Hemisphere which are strong and
constant in both speed and direction in the ocean (WALLACE and HOBBS, 2006). On a seasonal scale, the
strongest winds are verified during the austral spring and winter which match with the dry season of the region.
Besides these global and seasonal scales, some wind farms located nearby elevated regions, known as a plateau,
in the countryside of Bahia (Brazil) can be benefited by the mountain-valley circulation (SCHUBERT, 2013).
Regarding interannual oscillations, being able to estimate the long-term wind speed is essential for the wind
industry to warrant their long term contracts, which are of 20 years in Brazil’s energy auctions (Brazil, No.
th

10.438/02). Reanalysis data are typically used to investigate the long-term wind climate at a given site via an
analysis entitled climatological normal. The World Meteorological Organization (WMO) defines
climatological normal as the mean climate of a 30-year period, but recent studies showed that the length of this
period can change according to site specific conditions (WMO-No. 100, 2011; WMO/TD-No. 1377).
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Parker (2016) defines reanalysis as a hybrid dataset which uses both data observation and forecasting models.
The forecasting models, also known as Numerical Weather Prediction, provide an initial estimation of the
atmospheric state and then the information from the observations, which can be from meteorological stations,
airplanes and satellites, are assimilated to improve the forecasts. Hence, this data assimilation is a crucial part
of the past long-term analysis construction.
Currently, the energy industry is studying the correlation of their datasets with reanalysis to obtain a
reconstructed 20-year dataset for their site, as demonstrated in Nunes et al. (2019). Recently, Kim et al. (2018)
obtained a correlation coefficient (R²) of 0.61 between Modern Era Retrospective-analysis for Research and
Applications - Version 2 (MERRA-2) and wind speeds measured at 100 m with an onshore meteorological
tower located in South Korea. On the other hand, at three other onshore towers (30 m height) the correlations
varied between 0.26 and 0.53. Regarding ERA-Interim, the best R² value found was 0.58 and the poorest
correlation was 0.25, both for different towers with 30 m height. Other works as Zhang and Bao (2012), Liléo
and Petrik (2011) and Kiss et al. (2011) also compared reanalysis datasets with in situ measurements for
different regions.
In Brazil, Stuker et al. (2016) evaluated ERA-Interim’s performance at 33 meteorological masts equipped with
cup anemometers 10 m above the ground in the South of Brazil. The mean value of the Pearson Correlation
Coefficient (R) was 0.70. Micalichen and Dias (2018) compared measured wind speed data from 17
meteorological stations over Minas Gerais with CFSR and CFSV2 reanalysis data and obtained a poorer
correlation (0.39).
For the NEB, specifically Ceará, Vieira et al. (2006) correlated monthly mean wind speed of a meteorological
mast with NCEP/NCAR reanalysis and the greatest values found were 0.78, 0.74 and 0.78 for March/1981,
November/1978 and October/1977, respectively. Both Micalichen and Dias (2018) and Vieira et al. (2006)
compared reanalysis data to meteorological station observations at 10 m height.
The studied literature reveals the highly site-specific performance of various sources of reanalysis data when
compared to in situ observations. Therefore, the proposal of this work is to compare MERRA-2, ERA-Interim
and ERA-5 wind speeds at a wind farm with complex terrain located in the NEB region from 2009 to 2018
with field observations of a meteorological mast at 78 m height, which is the hub height of the target site
turbines, and thereafter determine whether they may be used to calculate the climatological normal.

2. Data and Methodology
2.1 Reanalysis Data
Three reanalysis data were used in this study: MERRA-2, produced by NASA, ERA-Interim and ERA-5,
developed by European Centre for Medium-Range Weather Forecasts (ECMWF). MERRA-2 has temporal
and grid resolutions of 1 hour and 0.5° x 0.625°, respectively. The zonal and meridional wind components
from MERRA-2 were processed at 50 m above ground (Gelaro et al., 2017).
Unlike MERRA-2, ERA-Interim has a 6-hour resolution and a regular grid of 0.75° x 0.75° (Dee et al., 2011).
ERA-Interim dataset was obtained at the 1000 hPa pressure level, whereas this reanalysis does not have the
wind speed measured at a fixed height. ERA-5, the most recent reanalysis has a temporal resolution of 1 hour
and spatial grid of 0.25° x 0.25° (Copernicus Climate Change Service, 2019) for wind speeds at 100 m above
ground.
In this study, we used data from the node closest to met mast coordinate for both datasets. The linear distances
associated were of 10050 m for MERRA-2 and 14400 m for ERA-Interim and ERA-5.

2.2 Meteorological Mast Data
For comparison purposes, the wind speed observations at Morrinhos wind farm, which is owned by the wind
farm developer and operator Atlantic Energias Renováveis S.A., were recorded each 10-min using a cup
anemometer at 78 m above ground level. The meteorological mast used in this study is located in the northern
region of Bahia, as shown in Figure 1. Field observations of wind speed were also processed to filter outliers.
Subsequently, all data were processed into hourly, 6-hours and monthly means and then normalized using the
maximum value method due to data confidentiality issues.
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Figure 1: Morrinhos wind farm located at the yellow pin. Source: Google Earth (2019).

2.3 MCP Method
In many regions, there is a lack of reliable and long meteorological datasets, which may enhance wind resource
assessment uncertainty. The alternative commonly used by industry is a method called Measure-CorrelatePredict (MCP), in which a short dataset of wind speed at the target site can be correlated with a longer dataset
at another reference site to produce long-term time series at the target site. There are some studies, such as
Carta et al. (2013) and Thøgersen et al. (2007), that compare different MCP methods. A linear regression
approach was chosen for this study because it usually produces good results, as shown by Thøgersen et al.
(2007) and Hanslian (2015). The wind speeds are linearly related by the following expression:

𝑦 = 𝐴∗𝑥 + 𝐵

(eq. 1)

where y and x are the meteorological mast and reanalysis wind speeds, respectively. For this study, both
observations and reanalysis data encompass the period between November 2009 to December 2018.

2.4 Metric coefficients: Correlation and Bias
To verify how the reanalysis data and the meteorological mast data correlate, the Pearson Correlation
Coefficient (R) was calculated using Equation 2 and for the bias calculation Equation 3 was used. Those are
given by:

𝑅 =

𝐶𝑜𝑣(𝑥,𝑦)
√𝑣𝑎𝑟(𝑥)∗𝑣𝑎𝑟(𝑦)
1

𝐵𝑖𝑎𝑠 = 𝑁 ∑𝑖𝑁(𝑥 − 𝑦)

(eq. 2)
(eq. 3)

In all the above equations, x, y and N represent the reanalysis data, the meteorological mast data and the
length of the dataset, respectively.

2.5 Periodogram using Fast Fourier Transform
The analysis of a meteorological variable using a decomposition of the time series into several frequencies is
commonly used to detect strong oscillations. There are some studies, such as Van der Hoven (1957) and
Hwang (1970), that applied the Power Spectral Density (PSD) in wind speed data near the surface to analyze
the contribution of eddy kinetic energy. The proposal of this study is to apply the same tool but in a different
timescale. The spectral analysis method consists of employing a Fast Fourier Transform (FFT), which takes
the Discrete Fourier Transform (DFT) and is calculated by equation 4, to generate a periodogram defined at
N/2 + 1 frequencies, where N is the length of the data, as follows:
(𝑗−1)(𝑘−1)
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(eq. 5)
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In equation 4, k is defined as an interval [1,(N/2)+1]. The PSD values are calculated by equation 6, excluding
the zero frequency.
𝐼(𝜔) = 2 ∗

1
𝐹𝑠∗𝑁

∗ |𝑍𝑡 (𝑘)|²

(eq. 6)

The factor 2 exists to conserve the total power and Fs is the measured data frequency. Further information
about the mathematical equations included in this method can be found in Numerical Recipes (1986).

3. Results
3.1 Correlation
Figure 2 shows the scatter plots and linear regressions between each reanalysis datasets versus observations,
while Table 1 shows the Pearson Correlation Coefficient. For hourly means, Figures 2a, 2c and 2e show a large
dispersion around the straight line, which reflects the R values around 0.5, but for monthly means, the
correlation values increase significantly, reaching 0.95 for ERA-5, 0.94 for ERA-Interim and 0.91 for
MERRA-2 (Table 1).
It can be seen that for lower measured wind speeds the data are not easily approximated by a line segment
(Figures 2b, 2d and 2f). This effect may be partially attributed to the wind speeds being more sensitive to local
(microscale) conditions for lower wind speeds, whereas ERA-5, ERA-Interim and MERRA-2 displays better
correlation during more intense synoptic activity.
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Figure 2: Scatter graphs for MERRA-2, ERA-Interim and ERA-5. Left-side graphs are the scattering from hourly means and
right-side graphs are from monthly means.
Table 1: Pearson Correlation Coefficient for hourly and monthly means.

Reanalysis

R (Hourly mean)

R (Monthly mean)

MERRA-2

0.59

0.91

ERA-Interim

0.53

0.94

ERA-5

0.64

0.95

3.2 Diurnal Biases
As can be seen in the six heatmaps of Figure 3, there are negative biases in all reanalysis datasets before the
MCP application, which is strongest during the night period. After MCP the bias was significantly reduced,
reaching zero from 9 am to 19 pm for MERRA-2. For ERA-Interim, before the MCP underestimated the
wind speed more than 20%, and afterwards it was reduced to almost zero. Regarding the seasonal biases, the
MCP was not so effective during the austral fall and winter, as shown in Figures 3b and 3c.
ERA-5 had the lowest bias of all three reanalysis during the entire year and for all day period, with the highest
value around 5% from 4 pm to 8 am period (Figure 3e). It is interesting to note that after the MCP application,
the bias was reduced to zero from 2 am to 6 pm for all months, but for the period of 7 pm to 1 am that displayed
an increase of the bias, varying from 5% to over 10% (Figure 3f). Although this nighttime pattern before the
MCP was observed in both MERRA-2 and ERA-Interim analyses, this problem did not apper when using
ERA-5 (Figure 3e).
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Figure 3: Bias from MERRA-2, ERA-Interim and ERA-5. Left-side graphs are the original dataset from reanalysis and figures
from the right-side graphs are from the dataset with MCP.

3.3 Time Series and Signals Comparison
Figures 4a, 4c and 4e show that observed wind speeds are systematically underestimated by both reanalysis
data, but can, nonetheless, characterize the seasonal variations reasonably and reproduce abrupt peaks and
trends in the time series. Additionally, the MCP was applied to verify the efficiency of this method. Although,
for all reanalyses (Figures 4b, 4d and 4f) low wind speeds cannot be predicted as well as the high wind speeds,
ERA-5 produced a better fit with observations.
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Figure 4: Wind speed time series comparison for MERRA-2, ERA-Interim and ERA-5. Left-side figures represent the monthly
means time series from the original dataset and right-side figures are the monthly means time series from the dataset with MCP
applied.

A periodogram of Power Spectral Density (PSD) was generated using FFT to verify the capability of
identifying cycles present in wind speed measurements and the reanalysis dataset. Figures 5a, 5b and 5c display
the Power Spectral Density [W] of the wind speed where the frequency is depicted along the abscissa on a
logarithmic scale.For all periodograms, the reanalysis data are processed into an hourly means for MERRA-2
and ERA-5, and 6-hour means for ERA-Interim.
The strongest signal arises from the diurnal cycle (10 0) and is captured by all datasets. The measurements of
hourly wind speed show two strong cycles with 6.9 and 27.8 days of duration which could not be detected by
any of the three reanalyses. The last visible cycle is the annual cycle with 370.4 days/cycle from the dataset
measured at the site and 365.2 days/cycle for MERRA-2 and ERA-5 datasets.
The periodogram generated by ERA-Interim reanalysis is poorer than the ones generated by MERRA-2 and
ERA-5, as these two datasets are processed in hourly means. On the other hand, the ERA-Interim periodogram
could detect precisely the annual cycle of 365.2 days, while the dataset from the meteorological mast (using
6-hour mean as well) registered an annual cycle of 365.3 days.
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Figure 5: Periodogram using FFT for a) MERRA-2, b) ERA-Interim and c) ERA-5.

4. Concluding Remarks
This paper evaluated the correlation and spectral characteristics of wind speeds obtained from three different
reanalysis datasets with in situ observations from a sonic anemometer installed in a meteorological mast. Even
though all reanalyses presented a satisfactory performance regarding monthly mean wind speeds, the greatest
correlation for a nine-year period (0.95) was obtained with ERA-5. It was visible that by applying the MCP
method the biases can be corrected, on average during the day period, showing similar behaviour to that
generated using wind measurements at the wind farm. Extreme wind speeds cannot be predicted using
reanalysis data and only the annual and diurnal cycles can be detected by the reanalysis dataset using the
periodogram analysis. Future studies can consider the use of Artificial Neural Network (ANN) in order to
diminish the remaining bias verified in the fall and winter months.
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Appendix
In order to verify the performance of wind speed dataset from ERA-Interim in the 1000 hPa level, a vertical
correction was applied. For this, it was used the divergence dataset available in ECMWF site from November
2009 to December 2018 and then the values were divided by the gravity value at sea level (g = 9.81 m/s²) to
obtain the real height of the data. To apply the vertical correction, the mean alpha coefficient was found using
the power law (Equation 5).
𝑍

𝑈 = 𝑈𝑟 ( )
𝑍𝑟

𝛼

(eq. A1)

Where Ur and Zr are the wind speed and the height at reference level, respectively, while U is the wind speed
at hub height, which is 78 m. Figure A1a and A1b present the wind speed scatter graphs which show a
negligible difference, 0.02 lower than those generated by the wind speed data directly from 1000 hPa level. In
this analysis, the R values are 0.55 for the 6-hour mean and 0.92 for the monthly mean.

Figure A1: Scatter plot of wind speed with vertical correction from ERA-Interim (a) using hourly means and (b) using monthly
means.
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Abstract
The standard procedure today in solar industry is the acceptance of solar irradiance estimates via satellite images
(normally time series longer than 15 years) and its adaptation to the site where the solar power plant will be. The
adaptation was done by correlating the long time series via satellite with a short time series (1 year) of good
quality devices (first class pyrheliometer and standard secondary pyranometer) for measurements on terrestrial
surface. The purpose of this work was the development as well as the demonstration of four computational
techniques (simple regression, multiple regression, ANN and SVR) which allowed the correction/mitigation of
this bias. The estimators developed were applied for Patos, city in the Northeast of Brazil, and allowed a
significant decrease of the bias through the root mean square deviation (RMSD) of the originally estimated
values obtained from a satellite database. Bias correction for the employed metrics provided low bias values or
very close to zero according to some metrics. Regarding the RMSD, the simple, multiple and ANN (MLP)
linear regression algorithms produced slight improvements over the raw data from satellite, respectively of 2.5,
8.0 and 4.3%. When using the SVR, the resulting improvement was remarkable for the RMSD. In this case, the
improvement was about 57.9%. The results obtained showed the capacity of SVR for a reliable adjustment with
precision for the estimation of DNI via satellite, provided with high quality terrestrial data.
Keywords: DNI, MOS, Site Adaptation, Multiple regression, ML-SVR, Brazilian Northeast

1. Introduction
The knowing of total and direct solar irradiance is of fundamental importance for planning, analysis of
feasibility and design of a solar power plant. Within the uncertainties of a solar enterprise, the greater impact in
the financial risk (seen isolated) is by the inaccurate knowledge of long-term solar resources (15-25 years).
Currently in the world there are very few terrestrial measurements with long time series of DNI or GHI solar
irradiance. Although not ideal, the standard procedure today in solar industry is the acceptance of solar
irradiance estimates via satellite images (normally time series longer than 15 years) and its adaptation to the site
where the solar power plant will be. The adaptation is performed correlating the long time series via satellite
with a short time series (1 year or less) of good quality (first class pyroheliometers and standard secondary
pyranometer), measured on terrestrial surface.
A series of scientific works have already been done on the subject. Gueymard et al.(2012) did an
extensive work and proposed two methods for the correction of solar irradiation data obtained from satellite
images. The first method combined a clear sky model with local aerosol data. The second, known as MOS
(Model Output Statistics), consisted in the removal of the bias of solar irradiation with high quality local
terrestrial data. The conclusion is that the method improves with the increase of the measurement period and
reaches its optimum with 01 year duration. The adjustment was performed by a multiple regression. Cebecauer
and Suri (2011), Cebecauer et al. (2011) and Polo et al. (2016) demonstrated that the bias can be removed by
determining the correction factor between the terrestrial and satellite data. Cebecauer et al., (2011), Vernay et al.
(2013) and Polo et. al. (2014) proposed improvements by correcting aerosol values used in satellite modeling.
Nonlinear correction methods and correction using the cumulative probability distribution function were
proposed by Mieslinger et. al. (2014) and Cebecauer et. al. (2012). Finally, Polo et al. (2016) performed an
extensive and complete review on the subject, resulting from the Task Group of the International Energy
Agency Solar Heating and Cooling Program, Task 46 “Solar Resource Assessment and Forecasting”. That paper
concluded the need to maintain the quality of the various existing algorithms and the local adaptation of
atmospheric and topographic conditions, and in general, environmental conditions.
By keeping that context in mind, this work aimed to verify the operation of traditional algorithms
(linear and multiple regression) as well as proposing new ones based on artificial neural networks (ANN) and
machine learning (ML), by means of a Multilayer Perceptron (MLP) and a Support Vector Machine applied to
regression (SVR). As a secondary goal, verify and test such algorithms, particularly in the semi-arid region in
Northeast of Brazil, a place with much abundance of solar resources, although poorly known.

2190

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.45.11 Available at http://proceedings.ises.org

C. Tiba et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2. Material and Methods
( ) and
Model Output Statistics - MOS modeling will take under consideration two time series,
( ), time series of solar irradiance observations via satellite and time series of the terrestrial station,
respectively. From the previous series, the solar irradiation prediction error was defined as:
( )

( )

( )

(1)

where, ( ) is a function of local meteorological and/or physical variables.
2.1. Simple Linear Regression
The simplest method is called the quotient method and it is a process of scale correction. DNI or GHI
solar irradiance suffers a correction of the bias (systematic deviation) in a way that the time series via satellite
and the terrestrial surface measurement overlap for the period considered (Gueymard and Wilcox, 2009; Polo, J
et. al, 2015). It is the application of Minimum Squares Method, such that the coefficients A and B of the linear
expression bellow are estimated:
( )

( )

()

The input data for this model, since there is a single input variable, x(t), will be the satellite irradiance
( )
measurement, while the output data will be the values of E(t), that is, the differences
( ) for
each observation in the instant t of the time series.
It is important to observe in the models that will be succeeded in this text, that there is the clear goal of bias
( ) , obtained by the model in question. Further in each model,
removal E(t) insofar through its estimator
( ) output from the satellite.
it will be subtracted from the
2.2. Multivariate Linear Regression
Approaches based on multivariate linear regression have been used in literature within the field of solar
resources assessment (Clack, 2017). In the present case, the adopted model considers the output variable, ( ),
as a function of a linear relation of several input attributes. Then, the expression that follows with four inputs
was used for modeling the bias:
( )

(2)

where,
: Temperature(sat), in Celsius degrees
: relative humidity (sat), in %
: GHI(sat), total irradiance, in kW/m²
: DNI(sat), direct irradiance, in kW/m²
.
2.3. Artificial Neural Network (ANN) and Machine Learning (ML) approaches: MLP and SVM(R)
Machine Learning (ML) and Artificial Neural Networks (ANN`s) have proven their capabilities in
providing solutions when dealing with regression problems. In particular, ML and ANN, have also been broadly
used to estimate irradiances, as can be found in the work of Ameen at al. (2019) to estimate GHI. Both, ML’s
and ANN’s, have their own algorithms with different architectures associated with weight
distribution/adjustment and loss function concepts. Besides, they have different tuning parameters that allow,
while reducing the output error and searching for a global minimum, build and optimize their respective models.
All previous approaches can then be compared according to some metrics in order to classify each model that
was built. In terms of ANN’s, a Multilayer Perceptron (MLP) was chosen and with respect to ML’s, the Support
Vector Machine (SVM) was selected, regarded that they would be applied to the regression case.
The ANN Multilayer Perceptron used here was conceived with the architecture depicted in Fig 1. In
the input layer (X) there are 6 neurons, one for each input. There are also 3 hidden layers with 10 neurons, each.
One single neuron is in the output layer (Y). The sigmoid type activation function was the hyperbolic tangent.
An amount of irradiance data in 220 days were randomly selected to be used in the training stage, 75% in a total
of 293 days. To the test stage, the remaining 73 days (25%) were applied. And the difference, i.e., 365-293 days,
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were not used once that at least one of the two conditions were satisfied in those days: Kt < 0.5 or irradiances
were less than 50W/m². Those conditions will be covered later in the text.

Fig. 1 - Multilayer Perceptron (MLP) ANN
Support Vector Machine or SVM is a supervised learning technique that has been established within
the concept of machine learning (ML). Basically, the SVM is a linear machine (HAYKIN, 2002). It is a tool that
has been used extensively and successfully in problems that require classification or even, with some needed
changes in the algorithm, regression. It has its bases based on the theory of statistical learning developed by
Vapnik (1998;1999a). The application of this technique has presented results that are comparable and often
superior to those obtained by other learning algorithms, such as Artificial Neural Networks (ANNs). The SVM
has some characteristics that deserve to be emphasized:






Well defined theory. The SVM's have, within the areas of Mathematics and Statistics, a wellestablished theoretical formulation;
Convexity of the objective function. The use of SVM means optimizing a quadratic function that has
only a global minimum. This is an advantage, for example, over artificial neural networks, where it is
possible to have local minimums in the objective function, minimization target;
Good generalization capacity. The classifiers resulting from SVMs generally have good generalization
capabilities, considering that the efficiency of a predictor is measured through data that does not belong
to the training set. In this way, overfitting is avoided, in which the predictor becomes very specialized
in the training set, but presents poor performance against new standards;
Robustness in large dimensions. SVM's are robust when applied to large objects such as images, for
example. Other types of classifiers commonly generate overfitting in the presence of such data.

When working with a regression problem, SVM is commonly known as SVR, given that SVR is a SVM
with some modifications in the algorithm to attend the regression case. An important step to build a SVR model
is done by choosing a kernel, a mapping technique accomplished in order to achieve a better curve fitting.
Indeed, whatever would be a solution in respect to classification (SVM) or regression (SVR), a radial basis
kernel function is often selected among other possible choices. So, a radial kernel was then the choice that
reached the best results in the SVR model. Finally, the refinement of the input parameters in SVR model is
usually done through heuristic methods or guides for optimization of such model (C.W., C.C. e C.J, 2019). That
cited guide was useful for adjusting the parameters of the SVR model, especially for optimizing the parameters
called cost and gamma.
It is worth to say that the algorithm LIBSVM (Chang, 2011) is embedded in the library used in Python
language to implement the SVR, which also incorporates an algorithm named SMO (Fan, Chen and Lin, 2005),
an abbreviation for sequential minimal optimization (Platt, 1998), to get more efficiency.
In MLP as well as SVR, the (satellite) measured input variables to use in the models were:
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: DNI;
: Atmospheric pressure;
: Day of year

The development of the entire software with the modeling algorithms was done through Python
programming language, widely used nowadays.
2.4. Metrics Adopted
Three metrics were established to assess the performance of the methods for bias removal or mitigation, that is,
the minimization of the error variable defined by the previous section such as ( ).
MBD – Mean Bias Deviation:

∑ ( )

∑(

( )

( ))

The usefulness of this measure reflects the total mean deviation considering all the occasional deviations
observed in the instant t.
MBDabs – Absolute Mean Bias Deviation:
∑| ( )|

∑|(

( )

( ))|

RMSD –Root Mean Square Deviation:
Besides the previous metrics, there is another one commonly used to measure the deviation from the desired
values:

√ ∑ ( )

√

∑(

( )

( ))

2.5. Dataset
The satellite dataset was obtained for 2013 with a one minute resolution for the city of Patos (Latitude
07º 01' 28" S and Longitude 37º 16' 48" W), elevation of 254m above the sea level. The city of Patos is in the
Northeast of Brazil, in the state of Paraiba (PB). The long time series via satellite (Direct Normal Irradiance,
DNI, and Global Horizontal Irradiance, GHI) was purchased from Solargis. The spatial resolution provided is
250m. Besides, the output from the database Solargis (v2.1.17) was calculated from GOES satellite data (©
2018 NOAA) and from atmospheric data (© 2018 ECMWF and NOAA) by Solargis method. Besides, it is
important to note that the satellite dataset was referred to the same coordinates as the ground station.
The solarimetric station on the ground was formed by a class 1 pyrheliometer, standard secondary
pyranometers and other meteorological instruments compliant with WMO standard (2015). The Fig. 2 shows
where the ground station was mounted. The localization of the ground station can also be seen online through
the internet link:
https://solargis.info/imaps/#tl=Google:hybrid&bm=satellite&loc=-7.079722,-37.277222&c=-7.079722,37.277222&z=14
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Fig. 2 – Localization of the ground station.
3. Results and discussions
Several techniques were implemented through the software developed for the scientific purpose of
investigation and research about the DNI – Direct Normal Irradiance – measured by satellite in relation to data
obtained on terrestrial surface. Parameters such as MBD and RMSD were presented in form of algorithms and
placed as instruments for the measurement of results for each adjustment model chosen. Particularly, the
analysis through artificial neural-network involved, as usual in this technique, refinements of external
parameters of the programming libraries of the neural-networks with the purpose of obtaining better
performance of the selected models (Tiba et. al., 2018).
3.1 Raw and filtered data for Patos city
Initially, an algorithm was created to perform the reading and synchronizing in time two databases
originated from different sources: satellite and terrestrial solarimetric station. In Fig. 3a can be seen the hourly
raw data for Patos city, shown in ordered pairs (DNIsup ; DNIsat) in a system of Cartesian coordinates.
To reduce scattering, clear sky days were filtered so that the transmittance index (Kt) is higher than 0.5
and the DNI is higher than 50W/m² (Polo et al., 2016). By filtering the raw data, the result will be the graphic
showed in Fig. 3 on the right.

Fig. 3 – Graphics of avg. hourly irradiance: raw data (left) and filtered data (right).
3.2 Linear Regression
Using the filtered dataset the simple regression between terrestrial and satellite solar irradiation results
in the equation, regarding a daily average basis of DNI irradiance:
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E(t)=Δ(DNISAT –DNIGROUND) = 0.058DNISAT-0.220
And the Gsat(t) value may be adjusted by the subtraction of E(t), that is, by the removal of the bias:
( )

( )

( )

( )

( )

(

)

That is,
( )

(kWh/m²)

The Fig 4 shows a graphic overlay for Patos city regarding satellite e ground based DNI irradiances
along the year, before (left) and after (right) the site adaptation process by linear regression method.

Fig. 4 – Graphic overlay for Patos, before (left) and after (right) the linear regression method.
On the other hand, the Fig. 5 shows the graphic scattering of points before (on the left) and after (on the
right) the adjustment between the satellite and observed irradiance data in surface, regarding a daily average
basis. The previously filtered pointes were included in those graphics in spite of not being modeled.

Fig. 5 – Graphics of avg. hourly irradiance: before (left) and after (right) linear regression approach.
3.3 Multiple Linear Regression
The model considered the output variable, ( ), as function of a linear relation of various input attributes.
( )
In the cases of Multiple Linear Regression, the (satellite) measured input variables to use in the models were:
: Temperature(sat), in Celsius degrees
: Relative humidity(sat), in %
: GHI(sat), total irradiance, in kW/m²
: DNI(sat), direct irradiance, in kW/m²
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where, E(t) is the bias, Xi are the variable obtained by satellite, respectively from the environmental temperature
(0C), relative humidity (%), total irradiance (kW/m²) and direct irradiance kW/m². The data processing for this
model provided the following results for the coefficients seen in the expression above:
: -8.5746,

: 0.2295,

: 0.0556,

: -0.3720,

: 0.2538

The Fig. 6 shows a graphic overlay for Patos city regarding satellite e ground based DNI irradiances along
the year, before (left) and after (right) the site adaptation process by multivariate linear regression method.

Fig. 6 – Graphic overlay, before (left) and after (right) the multivariate linear regression method.
To compare the scattering results of the multivariate approach, the Fig. 7 shows the results in terms of
the points before (on the left) and after (on the right) the adjustment between the satellite and observed
irradiance data in surface. The previously filtered pointes were again included in those graphics.

Fig. 7 – Graphics of avg. hourly irradiance: before (left) and after (right) multivariate regression approach.
3.4 MLP and SVM(R) Algorithms
In order to test the bias mitigation by an ANN approach, the satellite data for Patos city were submitted
to a Multilayer Perceptron (MLP). There was a lot of agreement with the results previously obtained, what can
be seen in Tab. 1 and Tab. 2. Only the MDB bias had not reduced as could be expected by comparing with the
past methods employed. This is partially due to the technical construction of the neural network model in which
75% of the samples were took randomly and used exclusively in the training of the MLP and, therefore, 25% of
the samples were reserved and presented to the MLP just in the later stage of testing and evaluation of results.
Finally, the MBD, MBDabs and RMSD metrics were calculated over all samples, i.e., including the values
returned from the training and testing stage.
The Fig. 8 shows a graphic overlay for Patos city, regarding satellite e ground based DNI irradiances
along the year, before (left) and after (right) the site adaptation process by the ANN-MLP method.
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Fig. 8 - Graphic overlay, before (left) and after (right) the ANN-MLP method.
With the aim of comparing the scattering results of the MLP approach, the Fig. 9 shows the results in
terms of the points before (on the left) and after (on the right) the adjustment between the satellite and observed
irradiance data in surface. The previously filtered pointes were once again included in those graphics.

Fig. 9 – Graphics of avg. hourly irradiance: before (left) and after (right) MLP approach.
By using the same inputs (and split ratio) for train and test stages as in the MLP method, a SVR
machine learning approach was built. As a result, it was found a significant improvement over the past
algorithms. The Fig. 10 shows a graphic overlay for Patos city for the SVR method in a similar way as done
before.

Fig. 10 – Graphic overlay, before (left) and after (right) the SVR method.
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To compare the scattering results of the SVR approach, the Fig. 11 shows the results in terms of the
points before (on the left) and after (on the right) the adjustment between the satellite and observed irradiance
data in surface. The previously filtered pointes were once again included in those graphics.

Fig. 11 – Graphics of avg. hourly irradiance: before (left) and after (right) SVR approach.
Finally, to summarize the results, a comparison among the 04 algorithms employed here is shown in
Tab. 1 and Tab. 2. All the methods performed the correction of the bias adequately. With respect to the RMSD
metric, the simple, multiple and ANN (MLP) regression algorithms yielded a slight improvement regarding the
satellite data adjustment, respectively of 2.5, 8.0 and 4.3%. When using SVR, the improvement of the results
was remarkable. The RMSD, in particular, reduced 57.9% from its initial value. It is important to emphasize that
the regions with the restrictions, i.e., the filtering procedure, were not modeled, what means that the models did
not take those points into account.
Tab. 1 – Performance metrics for Linear and Multiple Regression (daily average values in kWh/m2)
Linear Regression
Method
and
metric
Before
adjust.
After
adjust.

MBD

MBD

RMSD

Multiple Regression
MBD

MBD

RMSD

abs

abs

0.693

0.178

0.932

0.693

0.178

0.932

0.680

0

0.909

0.645

0

0.858

Tab. 2 – Performance metrics for MLP and SVR methods (daily average values in kWh/m2)
ANN (MLP)
Method
and
metric
Before
adjust.
After
adjust.

MBD

MBD

ML (SVR)
RMSD

abs

MBD

MBD

RMSD

abs

0.693

0.178

0.932

0.693

0.178

0.932

0.671

0.038

0.892

0.184

0.008

0.392

3.5 Conclusions
In the present work, different methods were analyzed for the performing of site adaptation of direct
solar irradiance data estimated by satellite with high quality experimental terrestrial data. It was demonstrated
that the methods that use linear regression, multiple regression and ANN-MLP produce discreet improvements
in the statistical indictors MBD and RMSD The use of the SVR method produced a MBD measurement close to
zero and a RMSD, at least, 54.3% lower than other methods. The obtained results show the ability of SVR
machine learning for reliable and precise adjustment of the estimations by satellite of the DNI with high quality
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terrestrial data. Further improvements may be expected when using in SVR method the adjustment with local
terrestrial variable, such as: precipitable water, aerosol optical depth, cloud index and clear sky solar radiation
measurements. Such variables may be derived upon existing empirical expressions that relate them with
conventional terrestrial station data (temperature, relative humidity, atmospheric pressure GHI and DNI). With
that, the adjustment between the terrestrial and satellite data will be performed with a larger number of common
physical variables.
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Abstract

Rooftop-mounted solar photovoltaics have shown to be a promising technology to provide clean electricity in
urban areas. Several large-scale studies have thus been conducted in different countries and cities worldwide to
estimate their PV potential for the existing building stock using different methods. These methods, however, are
time-consuming and computationally expensive. This paper provides a Machine Learning approach to estimate
the annual solar irradiation on building roofs (in kWh/m2) for large areas in a fast and computationally efficient
manner by learning from existing datasets. The estimation is based on rooftop characteristics, input features
extracted from digital surface models and annual horizontal irradiation. Five ML models are compared, with
Random Forests exhibiting the highest model accuracy. In the presented case study, the model is trained using
data of the Swiss Romandie area and is then applied to estimate annual rooftop solar irradiation in remaining
Switzerland with an accuracy of 92%.
Keywords: Rooftop photovoltaics, annual solar irradiation, city-scale PV potential, Machine Learning

1. Introduction
Rooftop-mounted photovoltaics (PV) have shown to play a key role in the transition to renewable electricity
generation in cities and urban areas. Hence, several studies which estimate annual PV potential on building roofs
have been conducted city or country scale, for example in Germany (Mainzer et al., 2017; Ramirez Camargo et
al., 2015), in Spain (Izquierdo et al., 2008; Ordóñez et al., 2010) and in Switzerland (Assouline et al., 2017; Buffat
et al., 2018; Klauser, 2016). Various input parameters need to be determined to estimate PV potential at large
scale. These include (i) global, direct and diffuse horizontal irradiation at hourly or daily resolution, (ii) roof slope
and aspect, (iii) shading effects from trees and buildings, and (iv) available roof area for PV panel installation.
The parameters are determined using geographic information systems, image processing or Machine Learning
(ML) techniques. A physical model is then applied to compute the tilted irradiation, which is multiplied by the
available roof area for PV installation and the system’s performance to obtain the technical rooftop PV potential.
Existing studies of PV potential hence require the collection of various input datasets and the implementation of
computationally intensive data processing methods to compute each parameter. We propose a model which can
accurately predict long-term annual solar irradiation on building roofs from a reduced set of inputs and with a
significantly smaller computational effort compared to existing studies. Recent suggested methods such as a
simplified skyline-based method (Calcabrini et al. 2019) are insufficient for this task, as separate models needed
to be fitted for each pair of roof slope and aspect. Instead, we train a Machine Learning model using data from an
existing dataset of rooftop PV potential at national scale in Switzerland, in order to learn the relation between
rooftop features, weather data and rooftop irradiation. The use of ML for a large-scale estimation of rooftop PV
potential has been tested at the scale of communes (Assouline et al., 2017) and pixels of 200m ´ 200m resolution
(Assouline et al., 2018), but it has not yet been applied to the estimation of solar irradiation for individual roof
surfaces. ML methods to predict solar irradiation perform a short-term forecasting for individual roofs, but do not
address a large-scale potential estimation. An overview of these methods is provided by Voyant et al. (2017).
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In this work, we compare the performance of five different ML models in estimating the annual solar irradiation
on building roofs and we quantify the uncertainty for the predicted values. We further use Machine Learning to
reduce the number of input features by determining those with the highest importance for the prediction of annual
irradiation. Our model is trained and tested on data belonging to two distinct geographic areas in Switzerland. The
testing procedure demonstrates that our model predicts tilted irradiation (in kWh/m2) with an accuracy of 92.3%.
The results suggest that the proposed model is suitable to estimate annual solar irradiation on building roofs in
regions with similar geographic and meteorological conditions, for example in Germany, France or northern Italy.

2. Data and Methods
To estimate annual solar irradiation on building roofs (Gt, in kWh/m2), we account for different types of input
features, which represent the main input parameters used in existing studies. These are (i) horizontal irradiation,
(ii) roof aspect, (iii) roof tilt, (iv) shading effects from buildings and trees, (v) sky visibility, (vi) horizon maps.
We use a feature selection procedure to extract the most relevant features, and compare five Machine Learning
methods with respect to their performance in predicting Gt. The complete methodology is summarized in Fig. 1.
ML models*

Roof aspect
Roof tilt
Roof shading
Sky visibility
Horizon maps

Feature selection

Horizontal irradiation

LIN
KNN
SVM
ELM-E
RF

Annualrooftop
solar irradiation
Annual
irradiation
(Gt, in kWh/m2)

Model (
) and data ( )
uncertainty (ensemble models)

* see Section 2.3

Fig. 1: Schematic for estimation of annual rooftop solar irradiation (Gt). Feature selection is applied to choose the most
important features and to reduce the total number of features. Five Machine Learning algorithms are tested for the prediction
of annual Gt. The model and data uncertainties are computed for the ensemble-based algorithms (ELM-E and RF).

2.1. Dataset description
The target variable estimated in this work is the annual rooftop solar irradiation (Gt). We use values for Gt from a
publicly available dataset of PV potentials for 9.6M rooftops in Switzerland (Klauser, 2016) as labels for training
the ML models. The method applied by Klauser (2016) to obtain Gt is summarized in the Appendix. The dataset
also contains information on roof slope and roof aspect, which are input features to the ML models. We further
include the global and direct horizontal irradiation components (GHI and DNI) in the set of features. They are
derived from satellite data provided by the Swiss meteorological office MeteoSwiss (Stöckli, 2013) for the years
of 2004-2014, by linearly interpolating the satellite pixels to the coordinates of each roof surface and averaging
the results for all years. The diffuse horizontal irradiation is omitted, as it is the difference between GHI and DNI.
The shading effects from surrounding buildings and trees and the sky visibility, which is quantified as the sky
view factor (SVF), are typically derived from the horizon height of a roof. The horizon height can be interpreted
as the minimum sun altitude to illuminate a given point (in degrees), as shown in Fig. 2a. It is typically computed
for each azimuth angle in bins of 5° or 10° using a Digital Surface Model (DSM). The shading effects are then
computed for each time step (e.g. hourly) as the portion of roof surface with a horizon height above the current
sun altitude, while the SVF is obtained by integrating the horizon height for all azimuth angles. We use a DSM of
Switzerland in (2x2)m2 resolution, provided by the Swiss topographical office (Swisstopo, 2005), to compute the
average horizon height for each roof. In the feature set, we include the roof shading, obtained by averaging hourly
shading effects, the SVF and 9 of the DSM-derived horizons for azimuths of 60°-300° in bins of 30° (see Fig. 2a).
Table 1 summarizes all 15 features considered in the feature selection procedure.
Tab. 1: All available features for the estimation of rooftop solar irradiation. Italic features may not be
readily available or are computationally demanding to compute.

Roof features

Horizontal irradiation

Shade and skyview

Aspect angle

Annual global irradiation (GHI)

Roof shading

Tilt angle

Annual direct irradiation (DNI)

Skyview factor (SVF)
9 ´ horizon height (30° angle bins)
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Tab. 2: Characteristics of six cities selected for testing of the presented method. Aroof denotes the total roof surface.

City

Inhabitants

Area (km2)

# buildings

Aroof (km2)

Aroof / inhab.
2

Altitude (m)

Zürich

409,241

91.9

46,888

13.77

33.65 m

400

Basel

171,513

23.9

11,122

6.27

36.55

260

Luzern

81,401

37.4

5,940

3.25

39.95

435

Lugano

63,494

86.2

10,052

3.10

48.85

270

Davos

10,937

284.0

2,582

1.21

11l0.49

1,560

Interlaken

5,592

4.3

1,025

0.48

85.06

565

a)

b)

Fig. 2: a) Schematic representation of the calculation of horizon heights, computed for each DSM pixel and averaged per
rooftop; b) Geographic location of training and testing data (Swiss Romandie area and the remaining Switzerland).

The data set is standardized and split into training and test data, covering separate geographic areas of Switzerland
(see Fig. 2b). We use the Swiss Romandie area for training and the remaining country for testing. This boundary
is chosen as it represents a cultural and language border which divides all three geographic terrains of Switzerland,
namely the Alps, the Plateau (where most buildings are situated) and the Jura mountains. We randomly select
100,000 samples for training and 1,000,000 samples for testing with no noticeable reduction in the model
performance. We choose six cities inside the test area, shown in Fig. 2b, for which we will predict the aggregated
annual PV potential in order to test the performance of the proposed method at city level. The cities are selected
to cover different population sizes, geographic areas and altitudes. The details for each city are shown in Table 2.
2.2. Feature selection
The reduction of the number of features to a small set of easily available variables is one of the key aspects of this
work. To obtain such a reduced feature set, we use a recursive selection procedure that can be applied to any ML
algorithm. The metric used for the selection is the mean-squared error (MSE), which is obtained using a k-fold
cross-validation (CV). For this, the training data is randomly split into k subsets (folds), from which k ML models
are trained. Each model uses (k – 1) folds for training and the last fold for validation, i.e. to compute the MSE
between the target (annual Gt) and the predicted value. In this work, we use a 5-fold cross-validation (k = 5).
Starting from the complete feature set, we iteratively exclude one feature at a time and compute the MSE. The
feature whose exclusion causes the lowest change in MSE (DMSE) is permanently removed from the set of features.
This procedure is repeated until only one feature remains. The DMSE is recorded for each iteration and a threshold
for DMSE is chosen, which represents the maximum tolerable increase in MSE. The selected features are those
which form the smallest feature set that keeps DMSE below its threshold. As the number of cross-validations
increases with N2, where N is the number of features, this procedure may not be applicable for high-dimensional
problems, but it is appropriate for the size of the feature set used in this study (up to 15 features). We further aim
to obtain a feature set that contains only easily accessible features that can be obtained with a low computational
effort. Three out of 15 features, highlighted in Table 1, are hence excluded before applying the recursive selection.
These are (i) the DNI, which is frequently unavailable at measurement stations and not included in some future
climate scenarios, (ii) the roof shading and (iii) the SVF, which both require the computation of the horizon height
for all azimuth angles, which is the highest computational burden in large-scale PV potential studies.

b
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LIN

SVM

KNN

# neighbors = 5

!

!

# neighbors = 5

ELM-E

RF
!

Fig. 3: Concepts of ML algorithms used in this work. The selected algorithms are Linear regression (LIN), K-Nearest Neighbor
Regression (KNN), Support Vector Machine (SVM), Extreme Learning Machine Ensemble (ELM-E) and Random Forest (RF).

2.3. Machine Learning Algorithms
We compare five supervised regression models from different families of ML algorithms: (i) Linear Regression
(LIN), (ii) K-Nearest Neighbors (KNN), (iii) Support Vector Machines (SVM), (iv) Extreme Learning Machine
Ensembles (ELM-E), and (v) Random Forests (RF). In each case, the annual Gt is predicted from the selected
features. The architecture of each model is determined through a tuning procedure in the training phase, where
the parameters defining the model structure (hyper-parameters) are optimized in order to minimize the meansquared error (MSE) between the prediction and the target. The ML algorithms and their hyper-parameters are
summarized below and shown in Fig. 3. Table 3 gives the values of all hyper-parameters, which are tuned using
5-fold cross-validation. All algorithms except ELM-E are implemented using the Scikit-learn library for python
(Pedregosa et al., 2011), while the ELM-E is based on the HPELM package for python (Akusok et al., 2015).
Linear Regression assumes that the target is a linear function of the inputs. The prediction is obtained from the
linear combination of the features which minimizes the residual sum of squares between the target and predicted
values. It is fast and requires no tuning of hyper-parameters but shows a low accuracy for non-linear problems.
K-nearest Neighbor Regression is an interpolation algorithm, which computes a prediction as the average of the
targets of the k training samples whose features are closest to the given inputs. The training dataset hence works
as a look-up table for the predictions, which makes it effective for low-dimensional problems but inefficient for
large datasets. We use the Euclidean distance as a measure of “closeness” and tune the number of neighbors (k).
Extreme Learning Machine Ensemble is a collection of single-layer neural networks (ELMs), which were
developed by (Huang et al., 2006). Each ELM consists of one hidden layer, which is optimized in a more efficient
way than traditional neural networks. This results in a faster training time and a low number of hyper-parameters.
The aggregation of n ELMs in an ensemble further increases the robustness of the model and reduces the risk of
overfitting. We tune the size of the hidden layer (mELM) and the number of ELMs in the ensemble (nELM).
Support Vector Machine, introduced by (Cortes and Vapnik, 1995), is the most popular algorithm in the family of
kernel methods. It exploits the kernel trick, which projects the features to a higher-dimensional space that allows
for linear modelling. Its structure makes it particularly effective for high-dimensional problems, but it does not
scale well with the number of samples. In this work, we use e-Support Vector Regression with a radial basis
function as kernel and tune the kernel coefficient (g), the penalty parameter (C) and the error tolerance (e).
Random Forest is another ensemble algorithm, which was proposed by (Breiman, 2001). It consists of regression
trees, which pass a training sample along a set of nodes based on a threshold (defined during training) until a leaf
node is reached. The prediction of each tree is obtained by averaging the target values in the respective leaves. It
is a popular algorithm due to its good predictive power and high robustness. Its main hyper-parameters are the
number of features considered for the optimization of each threshold (mftrs), the minimum number of samples in
each leaf (mleaf) and the number of trees in the ensemble (nest).
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Tab. 3: Hyperparameters for each Machine Learning algorithm after tuning using k-fold cross-validation (k = 5).

LIN

KNN

ELM-E

SVM

RF

-

k = 17

mELM = 45

C=5

mftrs = 3

nest = 25

g = 200

mleaf = 3

e = 0.1

nest = 500

2.4. Uncertainty Estimation for Ensemble Models
We implement a method to estimate uncertainties on the predicted values, which has been used successfully to
estimate GHI at high spatio-temporal resolution (Walch et al., 2019). This method is applicable to models with an
ensemble structure, i.e. ELM-E and RF. It allows to distinguish between the uncertainty arising from the modelling
process ("# ) and the uncertainty related to the data noise ("$ ). The model uncertainty is estimated as the standard
deviation of the ensemble predictions, and the data uncertainty is derived from the modelling residuals, such that:
3

"%#& (() )

1
= .(/%01 − /%0 )& ,
-

(eq. 1)

8 = 1, … , :

145

"%$& (() ) = min {(?0 − /%0 )& − "%#& (() ), 0},

8 = 1, … , :

(eq. 2)

where () denotes input sample 8, /%01 is the prediction of each ensemble member B, /%0 is the ensemble prediction
(the mean of /%01 ), ?0 is the target for sample 8, - is the ensemble size and : is the total number of samples. As ?0
is not available for the prediction, a second ML model is trained with the residuals as targets, using the same
hyper-parameters as the primary ML model. This second model is used to estimate "$ during the test phase.

3. Results
3.1. Feature selection and importance analysis
As described in Section 2.2, we perform recursive feature selection for the reduced set of 12 features, which
excludes the DNI, roof shading and SVF. We use the KNN as assessment model due to its high computational
efficiency and low error. Figure 4a shows the results for the selection procedure as the increase in the crossvalidation root-mean squared error (RMSE) for the selected features with respect to the RMSE obtained from the
complete feature set (listed in Tab. 1). The curve falls steeply for a low number of features, where each additional
feature brings a large improvement in performance, and flattens out when six or more features are used. We choose
a threshold of 5kWh/m2 as maximum acceptable increase in RMSE, corresponding to approximately 5% of the
modelling RMSE (see Tab. 4). This gives a set of six remaining features, and six features are excluded. The
removed features are shown in Fig. 4a in the order of exclusion, indicating that north-facing horizon heights have
the smallest contribution in the modelling, followed by the near-south as well as the east and west horizon heights.
a)

b)

Fig. 4: a) Change in RMSE for recursively eliminating variables from the feature set, with indication of eliminated features
(threshold = 5kWh/m2); b) Feature importance score (obtained using RF) for all selected features used in the ML models.
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The remaining features are shown in Fig. 4b, ranked by their importance score. This score is obtained from the
built-in feature importance method of the Random Forest algorithm, which quantifies the contribution of each
feature to increasing the model performance. The results confirm that all features are relevant to the modelling,
with the roof aspect as well as the south-facing horizon height scoring highest, before the roof tilt and GHI. This
analysis suggests that three horizon heights, at 120°, 180° and 240°, are sufficient for a good prediction of annual
tilted rooftop irradiation.
3.2. Comparison of ML models
After choosing the final set of features (see Fig. 4b), we apply each of the five ML models to the test data. The
models are previously tuned individually using 5-fold cross-validation, yielding the hyper-parameters shown in
Tab. 3. The test errors and execution times for the algorithms are given in Tab. 4. Four error metrics are shown,
namely RMSE, mean absolute error (MAE), mean bias error (MBE) and the R2 coefficient of determination (R2),
as well as the training and testing times (using a laptop with 4 cores and 8GB RAM). Linear regression is the
fastest method but shows large errors. KNN and ELM-E show a similar performance and execution time, with
particularly low training times. SVM has a similar error as KNN and ELM-E, but it is very slow in comparison.
This is expected, as the SVM is designed for high-dimensional feature spaces rather than large datasets.
The RF shows the lowest errors with a reasonable execution time. Further tests have shown that this is due to the
strong decrease in the error when increasing the size of the training set from 10k to 100k samples. This
improvement, caused by a larger training sample, is much smaller for the other algorithms, which suggests that
the RF is well suited for modelling large datasets. Using the RF model, the time for estimating the solar irradiation
of 1M rooftops is 33.3s, which is considerably less than the hours needed to perform a detailed modelling. Figure
5a shows a density graph for RF of the targets against the predicted values and the fitted regression line. We see
that the prediction tents to slightly underestimate Gt, as many values lie just above the diagonal. Figure 5b gives
the predicted Gt for a random sample of 50 roofs, with their targets and uncertainties. The predicted values
generally lie within one standard deviation of the total uncertainty (error bars). The MAE for the test sample
(generalization error) amounts to 7.7% of the target potential, resulting in an average accuracy of 92.3%.
Tab. 4: Test errors and computational time for the five ML models, using 100k samples for training and 1M for testing.

LIN

KNN

ELM-E

SVM

RF

RMSE (kWh/m )

157.03

115.48

117.55

113.92

94.69

MAE (% of target)

14.16

9.45

10.03

9.21

7.66

MBE (% of target)

-8.84

-6.38

-5.16

-5.88

-3.87

R2

0.55

0.76

0.75

0.76

0.84

Training time (s)

0.02

0.31

2.03

254.1

44.42

Prediction time (s)

0.16

29.94

39.44

1178.3

33.30

2

a)

b)

Fig. 5: a) Comparison of predicted and target irradiation for 1M roofs in the test area; b) Prediction (blue), target (green) and
uncertainties (bars) for a random sample of the test data
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3.3. Large-scale estimation of rooftop solar irradiation patterns
We use the test results for the RF model to analyze the solar irradiation patterns for roof surfaces in Switzerland
with respect to their aspect and tilt angles. Figure 6a shows the predicted annual Gt, with flat roofs in the center.
The largest irradiation is found for surfaces with a tilt angle of 30-50°, which is expected given Switzerland’s
latitude. Steep north-facing roofs have the lowest solar irradiation, of less than 700kWh/m2 on average. Figure 6b
shows the relative uncertainty, as percentage of predicted Gt. The relative uncertainty is lowest for the roofs with
the highest solar irradiation, while it is high for roofs with low Gt. This may be due to a low number of steep roofs
and strong shading effects on these. We also observe a relatively high uncertainty for (nearly) flat roofs, which
may be due to unpredictable shading effects on these roofs, for example caused by objects installed on the surfaces.
To assess the performance of the model on the large scale, we compute the PV potential for the six cities shown
in Tab. 2. To obtain the PV potential, we follow the method suggested by (Portmann et al., 2016), which was
developed for the dataset used here. The annual Gt is multiplied with the total roof surface, a roof utilization factor
(which depends on the roof tilt and the building type), a module efficiency of 17% and a performance factor of
80%. Roofs with a surface area below 10m2 and an irradiation below 1000kWh/m2 are excluded. The aggregated
PV potential for the selected cities is shown in Fig. 7a, while Fig. 7b shows the PV potential per inhabitant. The
orange bars show the target value, the blue bars show the RF prediction and the error bars indicate the uncertainty.
The largest cities clearly have the highest total PV potential, while the small cities (Davos and Interlaken) have
the highest potential per inhabitant. It is interesting to see that Lugano has a noticeably higher potential than
Luzern, despite a nearly identical roof surface, due to its location south of the Alps. Davos, with its high altitude
and large roof area per person, has the highest potential per inhabitant. Comparing the targets and predictions, we
see that the difference is small, and in all cases within the estimated uncertainty.
a)

b)

Fig. 6: a) Predicted pattern for annual solar irradiation (Gt) and b) estimated uncertainty (as percentage of predicted Gt) for
building roofs with different aspect and tilt angles (grouped in bins of 10°)

a)

b)

Fig. 7: a) Target and predicted PV potential for six Swiss cities of different sizes (see Tab. 2);
b) PV potential per inhabitant for each city
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4. Discussion
4.1. Limitations
The model proposed here reduces the set of features required for a large-scale estimation of annual solar irradiation
to the GHI, the roof aspect, the roof tilt as well as three horizon heights, approximately towards south, east and
west. While this largely reduces the computation required for such a study, a DSM and a reliable dataset with roof
tilt and aspect angles are still necessary. The latter two are only available for cities with a 3D building model
(LOD 2 or higher). If such a dataset is not available, a high-resolution DSM or a roof shape classification as
proposed by (Mohajeri et al., 2018) may be used to derive tilt and aspect angles. As the model is trained in
Switzerland, it is only applicable to locations with a similar latitude, as the latitude has a major impact on the peak
irradiation and the corresponding tilt angle. To extend the area of applicability, results from a study in another
geographic area can be added to the training dataset. Finally, we do not specifically address the available area for
the installation of PV panels in this work. Studies show that the available area may be much smaller than the total
roof surface (Assouline et al., 2017), which reduces the estimated large-scale PV potential.
4.2. Application and future work
The motivation behind this work is to facilitate the study of rooftop PV potentials in areas where no such study
has yet been carried out, primarily in similar meteorological and geographic conditions as Switzerland. Applying
our model to such a case study will be the principal objective of future work. The model can further be used to
predict future PV potentials, accounting for climate as well as urbanization scenarios. The former leads to changes
in GHI, while the latter reflects as changes in the number of roofs and the composition of tilt and aspect angles.
While the estimation of annual irradiation gives a useful indication of the order of magnitude of the large-scale
PV potential, a higher temporal resolution is required to assess its seasonal and intra-day variation. Studies in
monthly (Assouline et al., 2018) or hourly (Buffat et al., 2018) resolution may be used for this task. Furthermore,
transfer learning techniques may be applied to retrain our model on different latitudes, meteorological conditions
and roof characteristics, by using large-scale PV potential studies from other regions or countries.

5. Conclusion
This study provides a Machine Learning algorithm to estimate annual solar irradiation on building rooftops for
areas at similar latitudes as Switzerland. The proposed model is trained using data of existing PV potential studies
and uses the following six input features: annual GHI, roof tilt, roof aspect and three mean horizon heights for
each roof (120°, 180°, 240°). Comparing five ML algorithms, we found that Random Forests are most suited for
this task due to their high accuracy, reasonable execution time and their ensemble structure, which in turn allows
for a sound estimation of uncertainties. The obtained results show that the proposed model can effectively learn
from existing large-scale datasets of PV potential and accurately estimate annual irradiation for individual rooftops
and entire cities. The computational time for estimating solar irradiation at city or even country scale can thereby
be reduced from hours to seconds.
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Appendix: Annual solar irradiation on building roofs
This section summarizes the data and the method used in Klauser (2016) to compute the annual solar irradiation
on building roofs in Switzerland, which is used as target in the Machine Learning model proposed in this work.
1. Data
Meteorological data
Four types of meteorological datasets, are used in the
study. They are the global, direct and diffuse horizontal
radiation (in W/m2) and the surface albedo (in [0,1]).
The data has an hourly temporal resolution for the years
of 2004-2014 and a spatial resolution of 1.25 degree
minutes (»1.6km ´ 2.3km) covering all of Switzerland.
It is provided by MeteoSwiss (Stöckli, 2013).

Tilted radiation
A physical model is used to compute the tilted radiation
(Gt) on the rooftops for each hour in the meteorological
dataset. It is based on the global (Gh), direct (GB), and
diffuse (GD) horizontal radiation components, which
are linearly interpolated from the satellite grid to the
roof coordinates. The annual solar irradiation for each
building roof is obtained by summing the hourly tilted
radiation for each year and averaging the results.

Roof surface polygons
A dataset of roof geometry polygons has been derived
from the latest CityGML LOD2 building cadaster of
Switzerland (swisstopo, 2019). It contains 9.6M roof
surfaces for 3.7M buildings in the cadaster. The
attributes include the roof tilt and roof aspect angle and
its tilted area. This dataset is used in the present work
as features for the ML model.

The tilted radiation consists of a direct (GBt), diffuse
(GDt) and reflected (GRt) component such that:

Digital Surface Models (DSM)
Four surface models are overlaid to create a combined
DSM at a 0.5m pixel resolution. It consists of the
rasterized geometries of the building cadaster, the DSM
and digital terrain models of Switzerland (interpolated
to 0.5m pixels), and a Radar Topography surface model
(SRTM) for 100m pixels outside of Switzerland.
Details and sources are provided in (Klauser, 2016).

where cos θ = sin β sin θW cos γY − γ + cos β cos θW .
The angles θW and γY describe the sun zenith and
azimuth angles, while the roof tilt and aspect are given
by Zand [. In (Klauser, 2016), the direct tilted radiation
is multiplied with the hourly roof shading.

CD = CED + C$D + C$D

(eq. 3)

The basic form of the hourly geometric model for the
direct tilted radiation is given by:
LMN O

CED = CE ∗ HIJ K0, LMN O Q
P

The diffuse tilted radiation is computed using the Perez
model (Perez et al., 1990), which is formulated as:
5^LMN _

2. Method
Horizon matrix
To compute the effects of roof shading and the skyview
factor, a horizon matrix is computed for each roof. It
represents the mean sky visibility of a roof for each
zenith and azimuth angle, in a resolution of 1° (zenith)
´ 5° (azimuth). It is computed by overlaying three types
of horizons maps: (i) a far horizon (25km distance) for
each roof, based on the combined DSM aggregated to
100m, (ii) a medium distance horizon (1km) for the
center of each roof, based on the DSM aggregated to
10m and (iii) a near horizon (100m) for each pixel of
the DSM, which is averaged across each roof surface.
Shading effects and skyview factor (SVF)
The roof shading is computed for each hour of a year
and represents the reduction in direct radiation received
by a surface due to obstructing objects or landscape
features. Its value equals the value of the horizon
matrix corresponding to the solar position (zenith and
azimuth angle) at a given hour. The SVF represents the
mean visibility of the sky and is obtained by
numerically integrating the horizon matrix.
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(eq. 4)

C$D = C$ ∗ \(1 − ]5 ) K

&

`

Q + ]5 a + ]& sin βb
(eq. 5)

where F1 and F2 are empirically fitted functions and a
and b are geometric angles. The three addends in eq. 5
denote the isotropic diffuse radiation, the circumsolar
radiation and the horizon brightness, respectively (see
Loutzenhiser et al., (2007) for details). In (Klauser,
2016), the isotropic radiation is multiplied with the
SVF, while the circumsolar radiation is multiplied with
the hourly roof shading.
The reflected radiation is computed using the surface
albedo c such that:
CdD = Ce ∗ ρ K

5gLMN _
&

Q

(eq. 6)

In (Klauser, 2016), the reflected radiation is multiplied
with (1 – SVF).
A more detailed description of the physical model is
provided for example in (Loutzenhiser et al., 2007).
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Abstract
Extraction of lithium from continental brines is becoming a focus of importance worldwide. This is a vital raw
material for the fabrication of lithium-ion batteries. The continued availability of lithium salts can only rely on a
strong increase of mining and ore processing. Currently slightly more than half of the world production of lithium
salts is extracted from brines, a practice that evaporates on average half a million litres of water per ton of lithium
carbonate in highly desertic regions with intense solar irradiation and fresh water scarcity.
Taking into account the sustainability of the overall process with particular emphasis to water usage in relation
to mining processes, we observe a potential link between lithium extraction from brines and desalination
technologies. We consider here the possibility of recovering fresh water either in the current extractive process
or with new extractive technologies, achieving a double objective: production of pure lithium salts and desalinated
water.
There are several reported desalination technologies, and considering the high salinity of lithium rich brines, on
average 300 g L-1 TDS, it is necessary to determine which of the already existing desalination technologies could
be efficiently merged or coupled with lithium extraction in technical and economic terms. According to type of
energy used and the climatic conditions mentioned, it is logical to think first of thermal solar desalination
methods.
In this work, an experimental and theoretical analysis of brine desalination in the Cauchari Salar, in northwest
Argentina, the performance of a simple solar still was analysed. The evaporation rate of the brine in the solar still
was compared with the natural evaporation rate from open surface brine. Thermodynamic calculations to assess
the least work of separation for fresh water and residual salts complement the analysis.
Keywords: Lithium mining from brines, Desalination, Pitzer model, least work of separation, Solar Still

1. Introduction
Lithium is an essential metal for the fabrication of lithium-ion rechargeable batteries. A steady increase of 8–
11% in annual demand for lithium is anticipated in coming years [1], driven mostly by the electric vehicle industry
[2]. Nowadays lithium is recovered worldwide from both hard rock ores (mostly spodumene) and continental
brines [3]. Although the current production is roughly shared by 50/50 from both sources, lithium reserves in
brines are much richer[3] and it is expected that in coming years mining from brines will represent a larger share
[4].
Continental brines are high ionic strength solutions, of at least 170 g L−1 total dissolved solids (TDS), and most
often TDS values around 300 g L−1. Lithium is a minor component in brines, usually representing 0.2-1.5 % of
TDS, with sodium chloride being the major component and K+, Mg2+, Ca2+, borates and sulphates being other
minor components [4]. Lithium rich brines are mostly concentrated in a small and arid region of South America,
often referred to as the Lithium Triangle [5]. This region extends between northwest Argentina, southwest Bolivia
and northern Chile. Other deposits can also be found in China, and the USA.
The technology currently in use for lithium extraction from brines consists in concentrate the brine by solar/wind
evaporation. Only when the brine has lost approximately 90 % of its original water content, lithium carbonate is
recovered after addition of soda ash, and some other chemical steps in a treatment plant. This technology for
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lithium extraction is generally known as the evaporitic technology [4, 6]. It is a low cost/high margin process and
is relatively low-impact if compared, for example, to traditional mining and processing of metals from hard rocks.
Nevertheless it is also an extremely slow process, strongly dependent on both general climate and particular
weather conditions [6]. The efficiency of the process will also be strongly dependent on the composition of other
ions which are present at low concentrations, and that do not spontaneously precipitate in the ponds before the
concentrated brine is pumped to the fine recovery plant.[3, 7, 8]
Regarding the overall sustainability of the whole process the water usage and waste generation / disposal are the
big questions. We will focus our attention on the use of water. Evaporated water volume from brine is indeed
huge: on average half a million litters per ton of lithium carbonate obtained [4]. Considering that a small lithium
mining facility produces on average 20,000 tons of lithium carbonate per year, the amounts of evaporated water
are huge. Water for industrial use is obtained from wells drilled and extracted from freshwater reservoirs. This
freshwater has been subject of controversy because this is the same water used by both local communities in arid
remote lands with fresh water scarcity, in these areas, it is more cost-effective to build small-scale water supply
systems than to transport water, sometimes over long distances [9, 10] .
In this context, we propose to analyses the use of water desalination as a technology complementary to the
evaporitic technology for the joint recovery of lithium salts and fresh water from the original brine. Desalinated
water is in fact an industrial product different from natural water sources [11], and in this case, the recovered
desalinated water could be used for industrial purposes, human consumption, and even irrigation, avoiding the
depletion of natural reservoirs of fresh groundwater.
We see that desalination technologies and the evaporitic technology for lithium recovery, share the purpose of
separating the water, to concentrate the brine and crystalize salts. Starting from this common ground, we decided
to analyses the potential implementation of known desalination systems to the lithium brine mining industry. The
first, rather obvious observation is the extremely high salinity of continental brines, with total salt concentration
on average 9 times higher than sea water, in addition to its complex composition, with many different ionic
species. However, the large volumes of water that could potentially be recovered, in addition to the limitations of
the evaporitic technology are strong driving forces to pursue this study.
The high salinity will imply an energy-intensive process, which will make the resulting desalinated water more
costly than other freshwater sources. However, in remote areas, which often have natural water sources that are
not well protected and that are often brackish, desalination technology can be the best solution to providing safe
drinking water [12]. The production cost should be analyzed in conjunction with the potential accelerated
production of lithium salts.
Due to its geographical location and the high altitude, the Lithium Triangle area is one of the regions with the
highest annual average global irradiation levels [13]. Moreover, solar-powered desalination systems are
considered the most promising and most used renewable energy desalination technology. Coupling desalination
systems with renewable energy sources represents an attractive solution for remote areas. In fact, around 70% of
renewable energy desalination systems worldwide are solar-driven [14]. However, solar-powered desalination
systems are currently not a common technology, representing only 0.02% of the total installed desalination
capacity [15].
Solar-powered desalination systems can be classified as direct and indirect. Direct desalination systems are those
that use solar energy directly without needing energy conversion, such as solar stills and solar humidification
dehumidification systems. Considering the high salinity of the brine and the possibility of coupling the solar
desalination technology in the lithium extraction process, direct desalination systems can tolerate feed water of
any quality using low-grade energy with low operation and maintenance cost and are therefore suitable for
decentralized systems.

2. Brine characteristics
Lithium-rich brine compositions are variable if different wells in the same salar are considered, and also temporal
variability has been registered in the same well 10. There is quite a large variability in the range of concentrations
reported for different brines, which is to be expected from the natural variability in brine composition [6, 16, 17].
We have applied our analysis to Cauchari, a small salt lake located in northwest Argentina, in the province of
Jujuy, very close to the Chilean border. Despite variabilities between reports, certain trends can be found when
comparing different reported concentrations, such as an approximate ratio between cations or anions
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concentrations. Here we have chosen to make our calculations based on concentrations reported by Mohr et al.
[18]. These values are reported in Table I.
Cations and anions concentrations are normally reported individually, however, thermodynamic calculations,
require neutral salts to be identified. We have decided to pair all SO42- to Na2SO4 (i.e. SO42- molality equals
Na2SO4 molality), and all K+, Mg2+, Li+ and Ca2+ to Cl- (K+ molality equals KCl molality, etc.). The
remaining Na+ concentration (total moles of Na+ minus 2 times moles SO42-) represents NaCl concentration.
Because both B and HCO3- represent below 0.1 % of total ions their concentrations have been neglected for
thermodynamic calculations. For mock sea water, Mistry et al. 23 considered that salts with molal concentrations
below 1 % could be neglected, therefore, we believe that our approximation should not produce important errors.

Tab 1: Cauchari brine concentration as reported by Mohr et al.[18]

Li

K

Mg

Ca

Na

SO42-

Cl-

B

HCO3-

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

ppm

510

4200

1450

330

93300

15700

148600

1120

670

TOTAL
SALINITY
/ g L-1

Density
g/ L-1

265.88

1216

3. Thermodynamic calculations for activity coefficients
At the heart of the process of lithium salts production is the chemical energy of separating water, the solvent, and
dissolved salts. The Gibbs free energy of a mixture is 𝐺.

𝐺 ≡ ∑𝑖 𝑛𝑖 𝜇𝑖

(eq. 1)

where 𝑛𝑖 and 𝜇𝑖 are, respectively, the number of moles and chemical potential of species 𝑖.
The chemical potential is defined as

𝜇𝑖 ≡ 𝜇𝑖° + 𝑅𝑇𝑙𝑛𝑎𝑖

(eq. 2)

where the superindex ° denotes the standard (or reference) state, 𝑅 is the molar (universal) gas constant, 𝑇 is the
absolute temperature in Kelvin, and 𝑎𝑖 is the activity of each species 𝑖 in the solution. The chemical activity 𝑎𝑖 is
related to the change in energy of a component as its concentration changes. It can be expressed as the product
of the activity coefficient 𝛾𝑖 , times the concentration of that species. Here we will only use molality as a
concentration scale (𝑚𝑖 , moles of solute per kilogram of solution):

𝑎𝑚,𝑖 = 𝛾𝑚,𝑖 𝑚𝑖
𝑎𝑥,𝑖 = 𝛾𝑥,𝑖 𝑥𝑖

(eq. 3)
(eq. 4)
is rational activity

where 𝛾𝑚,𝑖 is the molal activity coefficient if the molal concentration scale is used; and 𝛾𝑥,𝑖
coefficient, if the molar fraction scale is used.
In the ideal solution model, the rational activity coefficient and the molal activity are both equal to unity.
Physically, in an ideal solution, the introduction of a solute causes little change in the average interaction potential
between all species. The activity coefficient 𝛾 thus represents departures from ideal solution behavior, and is the
point of departure to compute 𝐺 for electrolyte solutions.
For water, the solvent, activity is defined as

𝑎0 = 𝛾𝑓,0 𝑥0

(eq. 5)

where 𝛾𝑓,0 is the fugacity coefficient of the solvent, and 𝑥0 its molar fraction. And hence, the chemical potential
is expressed as

𝜇0 ≡ 𝜇0° + 𝑅𝑇𝑙𝑛𝑎0

(eq. 6)

For water, the solvent, deviations from ideality are often expressed as an osmotic coefficient 𝜙.
For a strong electrolyte salt, 𝐶𝑣+ 𝐴𝑣− which fully dissociates,

𝐶𝑣+ 𝐴𝑣− → 𝑣+ 𝐶 𝑧+ + 𝑣− 𝐴 𝑧−

(eq. 7)
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where 𝑣+ and 𝑣− are the stoichiometric coefficients, and 𝑧+ and 𝑧− are the ions respective charges
Mean concentration and mean activity coefficients are often more convenient and practical to use. The mean
𝑣
stoichiometric coefficient (𝑣), the mean molal activity coefficient (𝛾𝑚,±
), and the mean molal concentration
𝑣
(𝑚±
) are defined as.

𝑣 ≡ 𝑣+ + 𝑣−
𝑣

(eq. 8)
𝑣

𝑣
+
−
𝛾𝑚,±
≡ 𝛾𝑚,+
𝛾𝑚,−
𝑣
𝑚±
≡

(eq. 9)

𝑣
𝑣−
𝑚++ 𝑚−

(eq. 10)

The ionic strength of a solution, Im, is calculated as
1

𝐼𝑚 = 2 ∑𝑖 𝑚𝑖 𝑧𝑖2

(eq. 11)

where the summation is over all solutes.
In mixed electrolyte solutions, the solution ionic strength is a function of the molalities of all species present.
Therefore, the ionic strength can be significantly greater than molality of each single electrolyte species [19].
In Pitzer’s model with effective molality, an effective molality 𝑚𝑒ff is defined for each salt present in solution as
2𝐼𝑚
2
2
+ 𝑧+ +𝑣− 𝑧−

𝑚𝑒𝑓𝑓 = 𝑣

(eq. 12)

This effective molality is used in order to more accurately evaluate the molal activity coefficient of a single salt
in a mixed electrolyte solution. After calculation of all effective molality values, the activity coefficient for each
salt is calculated using the classical equations from the original Pitzer model for single electrolytes [19-22],
equation (13).

𝑙𝑛𝛾𝑚,𝐶𝐴 = |𝑧𝐶 𝑧𝐴 |𝑓 𝛾 + 𝑚𝑒ff

2𝑣𝐶 𝑣𝐴 𝛾
𝐵𝐶𝐴
𝑣

+ 𝑚𝑒ff 2

2(𝑣𝐶 𝑣𝐴 )3⁄2 𝛾
𝐶𝐶𝐴
𝑣

(eq. 13)

Also the classical equation from the same model is used for the calculation of the molal osmotic coefficient 𝜙.

𝜙 − 1 = |𝑧𝐶 𝑧𝐴 |𝑓 𝜙 + 𝑚𝑒ff

2𝑣𝐶 𝑣𝐴 𝜙
𝐵𝐶𝐴
𝑣

+ 𝑚𝑒ff 2

2(𝑣𝐶 𝑣𝐴 )3⁄2 𝜙
𝐶𝐶𝐴
𝑣

(eq. 14)

where

𝑓 𝜙 = −𝐴𝜙

√𝐼𝑚
1+𝑏√𝐼𝑚

𝑓 𝛾 = −𝐴𝜙 [

√𝐼𝑚
1+𝑏√𝐼𝑚

(eq. 15)
2

+ 𝑏 𝑙𝑛(1 + 𝑏√𝐼𝑚 )]

𝜙

𝐵𝐶𝐴 = 𝛽0 + ∑2𝑘=1 𝛽𝑘 𝑒𝑥𝑝(−𝛼𝑘 √𝐼𝑚 )
𝛾

𝐵𝐶𝐴 = 2𝛽0 + ∑2𝑘=1
𝛾

3
2

2𝐵𝑘
[1 −
𝛼𝑘2 𝐼𝑚

𝑒𝑥𝑝(−𝛼𝑘 √𝐼𝑚 )(1 + 𝛼𝑘 √𝐼𝑚 − 0.5𝛼𝑘2 𝐼𝑚 )]

𝜙

𝐶𝐶𝐴 = 𝐶𝐶𝐴

(eq. 16)
(eq. 17)
(eq. 18)
(eq. 19)

𝑏 = 1.2

(eq. 20)
𝜙
𝐶𝐶𝐴

Data for 𝛽𝑖 ,𝛼𝑖 , and
for a large collection of salt species are tabulated in the literature [20-22]. The constants
𝛼2 and 𝛽2 are only defined for 2:2 electrolytes, otherwise, set to zero.
The rational activity coefficient, 𝛾𝑥,± is easily obtained using

𝛾𝑥,± = 𝛾𝑚,± (1 + 𝑀0 ∑𝑠 𝑣𝑠 𝑚𝑠 )

(eq. 21)

where the summation is over all electrolyte salts; 𝑚𝑠 is the molality of each salt, and 𝑣𝑠 is the number of moles
of ions formed per mole of salt.
The molal activity of water, 𝑎𝐻2𝑂 is written in terms of the molal osmotic coefficient

𝑙𝑛𝑎𝐻2 𝑂 = −𝑣𝑚𝑀𝐻2 𝑂 𝜙

(eq. 22)

The fugacity coefficient of water, 𝛾𝑓,𝐻2𝑂 is evaluated using

𝑙𝑛𝛾𝑓,𝐻2 𝑂 = −𝑣𝑚𝑀𝐻2 𝑂 𝜙 − 𝑙𝑛𝑥𝐻2 𝑂

(eq. 23)
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Fig 1: Rational activity and fugacity coefficients for all salts and the solvent (water) in Cauchari brine calculated using the Pitzer
model with effective molality for mixed electrolytes.

Figure 1 shows the activity coefficients for all salts and the solvent fugacity coefficient in Cauchari brine
calculated following equations (1) - (23). These coefficients are plotted vs total molality of the solution, in a
solution where the ratio of concentrations between the different salts is maintained. The vertical line at total
molality approximately 4.3, corresponds to Cauchari native brine (i.e. no processing). All values to the right of
that vertical line correspond to coefficients from a brine that has being further concentrated, i.e. a brine that has
lost water, either by solar/wind evaporation, or by some desalination system. All values to the left of the vertical
line corresponds to concentrations of a hypothetical brine that is more diluted than a native brine, i.e. most likely
those solutions would never be obtained in practice. However, those activity coefficients are It is important to
note that for most salts the activity coefficients depart considerably from unity, i.e. their behaviour will depart
considerably from that of ideal solutions. Interestingly, different salts show markedly different coefficients,
compare for instance LiCl and NaCl.
These activity coefficients are the ones that are further used for the calculation of the saturation index and the
least work of separation.

4. Saturation Indexes
Because of the high salinity, it is expected that precipitation of different salts will occur soon after the brine starts
to get more concentrated (i.e. desalination begins). Table 2 shows solubility values for the different salts that
could precipitate upon concentration of Cauchari brine. It is expected that a generic salt 𝑀𝑀 𝑋𝑋 will precipitate
when QSP, defined according to (24), exceeds KSP, which is a tabulated value and is defined as (25) where the
activities are those of a saturated solution.
𝜈

𝜈

𝑄𝑆𝑃 = 𝑎𝑀𝑀 𝑎𝑋𝑋
𝜈

(eq. 24)
𝜈

𝐾𝑆𝑃 = 𝑎𝑀𝑀𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛 𝑎𝑋𝑋𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛

(eq. 25)

The saturation index, SI, is used for calculating whether a given salt in a solution is either super or sub saturated,
i.e. whether thermodynamically it is expected that the salt will readily precipitate, or not. For SI > 0, the salt will
precipitate. SI is defined as [23]:
𝑄𝑆𝑃
)
𝐾𝑆𝑃

𝑆𝐼 = 𝑙𝑜𝑔 (

(eq. 26)

It is expected that CaSO4 will precipitate right after desalination begins, since a very quick calculation shows
that the QSP that can be estimated from concentration (not activity values) for this salt is about an order of
magnitude higher than KSP, i.e. suggesting that the solution is either already saturated, or very close to saturation
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in CaSO4. We consider pointless at this stage to make a precise calculation of saturation index based on activities
for CaSO4. Although we expect CaSO4 to readily precipitate, at the most 1.12 g CaSO4 L-1 native brine will
precipitate, since the Ca2+ concentration is quite small.
Water solubility values of all chlorides and all other sulphates are very high. The first salt that will precipitate
should be NaCl, since despite its high solubility, the native brine already shows distinctly high concentrations of
both Na+ and Cl- (see Table 1).

Tab 2: Solubility values in pure water (in gsalt/kgwater) Values taken from reference [24].

Solubility
gsalt/kgwater

NaCl

MgCl2

KCl

LiCl

CaCl2

Na2SO4

CaSO4

MgSO4

K2SO4

Li2SO4

360

560

355

845

813

281

2.05

357

120

342

In order to more accurately estimate at which concentration NaCl will start to precipitate, the SI for NaCl was
calculated starting from the native brine concentration, and assuming that some desalination technology is
concentrating the brine. Saturation indexes were calculated following Thiel and Lienhard [23]. The activity
coefficients calculated according to (1) to (23) and shown in Figure 1 were used for the calculation of the SI.
Figure 2 shows that up to 0.23 kg of pure water can be recovered from Cauchari brine before NaCl starts to
precipitate.

Fig 2: Saturation index for NaCl vs. water recovery ratio for Cauchari brine.

5. Calculation of least work of separation
The least work of separation, 𝑊̇𝑙east , defines the minimum amount of work required to separate a feed stream,
into two streams of differing compositions, fresh water, and concentrated brine in the thermodynamic limit of
reversible operation [19, 25]. The feed is denoted by 𝒇; fresh water is noted 𝒑, for product since in classical
desalination systems the most important product is the fresh or desalinated water; and 𝒃 is the notation for the
concentrated brine. The reader should bear in mind that in classical desalination systems brine is the term used
only for the product which is much more concentrated in salts than both the feed and the fresh water. However,
all through this work we use the terms native brine for the feed solution, and concentrated brine, for the high
salinity product. A derivation of the least work of separation in greater detail can be found in Mistry's work [19].
Combining the first and second laws of thermodynamics yields the rate of work separation.

̇
𝑊̇𝑠𝑒𝑝 = 𝐺̇𝑝 + 𝐺̇𝑏 − 𝐺𝑓̇ + 𝑇𝑒 𝑆𝑔𝑒𝑛

(eq. 27)

̇
Where 𝐺̇𝑖 is the flow rate of Gibbs free energy of stream 𝑖 and 𝑆𝑔𝑒𝑛
is the total entropy generation resulting from
the separation process. In the limit of reversible operation, entropy generation is zero and Eq. (27) reduces to the
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least work of separation.
rev
𝑊̇least ≡ 𝑊̇sep
= 𝐺̇𝑝 + 𝐺̇𝑏 − 𝐺𝑓̇

(eq. 28)

On a mass flow rate basis Eq. (28) is best written as

𝑊̇least = 𝑚̇𝑔𝑝 + 𝑚̇𝑔𝑏 − 𝑚̇𝑔𝑓

(eq. 29)

Where 𝑔𝑗 is the specific Gibbs free energy per kilogram of solution.
The recovery ratio is defined as the ratio of the mass flow rate of product water to the mass flow rate of feed
water.
𝑚̇

𝑟 ≡ 𝑚̇𝑝

(eq. 30)

𝑓

Applying conservation of mass, and provided the feed and product salinities (𝑆𝑓 , 𝑆𝑝 ) are known, the concentrated
brine salinity (𝑆𝑏 ) is evaluated following (31):
𝑆𝑓

𝑟𝑆𝑝

𝑆𝑏 = 1−𝑟 − 1−𝑟

(eq. 31)

Therefore
𝑊̇least
𝑚̇𝑝

1

= (𝑔𝑝 − 𝑔𝑏 ) − (𝑔𝑓 − 𝑔𝑏 )
𝑟

(eq. 32)

The least work of separation is a function of temperature, feed salinity, product salinity, and recovery ratio.
According to the objectives of this work, it is more convenient to express eq. (28) on a mole basis. Mistry and
Lienhard showed that the least work for an single electrolyte 𝑁𝑎𝐶𝑙 solution is given by.

𝑊̇least
𝑛̇ 𝐻2𝑂,𝑝 𝑅𝑇

𝑎𝐻2𝑂,𝑝

= (𝑙𝑛 𝑎

𝐻2 𝑂.𝑏

𝑎

1

𝑎𝐻2𝑂,𝑓

+ 𝑚𝑁𝑎𝐶𝑙,𝑝 𝑀𝐻2 𝑂 𝑙𝑛 𝑎𝑁𝑎𝐶𝑙,𝑝 ) − 𝑟 (𝑙𝑛 𝑎
𝑁𝑎𝐶𝑙,𝑏

𝐻2 𝑂,𝑏

𝑎

+ 𝑚𝑁𝑎𝐶𝑙,𝑓 𝑀𝐻2 𝑂 𝑙𝑛 𝑎𝑁𝑎𝐶𝑙,𝑓) (eq. 33)
𝑁𝑎𝐶𝑙,𝑏

Where the molar recovery ratio (𝑟̅ ) is defined as:
𝑟̅ ≡

𝑛̇ 𝐻2 𝑂,𝑝
𝑛̇ 𝐻2 𝑂,𝑓

=

molar flow rate of water in product

(eq. 34)

𝑚𝑜𝑙𝑎𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑓𝑒𝑒𝑑

Equation (33) can be generalized for a mixed electrolyte solution Eq. (13) to (15) whit Eq. (3) and (17) , and
taking into account that we consider the product water as distilled water, 𝑚𝑁𝑎𝐶𝑙,𝑝 = 0, thus we get:
𝑊̇least
𝑛̇ 𝐻2𝑂,𝑝 𝑅𝑇

𝑎𝐻2𝑂,𝑝

= (𝑙𝑛 𝑎

𝐻2 𝑂.𝑏

1

𝑎𝐻2𝑂,𝑓

) − 𝑟 (𝑙𝑛 𝑎

𝐻2 𝑂,𝑏

𝑎

+ ∑𝑠 𝑚𝑠𝑓 𝑀𝐻2 𝑂 𝑙𝑛 𝑎𝑠,𝑓)

(eq. 35)

𝑠,𝑏

Where s represents all salt species that form the electrolyte mixture recipe and the activities of the solutes and
solvent are defined by Eqs. (4) and (5) respectively
Figure 3 plots the results of calculating the least work of separation for producing distilled water quality from
Cauchari brine. We can observe that, as we start recovering distilled water, i.e. recovery ratio > 0, the brine to be
desalinated becomes more and more concentrated, and hence the least work of separation increases with the
recovery ratio. Figure 3 is a calculation of the least work of separation until 0.24, the recovery ratio for which we
have calculated that NaCl will start to precipitate (see Figure 2). While CaSO4 precipitation will only be minor
at the very beginning of the desalination process, NaCl represents 90.04 % of the total salts on a molar basis
(89.25 % on a mass basis). Therefore, when the solution gets supersaturated in NaCl, its precipitation will be
unavoidable and it will constantly occur as long as fresh water can still be recovered. This massive precipitation
will necessarily impose design constrictions for any desalination system. Therefore, at this point we have decided
to calculate the least work of separation only for recovery ratios were NaCl does not precipitate.
Figure 3 also shows that the least work of separation for Cauchari brine is much higher than for analogous systems
with lower TDS values [19, 23], starting already at a value of 26 kJ / Kg product, and reaching 33.4 kJ / Kg
product for a recovery ratio of 0.24.
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Fig 3: Least work of separation vs. water recovery ratio for Cauchari brine

6. The simplest desalination system: a solar still
We have observed in Figure 3 that the least work of separation, which is only a lower bound value for the specific
work, is a relatively high value. Introducing any desalination technology into the lithium brine industry would
imply entering into an economic competition with the current inexpensive solar/wind evaporitic technology, i.e.
the operational cost of any desalination technology will be more costly than the current evaporitic technology.
Therefore, from an economic point of view it will be difficult to convince private mining companies to increment
both their OPEX and CAPEX to introduce any desalination technologies, despite the obvious advantage of
potentially recovering large volumes of desalinated water as a by-product from the lithium mining industry, with
potential positive environmental impact. In this unfavourable economic context, we have decided to test a simple
solar desalination system as the easiest potential desalination system to implement in the lithium industry. Figure
4 shows figures of a simple solar still, built in house, which was installed at the edge of Cauchari salt lake
(coordinates 23°34'47"S 66°43'52"W). The solar still capacity has a base of 2 m2, and it can contain brine up to
a height of approximately 15 cm, although it is usually never filled beyond 10 cm (i.e. approximate capacity of
200 L). The picture in the right of figure 4 shows the concrete base that were adapted to help the solar still
withstand the strong winds of the Puna plateau (on average of about 120 km h-1). Evaporated-condensed fresh
water is recovered at the sides of the solar still and stored in the closed tank which is visible underneath the solar
still in the front of the picture in photo of the left in Figure 4.

Fig 4: Simple solar still installed at the edge of Cauchari salt lake, in north western Argentina.

Next to the solar still, a small circular open pond was located (see photo to the right in figure 4). Both the solar
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still and the solar pond were filled with native brine. The level of evaporated brine was measured on a daily basis
in both the solar still and the open pond. In addition, the recovered fresh water was measured in the tank attached
to the solar still. After the determination of the volume of evaporated water, both the solar still and the open pond
were re-filled with exactly the same amount of tap water in order to restore the initial volume. Tap water was
used in an attempt to keep the experiments with the same total salinity.
Figure 5 is a plot of the volume of water added to the solar still (red square dots) as a function of time, for a
duration of approximately 5 months. The added water volume is compared to the volume of water recovered in
the fresh water reservoir (blue circle dots). We can firstly observe that the evaporated water volume (which is
equal to the added water volume) is consistently higher than the recovered water volume. These experimental
data suggest that the despite our biggest effort to build up a tight and sealed solar still, some of the water vapour
is escaping from the solar still before condensation, and therefore it is lost and not recovered. The amount of lost
water vapour is about 60 % during the first month, while it decreases to about 20-30 % for the consecutive months.

Fig 5: Added water vs recovered water - Solar Still

Fig 6: Solar Still evaporation vs Natural evaporation

This is probably due to the fact that silicone rubber was added on several occasions while running the experiment
in order to try to minimize the said vapour losses. Some dispersion in the data points are also observed, which
can be adscribed firstly to weather variations. The smallest graduation in the metric scale used to evaluate the
amount of evaporated water was 1 mm only, which, for a base area of 2 m2 translates into a volume of 2 L, i.e.
the reading error is considerable for the daily evaporated amount. Finally, a consistent trend can be observed both
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the evaporated water volume and the recovered water volume. As the experiment advances, the water volumes
decrease. This is attributed to seasonable variations in temperatures, indeed, the experiment was started at the end
of the summer (February 2019), and it progressed into the autumn and winter months (Southern hemisphere).
Figure 6 is a plot of the water volume evaporated in the solar still (blue circle dots) and the water volume
evaporated in the open pond (red square dots). Figure 6 shows that, on average the amount of water evaporated
in the open pond is 3 times higher than in the solar still. It is known that in a open pond, the evaporation rate will
be dependent on both brine temperature elevation (solar heating), and the constant removal of water vapour (wind
blow) that makes the system depart from solution-vapour equilibrium. Conversely, the solar still seems to be
affected quite differently by these variables. While in the closed system, the brine temperature will increase
considerably, the cover of the solar still is blocking the removal of water vapour. The wind is acting indirectly
only, via cooling down the solar still cover and facilitating water condensation. Data in figure 6 strongly suggest
that in the open system the strong winds in the Puna plateau seem to have a much stronger effect on evaporation
rate than heating. Figure 7 is a plot of the wind speed for the period of time considered, it shows a high average
value with a random behaviour. A seasonality pattern is not observed but values are maintained around an average
with some peaks.

Fig 7: Average daily Wind Speed

Fig 8: Average daily Solar Radiation

Figure 8 is a plot of the daily solar radiation for the period of time considered. It shows a seasonal decrease which
directly affects the evaporation rate in Solar Still showing a similar behaviour.
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7. Conclusions
In work presented here we have presented thermodynamic calculations to show the minimum work of separation
for water recovery from a lithium-rich brine. Our idea is to couple known desalination technologies to lithium
mining from brines. Our calculations have shown that the minimum work of separation is high and, as expected,
increases with the recovery ratio. Therefore, only relatively inexpensive desalination systems have chances of
being incorporated into the brine mining industry. We have constructed and tested a simple solar still as the easiest
and most inexpensive solar desalination system that we believe could be implemented.
Our experimental results show that while water recovery values are encouraging to pursue research on this
prospective technology, the incorporation of these solar stills would make water evaporation even slower than
with current technology, open ponds. Our work in progress includes a detailed measuring of temperatures for all
components of the solar still and we are attempting at modelling the heat exchanges. We are thinking in parallel
about the possibility of constructing a humidification-dehumidification system that incorporates both the benefit
of brine heating, wind convection and water recovery.
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Abstract
Particle assisted solar water evaporation is attracting attention in the area of low temperature desalination as
well as heating and power generation. Activated carbon (AC1) is one such material that can lend to efficient
evaporation process for water desalination. A coupled heat and mass transfer model with volumetric heat
exchange accounting for convective mass exchange at higher temperatures is presented. Here an advectiondiffusion (Ad-Di) evaporation model is adopted to predict the evaporation rate of water with nanoparticleassisted heating. A volume fraction of 0.1% is considered to account for high heat localization. The
nanoparticle is assumed to be spherical at a uniform size of 80nm. Temperature of the fluid-particle system
rises, and the Ad-Di model is used to predict the evaporation rate. The employed high mass transfer model
showed that the warmer fluid evaporates faster but is affected by the ambient heat losses. Higher ambient
temperatures (50°C for a 50°C fluid) results in a longer evaporation time than the ambient at 40°C.
keywords: Advection-diffusion (Ad-Di) model, Mie theory, Volumetric heating.

1. Introduction
Traditional clean water production has high dependence on energy from fossil fuels. Combating the
environmental impact, solar driven vapor generation for clean water production has garnered widespread
attention. This approach is sustainable with little to no carbon footprint. Taylor et al., (Taylor, et al., 2012)
were among the first investigators to describe the possibility of steam generation in a nanofluid. Since then,
numerous steam generation techniques have been discussed involving nanofluids and floating structures. These
employ efficient photo-thermal conversion materials such as plasmons (Chen, et al., 2018) or carbon-based
materials (Wang, et al., 2017). Likewise, composites and nature derived products have been proposed as
efficient and alternative means for vapor and steam generation (Liu, et al., 2017; Wilson, et al., 2019; Zhu, et
al., 2019).
Owing to surface plasmon resonance effects, plasmon based materials convert light into heat. These materials
are usually characterized by sharp peaks for absorption and reflectance spectrum. Neumann et al., (Neumann,
et al., 2013) discussed steam generation from nanofluids exposed to focused solar light. They employed gold
nanoparticles in their study as a means of high-temperature steam generation for medical sterilization. Effects
of varying sizes and shapes of gold nanoparticles on steam generation was also identified (Guo, et al., 2017
pp. 4815-4824; Zhou, et al., 2017 pp. 195-200). In addition to gold, possibility of using copper (Lin, et al.,
2019), silicon (Ishii, et al., 2016), silver (Wang, et al., 2017) and core-shell composites (Li, et al., 2017) were
investigated.
Carbon based nanofluids, on the other hand, have been found to be highly efficient vapor / steam generation
systems. They are characterized by broader absorption along the solar spectrum and are more economical than
the expensive plasmons (Zeiny, et al., 2018). Different forms of carbon based nanofluids such as carbon black,
carbon nanotubes, graphene and graphene oxide have been investigated (Ni, et al., 2015; Wang, et al., 2016;
Ghafurian, et al., 2019). Li et al (Li, et al., 2018) have demonstrated the superiority in using activated carbon
fiber felt for steam generation.
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The process of vapor generation involves volumetric heating in the fluid and evaporation from the open
surface. While Fick’s diffusion process is enough to describe the evaporation at lower temperature, at higher
temperatures, convective (advection) mass transfer is also needed to be accounted for. In this article, the
evaporation process involving the advection-diffusion model with volumetric heating from nanoparticles under
solar light will be investigated.

2. Theoretical approach
The fluid-particle dispersion interacts with the incoming sunlight where the absorbed light intensity is
converted into heat. This contributes to volumetric heating of the fluid. The fluid system exchanges both energy
and mass at the open surface. The typical heat and mass transfer equations follow the energy balance (F. Mills,
2001)
I.
II.

Top surface: 𝑚̇ "ℎ𝑓𝑔𝑛𝑓 = 𝐾𝑛𝑓
Inner layer: (𝜌𝐶𝑝 )𝑛𝑓

𝑑𝑇
𝑑𝑡

𝑑𝑇
𝑑𝑌

= 𝐾𝑛𝑓

+ ℎ(𝑇∞ − 𝑇) + 𝜖𝜎(𝑇∞4 − 𝑇 4 ) + 𝑄

𝑑𝑇
𝑑𝑡

+𝑄

(eq.1)
(eq.2)

The above equations represent the energy balance for heat and mass transfer. The left-hand term in the first
equation indicates the evaporating flux and is the mass transfer term. The last term in the right-hand side is the
volumetric heating by absorption. The following subsections will describe the above terms in detail.

2.1 Volumetric heat generation (𝐐)
The volumetric heat generated by the absorbing nanoparticle is computed by calculating the extinction
coefficient. Mie theory (for size 𝑘𝑝 𝑋 ≈ 1) is employed in computing extinction coefficient by firstly
calculating scattering and absorption efficiency by solving for Mie coefficients 𝑎𝑛 and 𝑏𝑛 (Modest, 2013). As
shown in Fig. 1(a) and 1 (b), Mie theory is known to converge with commonly used Rayleigh theory for
nanoparticles and geometric optics for larger particles (Sai Kiran Hota, 2018; Modest, 2013).
Scattering efficiency and absorption efficiency are calculated as
2

𝑄𝑠𝑐𝑎 =

𝑋2

𝑄𝑎𝑏𝑠 =

𝑋2

2

2
2
∑∞
𝑛=1(2𝑛 + 1)(|𝑎𝑛 | + |𝑏𝑛 | )

(eq.3)

∑∞
𝑛=1(2𝑛 + 1) ℜ{𝑎𝑛 + 𝑏𝑛 }

(eq.4)

Figure 1 Convergence of Mie solution with (a) Rayleigh theory (Ray) and (b) geometric optics (GO) for activated carbon (AC1)
and amorphous carbon (AC2)

As the size increases, it is seen from Figure 1(a) and 1(b) that the Mie theory converges with Rayleigh and
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geometric optics. The absorption and scattering efficiency lend to the calculation of extinction efficiency as
the summation of absorption and scattering efficiency.
𝑄𝑒𝑥𝑡 = 𝑄𝑎𝑏𝑠 + 𝑄𝑠𝑐𝑎

(eq.5)

Considering uniform sized particles and attenuation in the base fluid, extinction coefficient of the fluid-particle
system is given as:
𝛽𝑒𝑥𝑡 = 1.5

𝑓𝑣
𝑑𝑝

𝑄𝑒𝑥𝑡 + (1 − 𝑓𝑣 )

4𝜋𝑘𝑓
𝜆

(eq.6)

where 𝑘𝑓 is the attenuation coefficient of the base fluid.
Light attenuates as it traverses the fluid-particle system. This drop-in intensity can be given as a function of
extinction coefficient by the simplified form of Beer-Lambert law given as:
𝑑𝐼
𝑑𝑦

= −𝛽𝑒𝑥𝑡 𝑦

(eq.7)

Figure 2: (a) Extinction coefficient of the nano fluid system; (b) Intensity attenuation of solar intensity for a total
path length of 10mm

Figure 2 (a) shows the extinction coefficient of 0.1% volume activated carbon dispersion against pure water.
This stark superiority helps in high solar absorptivity and hence excellent photo-thermal conversion. At 0.1%
volume fraction, almost all light is attenuated within the path length of only 10 mm. The corresponding
intensity attenuation along the depth of the light travel is shown in Fig. 2(b).
The fraction of solar absorptivity potential along the path length can be calculated by the weighted solar
absorption coefficient (𝐴𝑠𝑜𝑙 ) calculated as:
𝜆

𝐴𝑠𝑜𝑙 =

∫𝜆 𝑚𝑎𝑥 (1−exp(−𝛽𝑒𝑥𝑡 𝑦)𝑑𝜆
𝑚𝑖𝑛

𝜆

∫𝜆 𝑚𝑎𝑥 𝐼𝜆 𝑑𝜆

(eq.8)

𝑚𝑖𝑛

The Figures 3 (a) and 3(b) show that the light attenuates a little over 10mm of path travel. The available
radiative heat which contributes to volumetric heating is available in that portion only. It can be deduced that
little to no heat will be available at layers below 10mm length. However, any reduction in volume fraction will
lead to reduced attenuation and thereby increased path length travel. This will lead to overall increase in bulk
liquid temperature rather than localized heating. Hence, 0.1% of volume fraction is chosen in this study for
subsequent analysis.
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Figure 3: (a) radiative decay due to intensity attenuation; (b) weighted solar absoroption coefficient along path length

2.2 Energy exchange
The radiative heat loss term is included in the governing equations 1 and 2. The open surface loses sensible
heat from top (F. Mills, 2001). The sensible heat loss can be described as a convection process where the heat
transfer coefficient depends on average air properties and Nusselt number. The set of applied empirical
coefficients and their applicable limits are tabulated below in Table.1
Table 1Parameters for sensible heat loss

Parameter

Empirical terms

Convection coefficient (h)
Nusselt number (Nu)
(Pauken, 1999)

ℎ𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 𝑁𝑢

𝑘𝑓
𝛿

1

𝑛
𝑛
𝑁𝑢 = (𝑁𝑢𝑓𝑟𝑒𝑒
+ 𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑
)𝑛 ;

𝑛=2

1

Nusselt number (free)
𝑁𝑢𝑓𝑟𝑒𝑒 = {

0.54 (𝐺𝑟𝑃𝑟)(4) ; 𝑖𝑓 𝐺𝑟𝑃𝑟 < 2 ∗ 107 (𝐿𝑎𝑚𝑖𝑛𝑎𝑟 𝑓𝑟𝑒𝑒)
1

0.14(𝐺𝑟𝑃𝑟)3 ; 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 (𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝑓𝑟𝑒𝑒)
Nusselt number (forced)

𝑁𝑢𝑓𝑜𝑟𝑐𝑒𝑑
1

1

0.332 (𝑅𝑒 2 𝑃𝑟 3 ) ; 𝑖𝑓 𝑅𝑒𝑃𝑟 < 3 ∗ 105 (𝐿𝑎𝑚𝑖𝑛𝑎𝑟 𝑓𝑜𝑟𝑐𝑒𝑑)
= {
1
0.0336 (𝑅𝑒 0.8 𝑃𝑟 3 ) ; 𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒 (𝑇𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝑓𝑜𝑟𝑐𝑒𝑑)

In addition to sensible heat loss, radiative heat loss should also be taken into consideration. Radiative heat
transfer coefficient is a subset of radiative heat flux computations and is calculated as
ℎ𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒 = 𝜖𝜎(𝑇 2 + 𝑇∞2 )(𝑇 + 𝑇∞ )
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Figure 4: (a) contribution of sensible (convective) and radiative heat transfer coefficients; (b)respective contributions of free and
forced convective coefficient at moderate ambient velocity of 2m/s

Figure 4(a) shows the contribution of radiative and convective heat transfer coefficient. For water emissivity
of 0.96 (Brewster, 2018) and a moderate ambient velocity of 2 m/s, the respective heat transfer coefficients are
comparable to each other. It is known that a forced convection condition increases the evaporation rate (Ohri,
et al., 2019).

2.3 Mass transfer analysis
The open surface evaporates simultaneously while exchanging energy with surroundings. The evaporation
occurs as vapor diffusion due to mass fraction gradient. At lower temperatures, the evaporation process follows
Fick’s law of diffusion (𝑚1,𝑠 − 𝑚1,𝑒 < 0.1). At higher volume fractions, as the surface temperature increases,
Fick’s law of diffusion underpredicts due to the increase in vapor mass fraction. Convective mass flux at this
point is no longer negligible. Hence, high mass transfer rate theory (F. Mills, 2001) must be adopted. This is
an advection diffusion (Ad-Di) model accounting for transfer of one species into the other (Botham, 2015),
e.g., water vapor into air. The differential form of mass flux, (Steeman, et al., 2009) is given as
𝜌𝐷
𝑑𝑚
𝑚"̇ = − 𝑣,𝑎 1|

(eq.3)

1−𝑚1 𝑑𝑦 𝑦=𝑜

Upon derivation and simplification, the evaporating mass flux rate can be given as
𝑚"̇ = 𝑔𝑚1 𝐵𝑚1

(eq.4)

where 𝑔𝑚1 is the mass conductance and 𝐵𝑚1 is the blowing parameter given as:
𝐵𝑚1 =

𝑚1,𝑒 −𝑚1,𝑠

(eq.5)

𝑚1,𝑠 −1

The evaporation mass flux, to fit all contexts of diffusion and advection transfer is collectively given as
(1+𝐵𝑚1 )
∗
𝑚"̇ = 𝑔𝑚1
log
𝐵𝑚1

(eq.6)

𝐵𝑚1

∗
where 𝑔𝑚1
is the zero-mass transfer limit conductance and log

(1+𝐵𝑚1 )
𝐵𝑚1

is the driving force.

At low mass transfer rates, where 𝑚1,𝑠 is very small, 𝐵𝑚1 → 0. In such cases, the advection term is ignored
and
lim log

𝐵𝑚1 →0

(1+𝐵𝑚1 )
𝐵𝑚1

=1

(eq.7)

Which leads to a modified form of (eq.3) as denoted by Fick’s law of diffusion (Diff) as
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𝑑𝑚
𝑚"̇ = −𝜌𝐷𝑣,𝑎𝑖𝑟 1

(eq.8)

𝑑𝑦

Figure 5: (a) Fick's law of Diffusion against Advection-Diffusion (Ad-Di) model (b) Deviation of Ad-Di model from Diff model

Figure 5(b) shows that, at low temperatures (<50°C), the blowing force is much less than 1 and as a result, the
driving force approaches unity. The advection term vanishes at this point and the evaporation rate predicted
by the Ad-Di model approaches the Diff model as is seen in Fig. 5(a).

3. Problem description
Nanofluid (fluid-particle) dispersion system is considered akin to a simple solar still except for an open surface
for interaction with surrounding. This set up is similar to experiments performed by (Ishii, et al., 2016; Wang,
et al., 2016) and many others. Here we consider a unit surface with 10cm deep container as described in (Hota,
et al., 2019). The ambient is at a constant temperature of 50°C and a relative humidity of 50%, to emulate high
temperature conditions (eg., coastal India). Time taken for evaporation of 0.03 kg (≈30 ml) of water from the
container is computed. The dispersion system interacts with solar spectrum with airmass (AM) 1.5 as depicted
in Fig.1 (a), where the assumptions involved are
➢

Nanoparticles are spherical and uniform size with no substantial size distribution. The size of the
nanoparticle is 80 nm.
➢ The incident solar spectrum doesn’t attenuate before interacting with the open surface.
➢ Walls are insulated and the bottom surface is purely reflecting.
➢ The dispersion is uniformly distributed through the length of the container.
The thermo-physical properties of nanofluids are given as (M. Shaker., et al., 2014; Pak, et al., 1998):
𝐾𝑛𝑓
𝐾𝑓

=

2𝐾𝑓 +𝐾𝑝 +2𝑓𝑣 (𝐾𝑝 −𝐾𝑓 )
2𝐾𝑓 +𝐾𝑝 −𝑓𝑣 (𝐾𝑝 −𝐾𝑓 )

𝐶𝑝𝑛𝑓 = 𝑓𝑣 𝐶𝑝𝑝 + (1 − 𝑓𝑣 )𝐶𝑝𝑓

(eq.9)
(eq.10)

𝜌𝑛𝑓 = 𝑓𝑣 𝜌𝑝 + (1 − 𝑓𝑣 )𝜌𝑓
(eq.11)
The coupled heat and mass transfer equations are solved simultaneously in a transient manner. Volume fraction
and the system temperature are continuously tracked and updated at each step. The updated temperature field
leads to calculating the contribution of system heat losses through sensible and radiative loss at the surface,
conduction heat through the dispersion system. However, in this system, volume fraction of 0.1% attains a full
intensity absorption within the top 10% of path travel, thereby relatively the bottom layers are at lower
temperature and heat is distributed only in the top. Another contribution for this heat localization comes from
the fact that the thermal conductivity of the fluid-particle dispersion is close to water which is only ≈ 0.6 W/mK. Hence, considerable temperature difference between the top and the bottom layers is maintained due to the
structuring of the overall energy transfer.
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4. Evaporation rate: high mass transfer rate model (Ad-Di) model
As the fluid evaporates, the nanoparticle concentration increases with time, thereby the temperature of the fluid
increases. Hence, with time, the convective mass flux also becomes important and must be considered. The
following figure compares the evaporation rate of the water between Di model and Ad-Di model.

Figure 6 Comparison between diffusion (Di) only and High mass transfer rate (Ad-Di) model. (a) Mass evaporated against time;
(b) Surface temperature

Figures 6 (a) and 6 (b) show the differences in prediction of evaporation rate between low mass transfer (Di)
only model and high mass transfer (Ad-Di) model along with the evolution of surface temperature at 50°C.
While the surface temperature shows proximity to each other, the trend shows that, as the evaporation continue,
a larger difference will be obtained with Di model underpredicting the evaporation rate.

5. Temperature distribution and surface temperature
As water evaporates, along with volume fraction, the surface temperature also increases simultaneously. The
increasing volume fraction leads to further localization of heat as the attenuation length is reduced.

Figure 7: (a)Temperature distribution and corresponding (b) solar light attenautaion at available volume fraction

Figure7 (a) shows the temperature distribution along the depth of the fluid-particle system. As time increases,
the surface temperature increases, and the depth is reduced indicating that water is evaporating. The
temperature profile is shown after water evaporation of 0 kg, 0.001 kg, 0.002 kg and 0.003 kg. The dip near
the open surface indicates that the open surface is also losing heat to the surroundings through convection and
radiation. The effective heat localization can be seen to have heated the fluid only in the top layer showing
higher temperature than the collective bulk volume. The Fig.7 (b) shows the respective 𝐴𝑠𝑜𝑙 for different 𝑓𝑉 at
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the corresponding instances. The light attenuation and path travel decrease with increasing volume fraction.

6. Evaporation and transient variation of temperature and volume
fraction

Figure 8: (a) Rate of mass evaporation; (b) Transient change in surface temperature and volume fraction

Figure 8(a) shows the evaporation rate of water with time. Under the given conditions, the time required for
evaporation of 0.03 kg of water was found to be just a over 2 min (135 s). Consecutively, as the water
evaporates, the surface temperature was found to increase continuously as seen in Fig. 8(b). This can be
explained by the transient increase in volume fraction which increases the heat localization at the top surface
(show in Fig. 7 (b)) while keeping the bulk volume cool.

7. Predicted evaporation rate under different ambient conditions
Evaporation rate drastically varies with temperature. It is known that warmer fluid evaporates faster due to
higher vapor mass fraction (Hota, et al., 2019). At lower temperature, with low mass fraction, the advection
term of mass transfer is very low and Ad-Di model is in semblance with the Di model, as shown in Fig. 5 (a).
As the temperature increases, the mass evaporation rate increases. However, it is non-linear due to the variables
involved as well as transient effects resulting in heat losses.

Figure 9: (a) Predicted evaporation rate; (b) Change in surface temperature, at different conditions. a: indicates ambient and s:
surface initial conditions

Figure 9 (a) shows the mass evaporation rate of water along with the corresponding change in surface
temperature. At low initial conditions, as is expected, water takes longer to evaporate, while the surface
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temperature rise is found to be more than 13.5°C. The time taken for evaporation was found to be 390 s. As
the temperature increases, the evaporation curve almost becomes linear. The temperature change in the surface
follows a mixed pattern due to differences in contribution of evaporation heat exchange and the cooling effects
(heat losses). At 40°C for the system and ambient temperature, the temperature rise and evaporation time were
7°C and 204 s. While the vaporization time almost reduces by half to 102 s at 40°C ambient and 50°C system
temperature, the temperature change is only 1.3°C. Interestingly, the surface temperature change and
vaporization time, as seen in Fig. 9 (b) increase to 135s and 3.9°C respectively when the system and ambient
are at 50°C. At this point, it can be understood that the heat loss coefficients are higher than the other condition
thereby leading to reduction in evaporation rate.

8. Conclusion
Published theoretical investigations consider only Diffusion (Di) based model for evaporation of water.
However, at higher temperatures this model underpredicts mass transfer since the process also depends on the
convective term. Here, we consider the Ad-Di model accounting for both diffusion and advection process for
mass exchange in the coupled heat and mass transfer model for a fluid containing nanoparticles.
At low temperatures, with driving force approaching unity (Fig. 5), the Ad-Di model converges with Di model.
Also, along with the Mie theory, we take advantage of both Rayleigh theory and geometric optics for faster
computation as opposed to only Mie theory for fluid-particle and light interaction. This is justified as Mie
theory converges with both Rayleigh theory for very small particles and geometric optics (Fig. 1).
As water evaporates, the volume fraction continuously increased and as a result more heat was localized. The
surface temperature was also found to increase as a result. The surface temperature increase was found to be
highest at lower temperature conditions of 21°C. The surface temperature increased by more than 13.5°C while
the time taken for evaporation of 0.03 kg of water was almost 400 s while at warmer conditions, time required
for water evaporation reduced. At 40°C ambient and 50°C fluid (system) initial temperatures, the evaporation
rate was found to be the highest with water evaporating within 102 s. Further increasing the ambient
temperature to 50°C, the evaporation rate dropped a little to 135 sec while the surface temperature increased
from 1.3°C to 3.9°C.
In all the cases, heat generation was well localized near the surface. This can be attributed to the high extinction
coefficient of the system leading to efficient light trapping within 10 mm of light travel. The light penetration
decreased as the transient volume fraction increased due to evaporation, leading to more efficient heat
localization. The observed small dip in surface temperature in Fig. 7 is due to simultaneous cooling effect (heat
loss) from the surface. Through the above results, we propose activated carbon as another source of carbon
that shows promise as an efficient vapor generation fluid system.
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Nomenclature
𝐴𝑠𝑜𝑙
𝑎𝑛 , 𝑏𝑛
𝐶𝑝
𝐷𝑣,𝑎
𝑓𝑣
ℎ
ℎ𝑓𝑔
𝐼
𝐾
𝑘
𝑚̇"
𝑚1,𝑠 , 𝑚1,𝑒
𝑄
𝑄𝑎𝑏𝑠, 𝑠𝑐𝑎,
𝑇

𝑒𝑥𝑡

𝑋
y
Greek Letters
𝛽𝑒𝑥𝑡
𝜖
∞
𝜌
𝜎
Subscripts
p
f
nf

Weighted solar absorption coefficient
Mie coefficients
Specific heat capacity
(J/Kg-k)
Mass diffusivity
(m2/s)
Volume fraction
Heat transfer coefficient
(W/m2-k)
Enthalpy of vaporization
(J/kg)
Incident light intensity
(W/m2-nm)
Thermal conductivity
(W/m-k)
Attenuation coefficient
Mass flux
(kg/m2-s)
Mass fractions (vapor and air)
Heat flux
(W/m2)
Absorption/ scatterin/ extinction effiicency
Temperature
(°C)
Size parameter 𝑋 =
Path length

2𝜋𝑛𝑓
𝜆

𝑟𝑝 ; 𝑛𝑓 : fluid refractive index
(m)

Extinction coefficient
emissivity
Ambient
density
Stefan Boltzmann constant

(m-1)

(kg/m3)
(5.67X10-8 W/m2-k4)

particle
fluid
nanofluid/ fluid-particle system
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Abstract
This work presents the integration of a photovoltaic thermal system (PVT) with a humidification
dehumidification desalination (HDH) system. The heat extracted from the PVT collector can be used to preheat
seawater or air for its posterior use in the HDH desalination system, while the cooling achieved of PV cells
increases their efficiency. The combination of both technologies has the potential of increasing the energy
efficiency of the whole system and provide a better desalination solution.
Keywords: HDH, Desalination, PVT, Solar

1. Introduction
Photovoltaic PV electrical production is a function of PV panel technology, solar radiation, and cell temperature
(Skoplaki and Palyvos, 2009; Kasaeian et al., 2013). Nowadays typical PV module efficiencies sit between 17%
and 20% at standard testing conditions; hence, the rest of the absorbed energy is converted to heat, increasing
the temperature of the PV panel. If the rate of heat removal is kept high, a low cell temperature can be obtained.
The action to producing electricity and useful heat for a process from a PV panel is called PVT. Hot water or
hot air may be produced for another process (Fudholi et al., 2014). This study explores the combination of PVT
with a humidification dehumidification desalination (HDH) system to provide the heat and electricity source
required by the process.
The literature available on HDH-PVT seems to be limited, with few studies related to this combined process.
Giwa et al. (2016) developed an air-cooled PV system integrated with a HDH desalination system without an
additional heating system. The system produced a daily average of 2.28 liters per m2 of PVT collector. Anand
and Srinivas (2017) studied a PVT water system which used the warmed water for the humidifier of the HDH
system. The dehumidifier was cooled down using chilled water from an external source. The maximum PV
efficiency was around 16.6% and a mass flow rate of 110 kg/h, while the maximum HDH efficiency was 43%
using a mass flow rate of 30 kg/h. For both cases the solar radiation was reported as 800 W/m2.
Elsafi (2017) presented a mathematical model to evaluate a concentrated photovoltaic-thermal collectors CPVT
coupled with a HDH system. The CPTV warmed the air flux coming from the humidifier to the dehumidifier.
The CPVT configuration had an area of collection of 9 m2 and a PV area of 4.5 m2. The annual production of
freshwater was estimated in 12 m3 and the annual electricity production in 960 kWh considering an accumulated
annual solar irradiance of 1.88 MWh. Mahmoud et al. also propose a different configuration including CPVT.
The CPTV is combined system with a solar still desalination and a two stage HDH system. In this configuration,
the CPVT is placed between the two humidifiers and it is used to warm air and water. The proposed
configuration increased the production of the system from 9 to 12 liters per square meter. Gabrielli et al. (2019)
described a HDH desalination system that is power only using PVT as a heat source. This work found that the
optimal working condition for their system is a function of the ambient temperature. For the proposed
configuration, the outlet temperature of the PVT should be kept over 40°C to produce fresh water.

2236

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.46.03 Available at http://proceedings.ises.org

N. Jahn et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

This work analyses the integration of PVT and a HDH desalination system. It proposes the PVT collector in
two ways, to preheat seawater and/or to preheat air. It will be evaluated the trade off to cool PV panels and
increase their efficiency as well as increasing the energy efficiency of the HDH desalination system.

2. System description.
Fig. 1 shows a one stage solar HDH desalination unit with an open seawater loop and a closed air loop CAOW.
The seawater (blue line) is pumped to the condenser where it is pre-heated. In a plate heat exchanger, the
warmed seawater is heated by hot water from the solar thermal collector loop (red line). The heated seawater is
then sprayed in the humidifier. A counterflow stream of air is in contact with the water and is warmed up and
wetted due to heat and mass transfer process. The humid air is cooled down in the condenser while the seawater
is warmed up producing distillated water in the process. The air moves in a close loop indicated with green line.
PVT are studied in two configurations and the combination of these two setups. The first configuration is
considering the PVT to preheat the air coming from the condenser, shown with a dash line green in Fig. 1. The
air leaving the condenser is cold but saturated. The addition of heat, recovered from the PV panels, will
increment the capacity of air to carry water, improving the efficiency of the HDH process. The second option
is to use PVT to preheat seawater between the condenser and the thermal solar collector loop, as indicated with
the dash line blue in Fig. 1. In addition, it could be evaluated the option of using only the PVT as a heat source
for the seawater without the thermal solar collector loop. The benefit to install PVT panels in this circuit is the
chance to increment the seawater temperature in the humidifier; consequently, the efficiency of the HDH unit.
Also, it can reduce the capital cost of the system because less thermal solar collector may be necessary for the
HDH unit.

Seawater loop
Seawater loop (alternative)
Solar Thermal Collectors loop
Air loop

PVT collector – water
preheating

Tair = 40°C
Dehumidifier
/condenser

Air loop (alternative)

Tsw = 15°C
seawater

Tsw = 34°C
Tair = 43°C

Fresh water
PVT collector – air
preheating

Plate
heat exchanger
Tsw = 60°C

Solar Thermal Collectors

Humidifier
brine

Fig. 1: Solar HDH system with the option to integrate PVT as water preheater and/or air heater.

The main purpose of the HDH desalination unit is producing distillate (Md); however, it is relevant to understand
the efficiency of the desalination system. The traditional overall performance parameter for desalination units
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is known as Gained Output Ratio (GOR), which is calculated using eq. 1.
𝐺𝑂𝑅 =

𝑀𝑑 𝜆
𝑄𝑢

(eq. 1)

GOR is the standard thermal desalination parameter that relates the heat necessary to evaporate Md and the
thermal heat provided to the desalination unit Qu, which in Fig. 1 is the heat transferred to the seawater in the
plate heat exchanger. Therefore, GOR is only considering the desalination process and not the solar collector
process. This could lead to incorrect conclusions about the operational performance of the solar desalination
unit. Therefore, it is proposed to use the Solar Irradiation-Distillate Ratio SIDR as the key performance
parameter, as it reflects properly the performance behavior of solar desalination systems. This overall parameter
considers both the collection and desalination processes, as shown in Eq. 2.
𝑆𝐼𝐷𝑅 =

𝐺𝑇 𝐴𝐶
𝑀𝑑

(eq. 2)

The HDH unit is considered to be autonomous and completely solar (electricity and heat). It means that the
thermal energy is provided by solar thermal collectors as well as PVT, and the electricity required by the fan
(air loop) and pumps (seawater and thermal solar collector loops) is also provided by the PVT collector. AC
corresponds to the sum of the areas of the solar thermal and PVT collectors. For all the configurations proposed
it will be studied which conditions minimize SIDR and maximize Md production.

3. Numerical Model
The one stage solar CAOW HDH desalination unit presented by Hernandez et al. (2018) is used as a reference
system. In this study, the system is modeled in the TRaNsient System Simulation Tool TRNSYS (2013). Each
component of the system is represented by an element or a “Type” that calculates the outputs using the inputs
that receive from other elements and they are validated against the data reported by Hernandez. Fig. 2 shows
the Solar HDH CAOW system.

Fig. 2: Solar HDH CAOW system.

The selected location is Antofagasta, Chile. A TMY climatic data file for this location is used that contains
hourly values for climatic data like radiation and ambient temperature. The solar thermal collectors are modeled
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using Type 538. The plate heat exchanger that connects the seawater flow and the water flow from the solar
loop is modelled using the Type 91b. The humidifier is modeled with an EES module that connects both
programs. The humidifier model assumes an ascending flux of air while water is being sprayed from the higher
part to the bottom of the humidifier. The dehumidifier is simulated by a Type 508-2 that works as an in ideal
heat exchanger of two fluids (water and humid air). Type 508-2 cools and dehumidificates the air mass flow
rate as much as possible with the mass flow rate and energy provided by the seawater flow.
When the PVT is integrated to the HDH system, Type 560 is used. Type 560 models the PV panel with a serie
of tubes bonded in the absorber plate behind the PV panel. The cooling fluid passes inside the tubes and absorbs
heat from the PV panel. The fraction of the energy that is not converted into electricity or lost to environment
is transferred to air or water.

PV module
Absorber
plate

Insulation

tubes
Fig. 3: Schematic of a PVT configuration

The parameters used for the PVT module are detailed in Table 1.
Table 1: Parameters used for PVT

Thermal Conductivity of the absorber
Number of tubes
Tube Diameter [m]
Bond Width [m]

1386

kJ/h-m-K

10
0.01

m

0.01

m

Bond Thickness [m]

0.001

m

Bond Thermal Conductivity

1386

kJ/h-m-K

Resistance of Substrate Material
Resistance of Black Material
U-Value of Roof Material
Fluid Specific heat

0.01
3
0.667
1.05

h m2 K/kJ
h m2 K/kJ
kJ/h-m2-K
kJ/kg K

Top Loss Convection Coefficient
Fluid Heat Transfer Coefficient

20
200
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4. Results
The HDH desalination unit is formed by 8 m2 of solar thermal collectors to provide heat to the system, 8 m2 of
PVT panels to drive the seawater pump (0.37 kW), the thermal solar collector pump (0.15 kW), and the air fan
(0.06 kW), and to provide the rest of energy for common use. The air mass flow rate is set to 800 kg/h and the
water mass flow rate is 288 kg/h. The inclination of the solar thermal collectors and the solar PV panels is set
to be the latitude of Antofagasta (23°).
The results are shown for one day of march in Antofagasta. The solar radiation data at the solar thermal collector
and solar PV panels are shown in Fig. 4. Also, the ambient temperature is shown for the same day and same
location.

40
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400
10

Ambient temperature - °C

Surface collector radiation - W/m2

1200

200

0
10
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14

15

16

0
17

Time - h
Fig. 4: Freshwater production of different PVT configurations

Fig. 5 shows the freshwater production for the HDH configuration (without PVT) that achieves around 15 kg
of freshwater per day (in March). If a PVT is implemented to warm water after the dehumidifier and before the
plate heat exchanger that provides the heat from the solar loop, a freshwater production is 50% greater than
HDH configuration. The best results are obtained when the air coming from the dehumidifier is preheated before
to enter to the humidifier, producing around 25 kg of freshwater per day.
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Fig. 5: Freshwater production of different PVT configurations

The performance of a HDH unit is driven by the air temperature difference between the outlet of the humidifier
and the outlet of the dehumidifier. Also, it is clear the beneficial of using the residual heat of PV modules in
HDH systems. In conclusion, it seems to be more effective to heat directly the air than to heat the water and
expects that the water transferred heat and warm the air in the humidifier.

5. Conclusions
It has been demonstrated that the integration of a HDH system with PVT produces a performance improvement,
this is shown in the increment of the distillate production of the system. The best results are the ones of the
system with an air-PVT reaching a distillate production of 25 kg per day, more than the 50% increase than with
the water-PVT system. Using PVT instead of PV in this kind of solar desalination system is a beneficial option,
because the otherwise discarded thermal energy can be used to improve the desalination process, and also to
better the efficiency of the electricity production by photovoltaic panel, with no need to use a wider space with
further components and reducing the investment.

6. Outlook
These results show an opportunity to improve the future design of solar HDH desalination systems by
incorporating this modification. In fact, including enough PVT modules could be an opportunity to reduce
construction costs by reducing or replacing the solar collector field to use the thermal energy completely or
partially from the PVT modules. In future studies, several configurations of integration HDH and PVT will be
studied to have a more cost-effective and accessible solar water distillation technology.
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Summary
This work summarizes a non–dimensional performance analysis of a small-scale humidificationdehumidification system (HDH) driven by hybrid photovoltaic-thermal (PV/T) solar collectors for water
desalination. A model was developed to the optimal working conditions in a generalized formulation, starting
from the effectivenesses of the components and the operating parameters, namely the feed water to air mass
flow rate ratio (MR) and the fresh water to feed water mass flow rate recovery ratio (RR).
Keywords: HDH, Solar Desalination, Performance Analysis

1. Introduction
The constant growth of the population and the expansion of the global economy, in particular in developing
countries, are driving up the demand of energy, water, and food. It is expected that the demand for energy will
nearly double by 2050, and the one of water and food will increase by over 50 % (IEA, 2018; IRENA, 2015).
Desalination is the most energy-intensive water production process available today. It consumes at least 75.2
TWh of electricity per year and most of the energy required for desalination is supplied by fossil fuels. The
capacity that rely on renewables is less than 1 % of the total installed capacity (IRENA, 2015). For relatively
small-decentralized community, the humidification-dehumification (HDH) cycle is a promising technology
thanks to a low environmental and social impact through the possible integration with a renewable energy
source (Gabrielli et al., 2019). HDH process can operate at low temperatures, requires a low-level technological
features and low maintenance, hence is more appropriate for cases where technical support is limited (Zubair
et al., 2017). A great variety of configurations are proposed in literature to improve the performance of the
system: multistage asset (Wu et al., 2017), multiple injections (Thiel et al., 2013), direct contact dehumidifier
(He et al., 2017), coupling with a heat pump (Srithar and Rajaseenivasan, 2018), heat recovery (Zubair et al.,
2018), variation of air pressure (Rahimi-Ahar et al., 2018). In all these cases, identifying the optimal sizing
and operating conditions is the main challenge as performance of different configurations must be consistently
analyzed and compared. Performance of HDH system is normally evaluated in literature through the definition
of some parameters (Prakash Narayan et al., 2010), for example the heat capacity ratio (HCR) and the enthalpy
pinch point (ψ). According to the authors’ opinion, these are not fully representative of the technology
potentialities. For example, the maximum temperature of the cycle (T3 in Figure 1) is a common constrain,
which limits the selection of the heat source for the cycle. The scope of this work is to propose a general
analysis of closed-air open-water (CAOW) HDH cycles based on non-dimensional performance,
independently from the heat source and components adopted.
The developed model is based on the components performance (effectiveness) and system operating
parameters, namely the feed water to air mass flow rate ratio (MR) and the fresh water to feed water mass flow
rate recovery ratio (RR). A sensitivity analysis is carried out to evaluate the influence of these variables on the
performance of the whole system. After this analysis, an example of the model application for preliminary
sizing of the two columns and the PV/T solar field is performed.
The paper is structured as follow. Section 2 describes the concept of the HDH system. Section 3 presents the
model description and the non-dimensional equation rearrangement. In Section 4, results are presented and
discussed. Finally, Section 5 draws the conclusions of the work pointing out future research activities.
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2. Concept
The concept of the system is based on the humidification-dehumidification (HDH) process, in the closed airopen water (CAOW) version of the cycle, shown in Figure 1.
A seawater flow ṁsw is pre-heated in the dehumidifier that consists of a finned tube heat exchanger. The
seawater is further heated (in this work using PV/T collectors), and then is sprayed in the humidifier. The
humidifier is a direct-contact column where the seawater is counterflow to air stream ṁda where a simultaneous
heat and mass transfer occurs. The seawater cools down and evaporates, with the concentrated seawater ending
in the ṁbrine discharged from the humidifier, whereas the air is heated and humidified. Afterwards, the air flows
inside the dehumidifier, where it is cooled below its dew-point temperature and the pure water ṁpw is produced.
Finally, the air stream flows back to the humidifier, closing the loop.

Heat Source
3
2
6

6
Fan

5

ṁda

5

Humidifier

ṁsw

1
Dehumidifier

Pump
4

7

ṁbrine

ṁpw

Figure 1 - Schematic of a closed-air open-water HDH process

3. Model Description
The analysis of the HDH system in general terms requires the description of the components as black boxes.
Firstly, mass balances are taken into account, as shown in the following equations:
𝑚̇𝑝𝑤 = 𝑚̇𝑑𝑎 ∙ (𝜔6 − 𝜔5 )

(1)

𝑚̇𝑏𝑟𝑖𝑛𝑒 = (𝑚̇𝑠𝑤 − 𝑚̇𝑝𝑤 )

(2)

Secondly, energy balances of the dehumidifier and humidifier are considered too, as follow:
𝑄̇𝑑𝑒 = 𝑚̇𝑠𝑤 ∙ ℎ2 − 𝑚̇𝑠𝑤 ∙ ℎ1 = 𝑚̇𝑑𝑎 ∙ ℎ6 − 𝑚̇𝑑𝑎 ∙ ℎ5 − 𝑚̇𝑝𝑤 ∙ ℎ7

(3)

𝑄̇ℎ𝑢 = 𝑚̇𝑠𝑤 ∙ ℎ3 − 𝑚̇𝑏𝑟𝑖𝑛𝑒 ∙ ℎ4 = 𝑚̇𝑑𝑎 ∙ ℎ6 − 𝑚̇𝑑𝑎 ∙ ℎ5

(4)

Finally, the humidifier and the dehumidifier are described by their effectivenesses, as shown in the following
equations:
𝜀𝑑𝑒 =

𝑄̇𝑑𝑒
𝑄̇𝑑𝑒,𝑚𝑎𝑥

=

𝜀ℎ𝑢 =

𝑄̇ℎ𝑢
𝑄̇ℎ𝑢,𝑚𝑎𝑥

=

𝑄̇𝑑𝑒
min(𝐶𝑠𝑤 ,𝐶𝑑𝑎 )∙(𝑇6 −𝑇1 )
𝑄̇ℎ𝑢
min(𝐶𝑠𝑤 ,𝐶𝑑𝑎 )∙(𝑇3 −𝑇5 )

(5)
(6)

To simplify the model resolution, the moist air is assumed as saturated consistently with other approaches
available in literature (Gabrielli et al., 2019). Moreover, the temperature of the fresh water produced is
considered equal to the air temperature at the outlet of the dehumidifier.
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The resulting non-dimensional equations based on the mass flow rate ratio (MR) and the recovery ratio (RR)
which are the representative operating parameters of the HDH cycle are as follow:
𝑀𝑅 =
𝑅𝑅 =

𝑚̇𝑠𝑤

(7)

𝑚̇𝑑𝑎
𝑚̇𝑝𝑤

(8)

𝑚̇𝑠𝑤

They are obtained rearranging the set of equations previously described pointing out the possibility to study
the system in a general form so to easily find the optimal working conditions. Equations (9) to (11) summarize
the non-dimensional rearrangement:
𝑇2 −𝑇1

𝜀𝑑𝑒 = 𝑀𝑅 ∙
𝜀ℎ𝑢 = 𝑀𝑅 ∙
𝑀𝑅 =

(9)

∗
min(𝑀𝑅,𝑐𝑝,𝑑𝑒
⁄𝑐𝑝,𝑠𝑤 )∙(𝑇6 −𝑇1 )

𝑇3 −(1−𝑅𝑅)∙𝑇4

(10)

∗
min(𝑀𝑅,𝑐𝑝,ℎ𝑢
⁄𝑐𝑝,𝑠𝑤 )∙(𝑇3 −𝑇5 )

ℎ6 −ℎ5 −𝑀𝑅∙𝑅𝑅∙ℎ7
ℎ2 −ℎ1

=

ℎ6 −ℎ5
ℎ3 −(1−𝑅𝑅)∙ℎ4

𝜔6 −𝜔5

=

(11)

𝑅𝑅

where cp∗ is the fictitious isobaric specific heat capacity of the moist air and it is evaluated as the ratio of the
variation of the enthalpy of the saturated moist air and the variation of the wet bulb temperature. The following
equation explains the calculation of cp∗ :
cp∗ =

ℎ(𝑇+𝛿) − ℎ(𝑇−𝛿)

(12)

2𝛿

where δ is small number. In this analysis, a value of 1 °C is used.

4. Results
The performance of the HDH system are described in terms of the gained output ratio (GOR), which is
expressed by the following equation (Mistry et al., 2010):
𝐺𝑂𝑅 =

𝑄̇𝑒𝑣𝑎𝑝
𝑄̇𝑠𝑜𝑢𝑟𝑐𝑒

=

𝑚̇𝑝𝑤 ∙∆ℎ𝑙−𝑣
𝑚̇𝑠𝑤 ∙(ℎ3 −ℎ2 )

∆ℎ𝑙−𝑣

= 𝑅𝑅 ∙ (ℎ

3 −ℎ2 )

(13)

Results are shown in Figure 2, where the GOR is plotted as function of RR and MR, with both the
effectivenesses of the humidifier and the dehumidifier set equal to 0.8. For each RR exists a MR that maximizes
the GOR. This behavior is consistent with previous work available in literature (Mistry et al., 2010). On the
left side of this curve, the GOR reduces as consequence of the lower heat capacity of the seawater flow at
lower MR. The lower heat capacity limits the evaporation of water into the air, therefore, a higher thermal
power is required by the heat source to maintain the RR constant, consequently reducing the GOR.

Figure 2 - Representation of GOR of the HDH cycle as a function of MR and RR
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On the other hand, increasing the MR from the optimum value changes the minimum heat capacity from the
seawater to the air in the humidifier (where the fictitious isobaric specific heat capacity of the moist air is lower
because the temperature is lower at the inlet of the column). Therefore, the RR can be kept constant increasing
the temperature difference done by the heat source, reducing the GOR. As happen in a standard counter-flow
heat exchanger, the optimal condition occurs when the heat capacities of the two flow coincide.
At higher RR, the maximum GOR reduces: in order to produce more fresh water, a higher temperature
difference is necessary across the humidifier and dehumidifier. Moreover, the optimal point shift towards
higher MR because of the increased fictitious specific heat capacity of the air consequence of the higher
temperature of the air cycle. This behavior is highlighted with the black dashed line in the graph. Finally, the
two yellow-filled areas represent conditions where the HDH system reaches very high temperature, above 100
°C, meaning that the solution is not feasible as the considered system cannot operate.
Figure 3 shows the maximum temperature T3 of the HDH cycle varying MR and RR. Consistently with the
behavior of the GOR, T3 has a minimum where the GOR is maximum and increase with the RR. For a HDH
system with PV/T panels as the heat source, the preferable configuration is the one with the lowest temperature,
as consequence of the low thermal efficiency of this technology at high temperatures. As the optimal
configuration occurs with the maximum GOR, it can be stated that the HDH plus PV/T system can be a
promising and efficient way to couple these technologies. The reason of the two non operating zones is better
explained in this graph, because is clearly visible the overcoming of the boiling temperature of the water.

Figure 3 - Representation of the maximum temperature of the HDH cycle as a function of MR and RR

In Figure 4, the temperature difference across the thermal source is described as a function of RR and MR. The
trend is the very similar to the one of the maximum temperature T 3. With low RR the temperature difference
is very low (i.e. below 5 °C) which is an advantage for the coupling with the PV/T panels.

Figure 4 - Representation of the source temperature difference of the HDH cycle as a function of MR and RR
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Figure 5 presents the GOR as a function of the inlet seawater temperature and the MR. Results shows that the
higher the temperature the higher is the GOR, because of the increasing slope of the saturation curve. In fact,
a lower air temperature increase is needed to achieve the same humidity ratio, and consequently a lower
temperature increase from the thermal source, leading to higher performance. The MR that maximize the GOR
increases as the seawater temperature increases, as all the HDH cycle temperatures shift up: higher seawater
inlet temperature leads to higher fictitious specific heat capacity, and increases the MR to reach the balance of
the heat capacities of the two flows in the humidifier.

Figure 5 - Representation of the GOR of the HDH cycle as a function of MR and the seawater temperature

For completeness, an analysis varying the effectivenesses of the humidifier and dehumidifier was performed
(see Figure 6). Increasing the performance of the two columns can increase the GOR up to three times.
Therefore, it is obvious that in the design of the system, the effectivenesses of these two components have to
be as high as possible, so to maximize the performance and minimize the operating costs. Moreover, the
additional investment costs of the HDH system can be even fully balanced by the cost reduction of the solar
field. Higher performance of the two columns reduces the temperature difference by the thermal source
reducing the number of PV/T panels installed, with account for the higher share of the investment cost in a
HDH cycle (Gabrielli et al., 2019). The sizing optimization of the HDH system will be performed in a future
work.

Figure 6 - Representation of the GOR of the HDH cycle as a function of the effectivenesses of humidifier and dehumidifier

Another analysis that can be done looking at the previous graph is that the GOR increases more rapidly with
the increasing of the dehumidifier effectiveness respect to the humidifier one. This is simply explained
considering that in the dehumidifier the fresh water is produced, so higher is the column performance and
higher the water production, which influences directly the GOR (eq. 13).
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Finally, the validity of the non-dimensional analysis discussed so far is demonstrated by its application for the
preliminary sizing of a HDH system with PV/T panels. Models of the direct-contact humidifier and the finned
tubes dehumidifier and characteristics of commercial PV/T panels (SoLink, 2018) were used to find the
geometry of the columns and the area of the solar field. All the models’ description ad sizing procedure are
discussed in another ongoing work. The productivity of the system was assumed equal to 50 kg/h of fresh
water, with 650 W/m² of solar irradiance and 30 °C of ambient temperature. Moreover, three different values
of effectivenesses were assumed, equal for the two columns, in order to analyze the influence of these
parameters on the system sizing. Details of the sizing are summarized in Table 1.
Table 1 - Main results of the HDH system sizing for three different columns’ effectivenesses

Performance

PV/T

Dehumidifier

Humidifier [m]

Auxiliary [kW]

Production [kW]

εD | εH

MR

RR [%]

GOR

Panels

Tubes

Rows

Diameter

Height

Fan

Pump

Electricity

Heat

0.75

1.329

0.55

1.10

77

89

14

0.71

3.3

2.35

1.42

11.4

31.8

0.85

1.327

0.80

1.76

52

61

22

0.58

5.3

2.35

0.97

7.7

19.8

0.95

1.331

1.21

3.10

35

40

37

0.47

9.7

2.54

0.66

5.0

11.3

In addition to the GOR increase with the effectivenesses of the dehumidifier and humidifier, it is possible to
notice that the number of PV/T panels halving from 0.75 to 0.95. Moreover, also the number of frontal tubes
in the humidifier decreases, due to the lower air mass flow rate circulating in the cycle. The number of rows
obviously increases as the effectiveness does. The same considerations can be extended to the humidifier
dimensions. Focusing on the auxiliaries consumptions, the increase of the RR and the invariance of the MR
have therefore a lower flow rates. Thus, the pump consumption is reduced while the fan one remains roughly
constant due to higher pressure drops. Finally, looking at the productions, the electricity produced reduces
proportionally with the PV/T modules, and in the same way, the heat produced does.

5. Conclusions
In this paper, a non-dimensional analysis of a HDH system was carried out. Starting from mass and energy
balances and considering the effectivenesses of the humidifier and dehumidifier, all the thermodynamic
conditions of the cycle were identified. Then, introducing the operating parameters MR and RR, the equations
were rearranged to generalize the system performance only as a function of the MR and RR and the two
components’ effectiveness.
Results have shown that for each value of RR exists a MR that maximizes the performance parameter GOR,
which corresponds to equal heat capacities of the two flows in the humidifier. Moreover, the higher the RR the
higher is the MR, due to the increasing of the temperature of the cycle, but this penalizes the GOR. The
maximum temperature of the cycle presents a minimum related to the GOR behavior, and for low RR the
temperature needed can be even lower than 40 °C, which is an advantage for coupling this system with PV/T
technology. An analysis at different columns effectiveness was performed underlining the importance of the
performance of these two components, especially the dehumidifier one. Finally, operating at very high GOR
can reduce both the operating and investment costs thanks to the smaller solar field area consequence of the
reduction of the temperature difference required by the heat source.
The analysis of the results of the sizing method have shown the influence of the effectiveness of the two
columns, where with a higher value it is associated higher number of dehumidifier rows and humidifier height,
but in opposition a lower number of PV/T panels, dehumidifier frontal tubes and humidifier diameter.
The introduction of the investment costs in a future work will allow the optimization of the components sizing
in economic terms.
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Abstract

A new technology for arsenic (As) removal have been addressed by mean of the design and construction of a
treatment prototype equipment. This prototype is mainly composed of a solar collector as a photo-reactor and the
use of a bi-functional material based on a specific semiconductor (TiO2) and an activated carbon (AC).
Preliminary results about the influence of the radiation wavelength (UV and/or Visible) and the radiation flux
(W/m2) on the photo-oxidation of As (III) was obtained in a laboratory scale. For this, it was considered a smallscale photo-reactor with different configurations of UV-Vis lamps, 200ml of As (III) solution and a selected load
of material suspended in the contaminant solution. It was observed that the incorporation of visible lamps increases
the radiation flux in about 40W/m2, however, the photo-oxidation time increases up 90 minutes, demonstrating
that the photo-efficiency of the system is more influenced by the wavelength of the light instead of the radiation
power. Then, the prototype was built as a photo-reactor type coupled to a composite parabolic collector (CPC),
and a simulated solar illumination system. The efficiency to remove As was evaluated for a synthetic solution of
As (III) (1000 and 5000 ppb, pH 4). In presence of TiO2-AC a higher adsorption capacity of As (V) and lower
time for disappearance of As (III) were observed, with respect to using TiO2 alone, demonstrating a synergistic
effect between both solids. In summary, it was determined that the system TiO2-AC presented a high removal
efficiency (> 90%), which involves the photo-oxidation of As (III) between 30-60 min and the progressive
adsorption of As (V), reaching irrigation water quality standards.

Keywords: Arsenic, Nanomaterials, Composite Parabolic Cylinder, Photocatalysis

1. Introduction
Water contaminated by arsenic (As) represents a serious environmental and public health issue, considering the
toxicity of this element, affecting more than 150 million people in the world (USA, India, China, Chile,
Bangladesh, Taiwan, Argentina, Mexico) [1]. For removing the As, there are technologies such as oxidation,
coagulation/precipitation, sedimentation, filtration, adsorption, ion exchange, reverse osmosis, biological
treatments, which have advantages and disadvantages according to the species of As to deal with (usually As (III
) and As (V)). Advanced oxidation methods such as heterogeneous photocatalysis, have been proposed due to
their low cost and the possibility of using solar radiation as an energy source. Such methods commonly consider
using solar collectors as photo-reactors aiming to capture and focus sunlight through compound parabolic
collectors (CPC) [2]. Heterogeneous photocatalytic processes require using photoactive semiconductors, being
the titanium dioxide (TiO2) the most used due to its high photoactivity under UV radiation, chemical stability, and
low toxicity. However, its efficiency for removing As is rather low, since it presents a low adsorption capacity of
As (III) and radiation absorptivity in the range of the UV spectrum. Some researchers have proposed at a
laboratory scale measures to improve the performance of TiO2 reactors, such as the production of material in the
nanometric range, by doping it with metals and non-metals, or by combining it with co-adsorbent materials in the
form of nanocomposites [3-4]. In spite of the aforementioned approaches, to date, there is not available in the
market a standardized technology for arsenic removal, based on TiO2 combined to an adsorbent material, such as
activated carbon and sunlight, which attends the levels recommended by international standards (WHO, <10 μg /
L or ppb).

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.47.01 Available at http://proceedings.ises.org
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This opportunity has been addressed by developing new technology, based on the design of a bi-functional
material (photo-oxidant-adsorbent) based on nano TiO2 and activated carbon with specific morphological
properties, surface chemistry and mass ratio, placed in suspension and recirculation within the photo-reactor
system. That by functional material is tested by designing and constructing a prototype equipment for the arsenic
removal, which uses the photo-reactor as a solar collector. This compact technology (TiO2-Activated Carbon and
the solar photocatalytic system) represents a technological alternative to the complex and expensive treatment
systems for arsenic removal that are currently in operation. In addition to that, this approach could constitute a
potential solution for remote locations presenting this type of pollutant (e.g. Northern Chile), and potentially
extrapolated to an industrial scale and meet the higher water demands.

The present work describes the results of the prototype efficiency using simulated solar light for arsenic removal
(III and V) in high concentrations.

2. Methodology
2.1. Synthesis of materials.
A semiconductor TiO2 was synthesized by Sol-gel methodology and later characterized as suggested in [5].
Subsequently, an adsorbent activated carbon was synthesized by physical activation from agro-industrial waste
and chemically modified with iron (AC) based on previous experiences [5].

2.2 Laboratory photocatalytic set-up
Studies in laboratory scale by using laboratory photo-reactor (solar simulator, Figure 1) and 200 ml of As (III)
solution (5000 ppb, pH 4) were developed. The pH condition was selected as a model case similar to national
river Azufre and acid springs from other places of the world [6,7]. The optimal material mix (TiO2: AC) and the
best material load were previously selected [5].

Figure 1. Photoreactor on a laboratory scale

Preliminary studies about the influence of the proportion of UV-Visible light on photo-oxidation rate was
evaluated. For this, changes in the photo-reactor lamps to vary the proportion of UV-Visible light and the radiation
flux were carried out on photo-oxidation experiments (Table 1) allowing to assess the photo-oxidation times for

2252

J. Cardemil et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

each case. Radiation was measured with an SP-Lite pyranometer.

Table 1. Configuration conditions of the laboratory photoreactor: Type of light and radiation power for each studied case.
Lamp configuration (number of lamps employed)
% Visible light/ % UV light
Radiation Power (W/m2)
12 Vis – 2 UV C
86/ 14
45
12 Vis – 2 UV A
86/ 14
42
12 Vis
100/ 0
46
2 UV C
0/ 100
2
2 UV A
0/ 100
1

In general, arsenic removal test (photo-oxidation-adsorption) consisted of two stages: the first stage of adsorption
in the dark in which the suspended materials were placed in the agitation tank. Once the adsorption equilibrium
was reached by the material, the lamps of the photo-reactor started. Kinetics of adsorption and photo-oxidation
were analyzed by assessing the aliquots for different times and their concentration of arsenic species (As III and
As V) by applying the colorimetric method [5].

2.3 Prototype photocatalytic test.
Once the conditions of the bi-functional material were selected, prototype scale tests were carried out. Figure 2
shows the components of the prototype which consists of 1) a dark cylinder with mechanical agitation (20 L), 2)
a photo-reactor type composite parabolic cylinder (CPC), consisting of a truncated parabola of material reflector,
a borosilicate tube and a simulated solar light illumination system (lamps with a percentage of visible light versus
UV of approximately 90% and 10%, respectively), 3) a peristaltic pump, 4) a double-jacket cooling system, 5) a
reservoir. The efficiency for arsenic removal on the prototype was evaluated by using 7L of synthetic solution
with 1000 and 5000 ppb of As (III) as initial concentrations and pH 4. The stages of arsenic removal test on the
prototype were the same to laboratory-scale described above.

Figure 2. Schematic view of the prototype system for arsenic removal.

3. Results
3.1 Influence of type of light and radiation power on the photo-oxidation of As (III).
The influence of the proportion of UV-Visible light on the photo-oxidation rate of arsenic was studied. To do so,
several tests were carried out on the photo-reactor, considering different proportions of UV-Visible lamps,
measuring the radiation power for each case. First of all, the number of lamps was configured in order to simulate
a portion of the solar spectrum, considering 86% of visible lamps and 14% of UV lamps. In addition to that,
100%Vis and 100% UV-A and UV-C were also considered for comparing the results.
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Figure 3 shows the radiation power (W/m2) for each lamps’ configuration. It is observed that this remains constant
over time. Moreover, the incorporation of visible lamps in the system increases significantly the radiation over
40W/m2 with respect to UV light, which has an insignificant intensity of the radiation (about 2 W/m2).
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2

Potential radiation (W/m )
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35
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12 Vis - 2UV A
13 Vis - 1UV A
12 Vis
13 Vis
2UVC
2UV A
1UV A

30
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time(min)
Figure 3. Intensity of radiation power for each type of light configuration.

Thus, the influence of the wavelength of the light and the radiation power of the photoreactor on the photooxidation of As (III) in the presence of TiO2 was evaluated. In a first instance, the behavior of the TiO2 for
removing the arsenic under laboratory conditions for a specific configuration lamp (86% + 14%) is shown in
Figure 4. It can be noticed that the system achieves the photo-oxidation of As (III) to As (V) and partial adsorption
capacity of As (V) at the same time. This tendency was observed for all studied configuration lamps.

Figure 4. Kinetics of arsenic removal in presence of TiO2 under simulated solar light of laboratory photoreactor

Table 2 shows the radiation flux for the different lamps combinations as well as the efficiency of As (III) photooxidation, and the maximum time of photo-oxidation for each case. It is possible to notice that the maximum
arsenic photo-oxidation was reached under all the lamp configurations, disappearing nearby 100% of the
contaminant. However, significant differences in maximum disappearance times of As III were observed between
these configurations. For example, in the case of 100% UV-C lamps, the minimum radiation was observed with
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only 2 W/m2, however, the photo-oxidation time was faster about 20 minutes. On the other hand, it is observed
that the incorporation of visible lamps increases the radiation power about 40W/m2, yet, the photo-oxidation time
increases up to 90 minutes. TiO2 is a photoactive material in UV range [8-11], thus, these results demonstrated
that the biggest influence on the photo-efficiency of the system is the wavelength of the light applied, rather than
of the intensity of radiation.
Table 2. Arsenic removal efficiency tests on photoreactor with TiO2 material under different light configuration.
Light configuration
86% Vis/14% UV-A
100% UV-A
86% Vis/14% UV-C
100% UV-C
Radiation Power
42.0
1.0
45.0
2.0
2
(W/m )
Photo-oxidation
98.2
99.4
99.4
99.3
efficiency (%)
Photo-oxidation
60.0
45.0
60.0
20.0
time (min)

100% Vis.
46.0
99.3
90.0

3.2 Photo-oxidation of As (III) in presence of TiO2 and TiO2-AC under solar simulator.

The arsenic removal capacity under a laboratory photoreactor with the aforementioned proportion of UV-Visible
light, and in the presence of TiO2 coupled to AC was studied. In the figure can be noticed that the system TiO2AC achieves the photo-oxidation of As (III) (a more toxic and harder to adsorb species) to As (V) (less toxic and
easier to adsorb species) and its progressive adsorption in a single reaction system (Figure 5).

Figure 5. Kinetics of arsenic removal in presence of TiO2-AC under simulated solar light of laboratory photoreactor

In presence of TiO2-AC a higher adsorption capacity of As (V) and lower time for disappearing the As (III) were
observed with respect to the use of TiO2 alone, as is shown in table 3. That result demonstrates the synergistic
effect between TiO2 and AC for removal arsenic which is in concordance other reports using a similar system of
TiO2-AC to photodegrade organic compounds [8-11].

Table 3. Arsenic removal efficiency tests on laboratory photoreactor with simulated sunlight and in the presence of TiO2 and TiO2AC (Co: 5000ppb, Volume 200 mL)
Material
Adsorption of As (V) (%)
Photo-oxidation time (min)

TiO2
59
60

TiO2-AC
95
25

The photo-oxidation of As (III) in the presence of TiO2 and TiO2-AC under prototype system was also developed.
The arsenic removal efficiency was evaluated for arsenic solution with 1000 ppb and 5000 ppb of As (III) and
the results are shown in tables 4 and 5, respectively. It was determined that for solutions with an initial
concentration of As (III) of about 1000 ppb, the system presented higher removal efficiencies (> 90%, see table
1), reaching water quality standards appropriate for irrigation purposes (NCh 1333, < 100 ppb). This threshold
was achieved in one-step, which involves the photo-oxidation of As (III) in 45 mins and the progressive
adsorption of As (V). On the other hand, for solutions with higher concentrations (5000 ppb) of As (III), it is
necessary to carry out a two-step process. The first step considering the photo-oxidation of As (III) and the
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progressive adsorption of a part of the As (V) and the second step for the adsorption of the remaining As (V).
This operation mode allows achieving a removal efficiency larger than 90%, reaching drinking water quality
standards (WHO).

Table 4. Arsenic removal efficiency tests on prototype (Co: 1000ppb, pH 4, Volume 7 L).
Photo-oxidation time
(min)
45

Adsorption (%)
As total
91

[As] (ppb) final
92

Table 5. Arsenic removal efficiency tests on prototype for different pH (Co: 5000ppb, Volume 7 L).
Photo-oxidation time firststep
(min)
30

Adsorption (%) second-step
As total

[As] (ppb) final

96

8

4. Conclusions
A new technology for arsenic (As) removal have been developed, which is mainly composed of a solar collector
as a photo-reactor and the use of a bi-functional material based on a specific semiconductor (TiO2) and an
activated carbon (AC). For this system, the photo-efficiency was more influenced by the wavelength of the
irradiated light instead of the radiation power. On the other hand, a synergistic effect between TiO2 and AC on
the photo-oxidation of As (III) and adsorption of As (V) was observed. Thus, the treatment system presented a
high removal efficiency (> 90%), which involves the photo-oxidation of As (III) in a short time of irradiation and
the progressive adsorption of As (V), reaching irrigation water quality standards in one-step.
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Abstract
Electrochemical approaches and technologies have the potential to be used and applied to a wide range of water
and wastewater treatment needs, particularly if these technologies are paired with a renewable energy source such
as solar energy. Renewable-powered electrochemical technology can be used for rural, remote applications and in
other scenarios where non-chemical approaches are desirable. Electrochemical technologies can also be potentially
used where electrode and electrocatalyst design can be tailored to address specific treatment requirements, such as
selective contaminant removal, resource recovery, and disinfection. The research results presented here focus on
two applications of electrochemical technology to wastewater treatment: electrochemical precipitation of
magnesium ammonium phosphate, known as struvite, for nutrient recovery and simultaneous ammonia oxidation
and disinfectant generation for aquaculture wastewater. Experiments on electrochemical struvite precipitation
comparing a pure magnesium and a magnesium alloy electrode demonstrated that the pure magnesium electrode
produces more current; both anodes result in a crystalline struvite precipitate, as confirmed by x-ray diffraction.
Cyclic voltammetry studies for aquaculture wastewater treatment using graphite and graphite-supported PtRu films
as the anode demonstrate that the presence of PtRu reduces the voltage required for ammonia oxidation. When
graphite is used as the cathode, the disinfectant molecule hydrogen peroxide is produced, suggesting
electrochemical disinfection is possible in parallel with ammonia oxidation.
Keywords: Electrochemical Water Treatment, Struvite, Ammonia Oxidation, Disinfection, Electrode Design

1. Introduction
The use of electrochemical processes and technology has been a focus for the energy conversion and storage fields,
as technologies ranging from batteries to fuel cells and electrolyzers have received significant attention as cuttingedge and advanced next-generation technologies. To date, the application and development of electrochemical
technologies for water and wastewater treatment needs have been limited to specific niches; for example,
electrochemical technology has been a focus for non-membrane-based desalination (e.g., electrodialysis or
capacitive deionization) and for electrocoagulation of metals and organics, as a replacement for chemically-driven
coagulation. However, electrochemical processes and technologies offer a much greater range of possibilities for
wastewater treatment needs and goals. From chemical-free disinfection to electrocatalytic conversion of
contaminants to recovery of critical nutrients, electrode engineering, control of operational voltage and current
windows, and optimization of device design can all be used to address key problems in wastewater treatment.
Further, these uses of electrochemical technology have the potential to be not only used beneficially for water and
waste water treatment needs but could be combined with renewable energy sources (e.g., solar energy) to transition
away from fossil fuel based energy use and to enable a more diverse application space for electrochemical
technology. In particular, for water and wastewater treatment needs in rural, agricultural, and remote locations or in
other scenarios where non-chemical treatment options are needed, electrochemical technologies will be able to play
a larger role if renewable energy sources can be used to meet the energy requirements of the technology.
Our research is currently focused on several wastewater treatment problems that might be solved through and
electrochemical engineering approach. One particular focus of our research is the use of an electrochemical
process to recover and recycle nitrogen and phosphorus nutrients in wastewater as a reusable fertilizer product. In
this research, we focus on the formation of struvite, which is hydrated magnesium ammonium phosphate (Hug, A.
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and Udert, K.M. 2013, Kékedy-Nagy, L. et al. 2019). While there has been extensive research on the chemical
precipitation of struvite via the addition of a magnesium salt (e.g., magnesium chloride) and base (e.g., sodium
hydroxide) for pH elevation (e.g., (Kim, D. et al. 2007, Wilsenach, J.A. et al. 2007, Ye, Z.-L. et al. 2011, Hutnik,
N. et al. 2013, Zhang, T. et al. 2014, Agrawal, S. et al. 2018, Li, B. et al. 2018, Tansel, B. et al. 2018)), the use of
an electrochemical system to cause struvite precipitation remains little studied (Ben Moussa, S. et al. 2006, Wang,
C.-C. et al. 2010, Hug, A. and Udert, K.M. 2013, Kruk, D.J. et al. 2014, Belarbi, Z. and Trembly, J.P. 2018,
Kékedy-Nagy, L. et al. 2019). In the electrochemical approach, a magnesium anode is used, and the corrosion of
the magnesium metal to magnesium cation in aqueous wastewater solutions drives struvite precipitation. Key
parameters in the electrochemical system include the composition of the magnesium electrode, water composition,
and pH. In the present study, we focus our initial experiments on a synthetic water solution of aqueous ammonium
phosphate, and we comparatively evaluate a pure magnesium electrode against an AZ31 magnesium alloy; all other
parameters are held constant.
Additional interests in our research group include the use of electrochemical approaches to address the removal of
key contaminants and enable a chemical-free disinfection step for remote and rural wastewater treatment needs in
the agriculture and aquaculture sectors. In particular, we are focused on electrode electrocatalyst design and
electrochemical cell design for the treatment of aquaculture water. Our research target is simultaneous
electrooxidation of ammonia and the production of hydrogen peroxide for disinfection. We use graphite electrodes
as the base electrode material (Gupta, N. and Oloman, C.W. 2006, Zöllig, H. et al. 2015, Peera, S.G. et al. 2016).
The purpose of the graphite electrode as the anode is to promote the electrooxidation of ammonia to nitrogen gas
(Zöllig, H. et al. 2015), while the role of the graphite electrode as the cathode is as a poor electrocatalyst for the
oxygen reduction reaction to water, where dissolved oxygen will only be partially reduced at the graphite surface to
hydrogen peroxide (H2O2) rather than H2O (Gupta, N. and Oloman, C.W. 2006). Ammonia oxidation at the anode
can be enhanced by the presence of precious metals such as platinum and ruthenium (Donten, M. et al. 1997,
Bertin, E. et al. 2012, Jiang, J. 2017); while these metals are more expensive than a graphite-only electrode, the
enhancement in the electrooxidation reaction provides a potential trade-off between energy required versus
electrode cost. In this paper and associated talk, we discuss our ongoing work and recent results on electrochemical
approach, electrochemistry experiments, and struvite precipitate characterization for the recovery and recycling of
ammonium and phosphate nutrients as the slow-release fertilizer compound struvite (magnesium ammonium
phosphate hexahydrate) from simulated wastewater. We also discuss initial experimental results for the
simultaneous ammonia oxidation and disinfection of aquaculture water by conducting experiments in simulated sea
water.

2. Experimental Approach
Electrochemical Struvite Precipitation
Experiments were performed with aqueous solutions containing 0.077 M (7.53 g L-1) dihydrogen ammonium
phosphate (NH4H2PO4) from Sigma-Aldrich. The test solutions were prepared by using Milli-Q water (18.2 MΩ,
Millipore, Bedford, MA, USA). The magnesium foil (99.9% pure), AZ31 magnesium alloy foil (Al 3 wt%, Zn 1
wt%, balance Mg) and stainless-steel (316SS) plates of dimension 10 x 10 cm and 2 mm thick were purchased
from Goodfellow Corporation.
Electrolysis experiments were conducted in a single-compartment reactor filled with 0.85 L of test solution and
continuously stirred at approximately 240 rpm. The schematic illustration of the reactor setup is given in Figure 1,
where the electrodes were shaped as thin plates with an active surface area of 40 cm2. Pure-Mg or an AZ31
magnesium alloy served as the anode, and 316SS served as the cathode, while the distance between the electrodes
was held constant at 5 cm. The anode potential was controlled with a potentiostat ((Bio-Logic, USA) and was
measured against a double-junction Ag/AgCl (3M NaCl, BASi) reference electrode, where the reference electrode
chamber was set close to the anode surface. Single batch experiments were conducted with each test lasting 6 hours
at a fixed anode potential of -0.8 V (Kékedy-Nagy, L. et al. 2019). After each batch experiment, the precipitate
from the anode and the cathode were collected and stored separately. The precipitate from the test solution was
recovered by vacuum filtration, where the filter holder was fitted with PTFE un-laminated membrane filters (0.45micron, 47 mm from Sterlitech). Precipitates were characterized by powder x-ray diffraction (XRD) and scanning
electrochemical microscopy (SEM).

Electrooxidation of Ammonia with Simultaneous Disinfection
Experiments were performed in a simulated sea water aqueous solution (Kester, D.R. et al. 1967). The ultimate
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goal for this research is to perform experiments in a flow cell reactor design (Figure 5), but all data presented in
this paper were collected in a batch reactor setup, split-cell design. In the split-cell design (Figure 10a), the anode
is separate from the cathode by a solid porous separator. The split-cell design allows the reactions that occur at the
anode and the cathode to proceed without interference from each other. The reference electrode is placed close to
the working electrode (in this study, the anode) to minimize electrical resistance contributions to measured current.
All electrochemistry experiments were conducted with a silver-silver chloride (Ag/AgCl) reference electrode (3 M
NaCl).
For ammonia oxidation experiments, cyclic voltammetry (CV) experiments were performed between a voltage
window of -1.5 and 1.5 V vs. Ag/AgCl for graphite-only electrodes and between a voltage window of 0.05 and 1.2
V vs. Ag/AgCl for graphite-supported PtRu film electrodes. PtRu films were synthesized via and electrodeposition
approach with the following conditions: 10 mM H2PtCl6 and 20 mM RuCl3 in 50 mM aqueous H2SO4. The
deposition potential (no internal resistance correction) was -0.6 V vs. Ag/AgCl, and the deposition times were 1
min, 3 min, and 5 min. For experiments to evaluate the disinfection potential of the cathode (graphite), a
commercial test kit for detection of hydrogen peroxide (H2O2) concentration via color change was used. Test kit
strips were dipped into the cathode compartment of the electrochemical split cell every 10 min for a 60 min
experiment, and the color change of the test strip from white to specific shades of blue indicated the H2O2
concentration in ppm (i.e., mg/L). For disinfection potential experiments, the working electrode potential was held
at 1.5 V vs. Ag/AgCl for 60 min. H2O2 is expected to form due to the partial reduction of dissolved oxygen;
graphite is known as a poor oxygen reduction reaction electrocatalyst, where the full oxygen reduction reaction
involves the reduction of oxygen to water.

3. Results
Electrochemical Nutrient Recovery from Wastewater
While chemical precipitation of struvite is well-known and currently being pursued at the scale up and
commercialization levels (e.g., by the company Ostara and others), electrochemical precipitation of struvite is less
well-known and the details of the electrochemical precipitation process need to be studied and understood. Our
goal with our current research activities is to study struvite precipitation in an electrochemical reactor setup, where
struvite formation is driven by the corrosion of a magnesium-based electrode in aqueous solution containing
ammonium and phosphate. Our work is focusing on understanding the fundamentals of struvite formation, particle
growth and morphology, and electrochemical efficiency of the process. In Figure 1, a cartoon schematic of our
batch reactor setup is shown; for the results presented below, a simple synthetic solution of ammonium phosphate
was used, and the experiments were performed at the natural pH of ammonium phosphate, measured at 4.5
(Kékedy-Nagy, L. et al. 2019).

Fig. 1: Cartoon schematic of the batch reactor setup for electrochemical precipitation of struvite from the beneficial corrosion of a
magnesium anode. A Ag/AgCl reference electrode and a stainless steel cathode were used for all experiments.
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Two different electrode compositions, pure magnesium (pure-Mg) and a magnesium alloy (AZ31) were evaluated
over a 6-hour experiment, where the applied voltage was held at -0.8 V and the current density (j) was measured.
Results, shown in Figure 2, demonstrate that the pure-Mg electrode results in a larger measured current density, as
compared to the AZ31 alloy electrode. This result suggests that the pure-Mg anode results in a greater extent of
magnesium metal corrosion and possibly a greater amount of struvite formation. Further, both anode materials
result in a significant decrease in the measured current over time during the first 4 hours of the experiment; after
approximately 4 hours, the measured current stabilizes and becomes relatively linear. This decline in measured
current density may be the result of the formation of a passivating foulant layer on the surface of the anode, which
is likely to be comprised of struvite particles.

Fig. 2: Potentiostatic experiments, where current density (j) is measured over time (hours), for two types of magnesium electrodes:
pure magnesium and the magnesium alloy, AZ31.

Precipitated struvite appears visually as a white particulate powder when dried (Figure 3a). Characterization results
by electron microscopy, shown in Figure 3b & c, reveal large micrometer-size particulates for both anode types.
SEM imaging demonstrates that the struvite particles have an elongated, rhombohedral-like structure with particle
sizes ranging from 15 – 30 μm. Notably, the particles produced by the pure-Mg anode appear more loosely packed,
while the particles produced by the AZ31 alloy appear to be more densely packed.

Fig. 3: (a) Digital image showing struvite powder. (b, c) X-ray diffraction (XRD) spectra for electrochemically-precipitated struvite
from the pure magnesium anode and from the AZ31 magnesium alloy anode.

For both anode types, the precipitates formed resulted in a similar crystal structure to a chemically-precipitated
struvite reference standard, as measured by x-ray diffraction (XRD) (Figure 4). The slight differences in XRD
spectra between electrochemical and chemical struvite and between the precipitates formed from the two different
anodes suggest that different crystal faces dominate amongst the different samples. This result confirms the
presence of struvite in the precipitate recovered from each experiment, and the lack of other diffraction peaks in the
experimental spectra suggest that struvite was the primary, if not the only, crystalline structure obtained. This
result is expected based on the simple synthetic solution used in experiments, which contained only ammonium and
phosphate, as well as based on the relatively low starting pH (4.5). The low starting pH precludes the formation of
precipitates that might be expected at higher pH values (e.g., magnesium hydroxide or magnesium phosphate)
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(Hug, A. and Udert, K.M. 2013).

Fig. 4: X-ray diffraction (XRD) results for the pure magnesium and AZ31 magnesium alloy used as the anode to drive electrochemical
struvite precipitation, compared to a standard reference. Both anodes resulted in a precipitate with the crystal structure of struvite.

Electrochemical Treatment of Aquaculture Water: Ammonia Oxidation
An electrochemical approach can also be used to address specific contaminant and treatment target needs, such as
chemical-free disinfection and the oxidative removal of aqueous ammonia. Our research for this application is
focused on aquaculture systems, where aqueous ammonia builds up as a result of the natural biological processes
of the fish living in an aquaculture system. Disinfection of aquaculture water is desirable and required due to the
presence and build up of bacteria and other potential pathogens (e.g., viruses), and a non-chemical (i.e., chlorinefree) approach better enables direct recycling of the aquaculture water back to the system. Our research focuses on
the eventual development of a flow-based electrochemical reactor, where ammonia oxidation occurs at the anode
and the production of H2O2 occurs at the cathode, enabling disinfection (Figure 5). Disinfection may also occur at
the anode due to chloride anion oxidation to hypochlorite.

Fig. 5: Cartoon Schematic of electrochemical approach to aquaculture water treatment, where the anode design targets ammonia
oxidation and the cathode design targets the production of hydrogen peroxide for disinfection.

Our initial electrochemical studies were performed in a non-flow batch reactor to first conduct a fundamental
evaluation of electrode performance in the presence of different electrolytes and aqueous ammonia. Our initial
studies focused on an evaluation of graphite electrodes, based on prior work (Zöllig, H. et al. 2015). A set of
graphite electrodes were first evaluated in a sodium sulfate electrolyte in comparison to a sodium chloride
electrolyte (Figure 6a) to understand the behavior of the graphite electrode in the presence and absence of chloride.
From these cyclic voltammetry (CV) results, we observe the onset of chloride oxidation at approximately 1.2 V, as

5
2263

L. Greenlee et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

well as a significant current increase caused by the oxygen evolution reaction (OER) starting at approximately 1.5
V (blue curve, Figure 6a). In comparison, in the absence of chloride, only the OER is observed. The addition of
ammonia to a simulated seawater electrolyte (Figure 6b) results in subtle changes to the CV curve produced by the
graphite electrode; the majority of the current produced is likely from direct oxidation of chloride and then the
OER. This result suggests that in the presence of chloride enables indirect chemical oxidation of ammonia, where
the chloride is oxidized at the electrode surface to hypochlorite, and the hypochlorite then oxidizes the ammonia
molecules. This ammonia oxidation reaction converts the hypochlorite back to chloride anion and likely only
occurs close to the electrode surface.

Fig. 6: (a) Cyclic voltammetry (CV) results for a graphite electrode in two different electrolytes. The presence of chloride anion
results in a shift in the onset of current production to lower voltage, indicative of chloride oxidation. (b) CV results for a graphite
electrode and synthetic seawater with and without ammonia.

To evaluate the potential use of a PtRu film as an electrocatalyst layer on a graphite support, electrodeposition of
PtRu was performed as illustrated in Figure 7a. The PtRu films were thin as electrodeposition was performed for
short times (1 – 5 min). Electrodeposition of the film was followed by measurement of the current density
produced; the result in Figure 7b (red curve) is a representative dataset illustrating the current measured during
Pt/Ru deposition, as compared to a control experiment for graphite in the presence of the background sulfuric acid
electrolyte with no Pt/Ru precursors added (black curve).

Fig. 7: (a) Cartoon schematic of electrodeposition approach for applying a thin PtRu film to a graphite electrode. (b) CV
measurement during PtRu film electrodeposition (red curve), in comparison to a control (black curve).

The PtRu-graphite electrodes were then evaluated by a set of CV experiments in simulated sea water in comparison
to graphite alone (Figure 8) for different aqueous ammonia concentrations. The results shown in Figure 8 for 0 and
250 mg/L NH3-N demonstrate that the presence of the PtRu film drastically reduces the required applied voltage
for the onset of oxidative processes to occur. In particular, the onset of the OER can be observed at ~1.2 V as a
steep increase in current with voltage, but prior to the onset of the OER, there is a broad oxidative feature that
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appears and increases in current density with increasing PtRu film deposition time. Within this feature, there is an
observable peak at 0.7 V vs. Ag/AgCl.

Fig. 8: Graphite and PtRu film-graphite electrodes evaluated in simulated sea water solution in the presence of (a) no aqueous
ammonia and (b) 250 mg/L NH3-N added aqueous ammonia. PtRu films were electrodeposited for 1 min, 3 min, or 5 min.

When the CV results for several concentrations of aqueous ammonia are plotted together (Figure 9, for a 5 min
electrodeposition time), we observe that the peak identified at 0.7 V vs. Ag/AgCl increases in current density with
an increase in aqueous ammonia concentration. This result suggests that ammonia is oxidized at this voltage;
further experiments are required to understand the reaction pathway and resulting oxidation products of
electrooxidation of ammonia by these PtRu films versus graphite only electrodes. It is important to note that the
voltage at which ammonia is oxidized when the PtRu films are used (0.7 V) is much lower than that of the
graphite-only electrodes (~1.4 V), based on these CV studies. This result suggests that there will be a trade-off
between the energy required to oxidize ammonia (as determined by the voltage required and the current density
produced, where current multiplied by voltage equals Watts) and the cost of the electrocatalyst on the electrode. In
addition, the stability of the electrode will need to be evaluated, but precious metals such at Pt and Ru are known to
be relatively stable, especially at lower voltages. However, graphite can be oxidatively corroded when used at
higher voltages, which would be required to achieve ammonia oxidation. These trade-offs between energy use and
electrode cost and performance and stability will need to be evaluated in future work.

Fig. 9: (a) CV results for a PtRu-graphite electrode synthesized with an electrodeposition time of 5 min as a function of aqueous
ammonia concentration. The full voltage window of the experiment, 0.05 V – 1.2 V vs. Ag/AgCl, is shown. (b) At 0.7 V vs. Ag/AgCl,
an ammonia oxidation feature is identified, where the current density response increases as aqueous ammonia concentration
increases. All experiments were performed in simulated sea water solution.

Finally, preliminary experiments have been performed to confirm and qualitatively quantify the production of
hydrogen peroxide (H2O2) at the graphite cathode in the split-cell electrochemical setup (Figure 10a). A
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commercial test kit with color-change test strips was used, and results for a 60-min experiment are shown in Figure
10b (top image), compared to the test kit color-concentration correlation key (bottom image). The experimental
test strips shown in Figure 10b were each dipped into the cathode (i.e., counter electrode (CE)) compartment every
10 min, and the observed color change shows the gradual increase in H2O2 concentration (ppm) over time, where a
concentration of ~50 ppm H2O2 in solution was reached at ~40 min. We anticipate that in a flow cell, with
operational parameters optimized, a steady-state H2O2 concentration can be reached, and with changes in flow cell
parameters (e.g., flow rate, residence time), the H2O2 concentration can be controlled at the desired target
concentration.

Fig. 10: (a) Cartoon schematic of experimental setup to evaluate the production of hydrogen peroxide at the graphite counter
electrode (i.e., the cathode). (b) In the top image, results from an electrochemical experiment are shown, where a test strip was used to
sample the counter electrode compartment every 10 min over 60 min. In the bottom image, the indicator comparison from the
commercial hydrogen peroxide test kit is shown, with color-concentration key. WE = working (anode) electrode; RE = reference
electrode; CE = counter (cathode) electrode.
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Abstract
Humidification-dehumidification (HDH) process has proven to be a feasible method to obtain fresh water. Ongoing research on HDH desalination system has been carried out to improve the system performance and maintain
steady fresh water production. However, it is difficult to guarantee the efficiency and stability of fresh water
production at the same time. In this paper, an enhanced HDH desalination system with weakly compressed air and
internal heat recovery is thus proposed, and the experimental setup is then designed and fabricated. Benefiting from
a new-design evaporative-condenser, the latent heat released by the process air can be recycled completely, which
can provide a continuous and steady heat input for the evaporation of seawater. Therefore, additional heat source
and cooling seawater are no need any more during steady running. The experimental results show that when the
spraying seawater temperature is heated to 70 oC, and both evaporation pressure and condensation pressure are 1444 Pa and 943 Pa, respectively, the fresh water production and specific energy consumption (SEC) are 116 g h-1
and 1.01 kg kW-1h-1. By experiments, we have confirmed the feasibility of enhanced-HDH desalination.
Meanwhile, the theoretical analysis of the system self-sustaining is also verified.

Keywords: humidification-dehumidification (HDH), desalination, moist air, fresh water,

1. Introduction
With the rapid development of society and quality improvement of people’s living, the importance of fresh water
has become more and more prominent. But at the same time, the shortage of fresh water resources and water
contamination have also been paid much more attention by people (Li, 2013). Fortunately, seawater covers threequarters of earth’s surface, and it contains a huge amount of fresh water if the salt can be separated from the
seawater. Therefore, removing most of salt from the seawater richly on earth to obtain fresh water, namely
desalination technology, has proven to be a promising and feasible method to obtain fresh water from seawater for
daily life, agriculture and industry (Elimelich, 2011; Shatat 2013).
Desalination technologies as we know such as reverse osmosis (RO), multi-stage flash (MSF), low-temperature
multi-effect distillation (LT-MED) and mechanical vapor compression (MVC) are suitable for large-scale fresh
water supply. Desalination units using above methods are both located near large chemical plants or power plants,
in which electricity, steam or waste heat is particularly rich, and not suitable for the place with restricted in space
and resources (Srithar, 2018). In other words, above methods are usually highly energy-intensive and driven by
traditional fossil fuels, leading to global warming intensifies. Therefore, seeking for the low-carbon and clean as
well as renewable energy to take place of the traditional fossil fuels in desalination system is imperative. However,
the traditional desalination methods have serious requirement for working temperature and pressure. In this context,
since 21st century, the process of HDH has attracted close attention by its outstanding merits, such as simple
structure, low working temperature, mild evaporation, easy to control, atmospheric operation and can be directly
drunk and so on. Furthermore, profit from the low working temperature and atmospheric operation, the process of
HDH can be driven by renewable and sustainable energy such as solar energy and geothermal energy as well as
energy-saving technologies such as heat pump technology. A combination of HDH process with clean and
renewable energy has been recognized as a practicable method to obtain drinkable water in small-scale (Dai, 2000
and 2002; Zheng, 2017). Compared with traditional desalination methods, HDH process is susceptive to the
stability of heat sources, especially when the heat source is solar energy. In this context, many researches on HDH
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desalination system aim to improve the efficiency of heat recovery or combine with other technologies such as heat
pump, thus reducing the demand for the stable heat sources.
Kang et al (2015) presented a two-stage multi-effect solar desalination system based on HDH process, in which
both the latent heat and partial sensible heat in the remaining seawater are reused for further improving the fresh
water yield. The simulation results show that when the spray seawater temperature of the higher-temperature
humidifier is 95 oC, the fresh water yield can reach up to 72.60 kg h-1 and the corresponding GOR is 2.44. However,
it is hard to obtain a temperature of 95 oC in traditional solar collector. Meanwhile, when the spray seawater
temperature is less than 70 oC, the corresponding GOR will also be decreased to less than 2. Wu et al (2017a,
2017b) reported a three-stage solar HDH desalination system to further improve the system performance, including
GOR and fresh water yield. Between higher temperature HDH and lower temperature HDH, a middle temperature
HDH was added to improve energy cascade consumption. The maximum GOR can reach up to 2.65 only when the
spray seawater temperature at higher temperature HDH is 85 oC. However, from above literature review, we can
see that a relatively high spray seawater temperature needs to be provided for above three-stage desalination
systems to achieve the optimal system performance, especially when it is driven by the traditional solar collectors.
However, the aforementioned solar HDH desalination system is single-heat source system, which is susceptible to
the solar irradiation intensity. Therefore, an effectiveness solution to this problem is to combine with a heat pump
to provide heat source and cold source, respectively. Xu et al (2018) proposed a SAHP desalination based on HDH
process to obtain fresh water efficiently and steadily, and a test rig was also designed. The experimental results
indicate that the maximum fresh water yield and GOR are 12.38 kg kW-1h-1 and 1.24, respectively. However, the
system performance can be further improved if the preheated seawater from the precooler is reused again. Xu et al
(2019a) therefore proposed a two-stage humidification solar assisted heat pump desalination system with HDH
process to further improve the fresh water productivity and GOR. It can be seen from the experimental results that
the maximum fresh water productivity has increased from 12.38 kg kW-1h-1 to 14.35 kg kW-1h-1, and the value of
GOR has also increased from 1.24 to 1.93. However, the system performance is constrained by a bottleneck:
increasing dehumidifying capacity can result in a reduction in the performance of lower-temperature (LT)
humidifier. Consequently, a modified system is then proposed by Xu et al (2019b) to solve this bottleneck
effectively. And the maximum fresh water yield can be increased by 16.70% to 20.54 kg/h, and the corresponding
maximum GOR is also increased by 18.05% to 2.42.
Strictly speaking, it usually loses more than you gain if a heat pump is introduced during HDH process due to its
high-power consumption and higher initial cost. As a result, the system structure is no longer simple flexible. If a
compressor instead of seawater heaters or/and process air heaters is used as the driving component of the system,
and an expander or throttle valve is added between humidifier and dehumidifier to decrease the pressure of
evaporation for achieving high effective of evaporation of seawater in humidifier, it is easy to identify that there are
no heat sources directly involved in the operation of the HDH desalination system. In other words, the working
principle of the pressure-driven HDH desalination system is derived from the heat pump cycle in which the
evaporator absorbs directly heat produced by the condenser.
Based on working principle of pressure-driven HDH process, Ettouney (2005) proposed a humidification vapor
compression desalination system, in which both humidifier and dehumidifier are placed in the same chamber. And
the condensation of compressed process air in the dehumidifier provides the heat input for the evaporation of
seawater in humidifier. However, the waste heat of seawater and process air is not reused. Therefore, Narayan et al
(2011) proposed a novel variable pressure HDH desalination system, in which both humidifier and dehumidifier
are operated at different pressures respectively and independent of each other. Therefore, the effects of pressure
ratio (the ratio of condensation pressure to the evaporation pressure) and condensation pressure as well as the air
side pressure drop on the system performance was investigated by the authors. Meanwhile, owing to the huge
increase in entropy generation, a throttle valve instead of expander will lead to an increase in SEC. And GOR of
the system can reach up to 6, which is higher traditional HDH desalination system. Besides, the compressor driven
by high-temperature steam has also been analyzed by Narayan et al (2012), and the expander is coupled with the
RO technology. As seen, the maximum GOR of the proposed system is 20, and the corresponding SEC is about
105.26 kg kW-1h-1, which both are much higher than those of the traditional HDH desalination system. According
to the system proposed by Narayan et al (2012), the exergy analysis of above proposed system was carried out by
Al-Sulaiman et al (2013) who also developed a novel parameter, the total true specific exergy lost, to evaluate the
exergetic performance of the system. As found from the simulation results that the exergy destruction of the
thermal vapor compressor is the largest, accounting for 50% of the total exergy destruction. And the similar work
has also been performed by Siddiqui et al (2017).
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From above recent investigations and attempts to increase the system performance or reduce the system energy
consumption, it is not hard to find that cooling seawater is essential to the conventional HDH desalination system
expect direct-contact condensation, especially to the process of dehumidification. However, it is impossible to
recycle completely the heat released by the condensation of process air in the dehumidifier, and only a fraction of
the heat recovered can be used owing to the efficiency and heat loss in the energy conversion process. If the
condensation heat can be directly transferred to the evaporation side of seawater, not only the heat released in the
condensation side of process air can be recycled completely, but also the cooling seawater is no longer required
(Vlachogiannis 1999; El-Khatib, 2004; Xu, 2019c).
In this paper, an enhanced solar HDH (E-HDH) desalination system with weakly compressed air and internal heat
recovery is thus proposed, and the experimental setup is then designed and fabricated. Benefiting from a newdesign evaporative-condenser, the latent heat released by the process air can be recycled completely, which can
provide a continuous and steady heat input for the evaporation of seawater. Therefore, additional heat source and
cooling seawater are no need any more during steady running. The objective of this paper is to verify our proposed
system and investigate the system thermodynamic characteristics. And the thermal performance of the system is
studied under different operating conditions such as seawater temperature and pressure difference.

2. System description
A novel E-HDH solar desalination system is formed when compressor and vapor chamber in traditional mechanical
vapor compression (MVC) desalination system are substituted by an air blower and an evaporative-condenser,
respectively, which is shown in Fig. 1. An air blower instead of mechanical compressor is helpful to reduce the
working pressure. Meanwhile, water vapor, as the work medium of a traditional MVC desalination system, is also
replaced by the moist air in the novel system. Therefore, the novel E-HDH solar desalination system performance
is not only determined by the working pressure of moist air and seawater temperature, but also by the moist air
conditions.
Compressor

Air blower

Vapor

Moist air

Fresh water

Evaporation chamber
Fresh water

Traditional MVC
desalination system

Evaporative-condenser
Novel enhanced HDH
desalination system

Fig. 1 Development of a novel E-HDH desalination system

Fig. 2 depicts the detailed schematic diagram of the novel E-HDH solar desalination system based on Fig. 1. After
being heated to the setting temperature by the seawater heater, the hot seawater is uniformly sprayed on the top of
the evaporation channel. The high temperature falling film is formed on the surface of the evaporation channel,
which is greatly beneficial to the evaporation of seawater. Unsaturated moist air under evaporation pressure after
throttling flows from bottom to top through the falling film surface of the evaporation channel for heat and mass
transfer, thus reaching the nearly saturated moist air. Then the saturated moist air out of the evaporative channel is
compressed adiabatically by air blower. The compressed moist air is unsaturated. Next, the compressed moist air
passes through the condensation channel, where partial water vapor is condensed into fresh water. Better yet, the
condensation latent heat can be completely recycled for seawater evaporation in the evaporative-condenser for
reheating seawater again. The compressed moist air under condensation pressure contributes to promote the
condensation of water vapor. After condensation, the saturated moist air is depressurized to unsaturation by throttle
valve. At last, the unsaturated moist air is sucked into the evaporation channel by air blower to increase the
moisture content again. The remaining seawater drawn from the evaporative-condenser is still warm, and its
concentration is not changed much. Hence, it is pumped into the hot seawater sprayer again.
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Fig. 2 Schematic of the novel E-HDH solar desalination system
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Fig. 3 State points of process air during E-HDH process in the psychrometric chart

The state points of process air during E-HDH process in the psychrometric chart is depicted in Fig. 3. In the
operation of satisfactory performance, the moist air driven by air blower will experience the following procedures:
1→2→3→4. At this point, the throttle valve has been activated, and positive (P+ΔP) and negative (P-ΔP) pressure
has formed in the air duct, which are beneficial for the evaporation of seawater and condensation of moist air. The
saturated moist air after humidifying is compressed by the air blower to achieve the procedure of 1→2, a process of
enthalpy-adding. Thus, the dry-bulb temperature of moist air is increased, and the absolute humidity ratio keeps
constant. Then, the compressed unsaturated moist air passes through the condensation channel to experience the
procedure of 2→3. The dry-bulb temperature is reduced to its dew point temperature firstly, and fresh water is then
condensed on the surface of the heat transfer wall. Meanwhile, the state of moist air is returned to saturated from
unsaturated. The saturated moist air becomes unsaturated when the moist air flows through the throttle valve from
state point 3 to 4 (3→4) due to the pressure drop. At last, the unsaturated moist air after throttling passes through
the evaporation channel to increase moisture content again from state point 4 to 1 (4→1).

3. Experimental setup
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2.1. Experimental setup description
A photograph of the experimental setup is shown in Fig. 4. The major components include air blower, seawater
heater, throttle valve, evaporative-condenser, spraying seawater tank, pump, flow rate sensors and temperature and
humidity sensors.

Fig. 4 Photograph of the experimental setup

An electrical heater instead of solar collectors is utilized to acquire the test results rapidly. Meanwhile, a turbofan
instead of the traditional axial flow fan or centrifugal fan is used as the pressurizing device to provide a large
pressure difference. Flange connection is adopted to ensure the airtightness of the whole system. Similarly, in order
to the airtightness of the system, all the sensors are also installed with threaded connection. In order to avoid
sucking spray seawater into the turbofan leading to burning out the motor, the air duct outlet of the spraying tank is
therefore designed to rise at an Angle of 45 degrees. The pipe diameter of the air duct is 110mm. The control
cabinet is designed to control the start and stop of air blower, pump and seawater heater, adjust the air blower
frequency, and acquire experimental data.
Fig. 5 shows the configuration of the evaporative-condenser, it can be found that the size of evaporative-condenser
is 300mm*300mm*300mm, and the pitch of fins is 5mm. The thickness of fins is set to 0.1mm to enhance the
performance of heat transfer between moist air and seawater. Furthermore, the technique of concave and convex
points is also applied to the fins for increasing the heat exchange area.
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300
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Fig. 5 Configuration of evaporative-condenser

The parameters of major component above mentioned in the experimental setup is illustrated in Table 1.
Tab. 1: Parameters of major components in the setup

Components

Parameters

Evaporativecondenser

Size: (Length × Width × Thickness)
L ×W ×T=300 mm ×300 mm ×300 mm

Air blower

Max. volume flow: 80 m3 h-1, max. discharge pressure: 12
kPa, max. suction pressure: 11 kPa, power: 370W

Pump

Max. volume flow: 0.75 m3 h-1, power: 55W

Seawater heater

Power: 3 kW

2.2. Measurements and data acquisition
Some of parameters floating with the running time would be collected into computer by MODBUS-RTU
communication protocol to keep real-time records. A throttle valve was adopted to control the pressure ratio and
pressure difference. A frequency changer was used to adjust the speed of air blower so as to broaden the regulating
capacity of the throttle valve. And the flow rate of seawater was adjusted by the seawater valve.
To evaluate the system performance, both process air temperature and relative humidity were measured by
temperature and humidity sensors. Process air pressure was recorded by a pressure sensor. Fresh water production
was collected by an electronic balance. A smart electrical meter was adopted to obtain the electrical consumption
of the system. A hot-film anemometer was used to measure process air speed. Additionally, the temperature and
humidity of process air, seawater temperature, electrical consumption and fresh water production were archived
with a sampling interval of 1minute. The specific features of the testing apparatus are listed in Table 2.
Tab. 2 Specific features of the testing sensors
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Parameters

Sensors

Testing ranges

Accuracy

Temperature

PT100

0-100 oC

±0.2 oC

Temperature and
humidity

Temperature and
humidity

0-100 oC

±0.5 oC

0-RH100%

±3%

Pressure

Pressure

-5.0 kPa-5.0kPa

±0.5%

Air speed

Hot-film
anemometer

0-10 m s-1

±3%

Water flow

Water meter

0-2.5 m3 h-1

±2%
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Fresh water production

Electronic balance

0-20 kg

±1 g

4. Results and discussion
Fig. 6 shows the change trends of spraying seawater temperature and process air temperature with running time.
The operating conditions are: the flow rate of spraying seawater is 0.75 m3/h, and wind speed is 1.80 m/s. It should
be point that, in this case, the spraying seawater temperature (Ts) is increased to 70 oC at the 10th minute by the
seawater heater which is used to simulate the heating process of solar collector. It is clear that the moist air
temperature is also increased with the increase of spraying seawater temperature, including the moist air outlet
temperature of low-pressure (T1), the moist air inlet temperature of high-pressure (T2), the moist air outlet
temperature of high-pressure (T3) and the moist air inlet temperature of low-pressure (T4). The seawater heater will
be turned off when the spraying seawater temperature reaches the designed temperature. However, as the
experiments went on, the moist air temperature is decreased without the heat source, thus leading to a reduction in
the spraying seawater temperature. It is mainly because that the temperature difference between the moist air and
the ambient air is objective existence, which is bound to cause some degree of heat loss even if we have already
done the corresponding insulation measures. When the temperature of spraying seawater reaches 70 oC, the moist
air inlet and outlet temperature of high-pressure are 65 oC and 63.6 oC, and the moist air inlet and outlet
temperature of low-pressure are 62.4 oC and 66.2 oC, respectively.
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65

Temperature (oC)

T4

60
55
50
45
40
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40

50

60

70

Time (min)
Fig. 6 The change trends of seawater and process air temperature with running time

Fig. 7 depicts the change trends of evaporation pressure and condensation pressure with running time. It can be
found from the figure that the average evaporation pressure (P1) is -1444 Pa, and the corresponding average
condensation pressure (P2) is 943 Pa. The value of pressure here is all relative to the atmospheric pressure, namely
the gauge pressure. In general, when evaporation pressure is larger than the condensation pressure, it is
advantageous for the system to increase the fresh water production. Therefore, the average pressure difference
distribution which can be defined as the ratio of the pressure difference between atmosphere pressure and
evaporation pressure to the value of pressure difference is 0.60. Need to point out that in order to effectively
alleviate the heat resistance rise between moist air and heat transfer wall in the condensation channel due to the
existence of the liquid film produced by the condensation of water vapor, air evacuation valve is opened regularly
to blow away the liquid film in the condensation channel. Therefore, a sudden drop in both evaporation pressure
and condensation pressure is presented in Fig. 7.
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Fig. 7 The change trends of evaporation pressure and condensation pressure with running time

Fig. 8 shows the temperature difference between the moist air inlet temperature of high-pressure (T2) and the moist
air outlet temperature of high-pressure (T3), and the temperature difference between the moist air outlet temperature
of high-pressure and the spraying seawater temperature (Ts). According to the working principle of the system, the
fresh water may be obtained only when the moist air inlet temperature of high-pressure is greater than the moist air
outlet temperature of high-pressure. From fig. 8 we can see that the moist air inlet temperature of high-pressure is
always greater than the moist air outlet temperature of high-pressure. Under the stable operating conditions, the
average temperature difference is about 0.3 oC. A measure of whether the system is self-sustaining which means
that additional heat input is no longer needed, is the temperature difference between the moist air outlet
temperature of high-pressure and the spraying seawater temperature. When the moist air outlet temperature of
high-pressure is higher than the spraying seawater temperature, the condensation heat will be absorbed by the
spraying seawater in the evaporation channel. It can be seen that the moist air outlet temperature of high-pressure is
higher than the spraying seawater temperature from the 44th minute, and the average temperature difference is
about 0.2 oC.
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Fig. 8 The change trends of temperature difference with running time

Fig. 9 illustrates the change trends of fresh water production with running time. Within the 60-minute running, a
total of 116 g fresh water was obtained accumulatively. Under the operating conditions, the power consumption of
pump and air blower are 15 W and 100 W. Therefore, the system SEC which is used to evaluate the system
performance in electrical energy consumption is 1.01 kg kW-1h-1. The reason why the system SEC is too low can
be explained by the fig. 10.
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Fig. 9 The change trends of fresh water yield with running time

Fig. 10 shows the change trends of the temperature difference between the moist air inlet temperature of highpressure (T2) and the moist air outlet temperature of low-pressure (T1), and the humidity ratio difference between
the moist air inlet humidity ratio of high-pressure (ω2) and the moist air outlet humidity ratio of high-pressure (ω3).
Limited by the evaporative-condenser manufacturing process, the maximum pressure capacity of the pressure
difference between evaporation channel and condensation channel is only 2500 Pa. Otherwise, it will be broken
down. Therefore, the temperature rise of the moist air after compressed is also small, which is 0.7 oC. Consequently,
the temperature difference between the moist air inlet temperature of high-pressure (T2) and the moist air outlet
temperature of high-pressure (T3) is small, leading to a small humidity ratio difference between the moist air inlet
humidity ratio of high-pressure (ω2) and the moist air outlet humidity ratio of high-pressure (ω3). Under the stable
operating conditions, the average humidity ratio difference is only 2.1 g kg-1. Hence, the system fresh water
production is low accordingly. The measure to overcome above problem is to improve the processing technology
of evaporative-condenser to improve its pressure endurance.
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Fig. 10 The change trends of temperature difference and humidity ratio difference with running time

5. Conclusions
In this paper, an enhanced solar HDH (E-HDH) desalination system with weakly compressed air and internal heat
recovery is proposed to lossless reuse the condensation latent heat and move away from a reliance on the cooling
seawater and additional heat sources. An experimental setup has been designed and fabricated. Based on the
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experimental results, the system performance has also been investigated. The conclusions are listed as follows:
(1) The feasibility of enhanced-HDH desalination has been confirmed experimentally. Meanwhile, the theoretical
analysis of the system self-sustaining is also verified.
(2) When the spraying seawater temperature is heated to 70 oC, and both evaporation pressure and condensation
pressure are -1444 Pa and 943 Pa, respectively, the fresh water production and SEC are 116 g h-1 and 1.01 kg
kW-1h-1.
(3) Limited by the evaporative-condenser manufacturing process, the maximum pressure capacity of the pressure
difference between evaporation channel and condensation channel is only 2500 Pa. Otherwise, it will be
broken down. Therefore, the temperature rise of the moist air after compressed is also small. Therefore, the
measure to overcome above problem is to improve the processing technology of evaporative-condenser to
improve its pressure endurance. In the following work, we will improve the processing technology of the
evaporative-condenser.
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Abstract
With the trend towards 100% transition to renewable energy, the sub-Saharan sub-region of Africa
continent must stand on a tripod of renewable energy, education and applications. The authors view point is
that the slow-pace of renewable energy's penetration and deployment in this sub-region is due primarily to
lack of proper and coordinated teaching in specific subjects as far as renewable energy and its allied
technologies are concerned. In this work, some selected authors own projects are being considered as an
enabler to formulate a working educational framework to identify all necessary huddles hindering the
transition to clean sources of energy in a mature and sustainable manner while the constructed equipments
remain a practical model to teach and train both students and the end-users.
Key Words: Renewable Energy Deployment, Education and Applications.

1. Introduction
As the rest of the world is bent to renewable energy's world, it is evident that the sub
Saharan Africa [1] has shown little effort to lift this banner and profess a new world. A
world where basic needs as energy can be accessed effortlessly.
The objective of this paper is firstly, while accepting the above narration, the authors
provide as solution, an easy way to learn, adapt, and possibly deploy the new
technologies as enshrined in the renewable energy sector. The second objective of the
paper is therefore, to present the authors 'view as the mechanism to acquire the needed
knowledge. Lastly, there is need to identify some variables necessary to speedy the
transformation process which may require further studies.
In summary, renewable energy's education and applications will remain the key for the
growth as we attempt to create a Renewable energy world, this trend of energy evolution
and revolution will be possible in the above cited sub-region if only if a broad-based
technical education is sustained. The urgency is to educate a new work force as movers of
the sub-regions rural communities to embrace a new energy revolution. The authors'
main objective is to make practical the conviction that renewable energy's education and
applications remain the most needed baggage for 100% renewable energy penetration in
the sub-region's rural communities.
In the furtherance of the above, the targeted objective will be centered on the issue of
energy as being manifested in the renewable energy technologies. This, will embrace all
basic technologies in the preferred areas of interest. Although, it is evident that “no single
technology can meet the goal of technical empowerment of the targeted professionals.
The authors considered as necessary to illustrate an aggressive and ambitious
programme/methodology, undertake capacity building. This development will be
centered on the prevailing trend of renewable energy technologies.
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Fig (1) the Sub Saharan Africa

The sub-Saharan Africa as shown in the figure (1), is callously endowed with various and enviable
renewable energy resources, viz, solar, biomass and hydro energy, widely distributed across. The overall
potential as indicated by “AFREPREN2001” [2] is more than the current total energy consumption. The
entire region has 1.1 Gigwatts of hydropower capacity, 9000 Megawatts of geo-thermal potential and
abundant bio-mass, solar and magnificent wind potential. It is established that the renewable energy
resource potential in this sub-region has not been fully exploited, hence the core mandate of this paper.
However, there is prospect of the wide scale deployment and dissemination of this form of energy
technologies.
There is no proper existing policy on renewable energy development. Remarkably, most renewable
energy activities are being exercised from individual's desire to produce the most needed energy from
renewable sources of energy. Consequently, the absence of strict monitoring of the diverse types of
technologies entering the sub-region is one of the problem which needs attention.
The focus is to deploy simple and locally build technologies as an instrument to transfer the most needed
knowledge rather than floating on unnecessary classroom theories which, in most times seem alien to
students.
Contrarily to the view postulated by “AFREPREN 2001[3], it is the authors' view that the renewable
energy technologies will continue to be driven by the desire to access this form of energy.

3.

Obstacles to Renewable Energy Penetration and Deployment in the Sub
Region.

It is no longer a novel that renewable energy has the potential to play all important role in providing
the most needed energy. The existing obstacles for its deployment may vary across technologies and
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countries. While this paper will not deal on enumerations of those obstacles or barriers, the authors
in this paper have postulated a candid opinion in solving some of the barriers by providing a solid
and coherent technology education as a case study.
Although, several barriers that have prevented or hindered smooth penetration of renewable
energy technologies have been listed in the literatures [4]. These include cost-effectiveness,
technical barriers, and market barriers such as inconsistent pricing structures, institutional and
regulatory barriers. Some obstacles may be specific to a technology, while some may be specific to
the sub region under this study.
Barriers were briefly discussed in the IPCC second assessment report and the IPCC third
assessment. A detail discussion on barriers and measures to overcome the barriers can be found in a
G E F paper by Martinot and Mcdoom[5].
From the view of the authors, many new technologies have not fulfilled their potential in this subregion simply because the benefits that they offer, have not been fully appreciated. It is correct that
some renewable energy technologies may offer significant life-cycle cost savings, but such
technologies remain under-utilized due to a lack of understanding of their applicability, other
technologies have not fulfilled their potential because of a lack of supporting teaching
infrastructure, such as installer and service engineers, even though the technology may be fully
competitive. For the sub-Saharan Africa, the process to transit to the renewable energy arena, if at
all, the sub-region should be accompanied by training, education and deployment programmes so
that they can compute (be integrated as a way of life).

4.

Measures to Overcome Barriers

As any energy sector, renewable energy is subject to a rainbow of interacting forces of change. It
may not be possible to achieve technical potentials but research and development can reduce the
gap between techno-economic potential and technical potential.
In the pursue of the above, this passer will demonstrate that there is a easy way to diffuse the
science behind renewable energy technologies, which may indicate that the process to achieve
energy access is not only possible but it is absolutely evident. It is certain that for a transformation
of the energy system to take place, new and novel technological system with powerful functions
need to emerge around a range of a new energies technologies. Whereas our understanding of how
new technologies systems evolve is limited.

4.1

Framing the Concept

One of the main drivers of the sub Saharan's huddles for growth is the non-access to energy and one
of the main causes to such situation is the inability to understand, manipulate, and adapt to the
surge of new technologies as being displayed in the renewable energy arena. This has, in turn, led to
the actual efforts to develop a framework of studies where technologies can be assimilated as prime
requisite to the deployment of renewable energy. Hence, technology education is the factor for
renewable energy deployment in the sub region under investigation.
Technology education remains a linear process and may be achieved through a cumulative
processes and stages. This, was targeted as invention-innovation diffusion paradigm . This
framework follows the process of innovation, which is the generation of new knowledge and ideas.
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The authors, in investigating the slow pace of development and diffusion of renewable energy
technologies in sub Saharan Africa, have identified that the situation is due to lack of education
base of such technologies that utilize renewable energy sources. Hence, particular focus is on a
suggestion that learning about such technologies while using them may accelerate its diffusion and
probably greater adoption.
The authors tried to adopt an old methodology, called “Craft Man”, which was focus on making
things and made them. The craft methodology was part of the growth as manifested in the industrial
revolution.
During that period, situations were framed in terms of problems and solutions. It is a strategy as
noted by “Hugh Dubberly” rooted in the craft era, in the master-apprentice relationship [6]. In this
concept, student learns by emulating teachers and in adopting a tacit learning process.
In the craft world, were change may seem to be slow, the master apprentice system may work well
using physical equipment for demonstration purposes. It was observed that the post-in-industrial
world, change seems fast, equally, with the trend of open library as being showcase with Ethernet
world, the apprentice under the master apprentice's proposed frame work, may be faster than the
master.
Using an existing equipment as an enabler to transfer knowledge, the authors are targeting to
achieve the explicit knowledge where if possibly distill rules from experience, codify new
methods, tests and improve them, and pass them on to others [7].
There seem to be need to accelerate research, development and deployment (RD&D) of energy
technologies and systems which is a crucial component for resolving key global challenges [8].
The challenges include promoting efficient use and production of energy, and ensuring energy
security.
This teaching methodology framework will consider the following targets:
Efficient end use technologies (buildings, electricity, industry).
- Fossil fuels (greenhouse-gas mitigation, supply, and transformation).
- Renewable energies and bio-fuel (technologies and development).
- Crosscutting
- Issues (information exchange, modeling, and technology transfer).
The focus is to deploy simple and locally build technology as an instrument to transfer the most
needed knowledge rather than floating on unnecessary classroom theories, which in most times are
alien to students. The paper made use of an existing technology shown below to illustrate the
proposed learning methodology.
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4.2 The Concept
In guise of illustrations, let us consider “the solar powered biodiesel rector” [9].
The schematic diagram shown below:

Fig. 2 The schematic of the biodiesel reactor

Fig. 3 The side view of the biodiesel reactor (with permission)
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Fig. 4 The biodiesel reactor at a glance (with permission)

The solar powered biodiesel reactor as shown above, is considered an enabler to formulate a working science and
technical training frame work to identify all necessary huddles hindering a smooth transfer of science and technical
knowledge in a mature and sustainable manner. The constructed plant as shown above is being considered to be used
to vindicate the authors' claim and possibly acknowledge some viable evidences on the impact of the proposed plant
as an instrument of teaching, training , engagement, exploration, real world simulation, opportunity to expand a
similar concept and possibly to strategies for a new and enviable science and technical evolution.

5.

Energy Technology Demonstration

Demonstrating technologies are complementary to energy research and development activities. All together these
activities constitute energy innovation, which is the process by which energy technologies are improved or
developed and ultimately brought into widespread use.
Technology demonstration under the auspices of transferring knowledge and skills play an important role in helping
bring technologies closer for diffusion. The process, by which any technology emerges, is improved and diffused in
society, can be studied for a number of perspectives. The author's perspective will focus on how knowledge of a
technology can influence its choice. It is the authors' believe that the application of technology to education has to be
motivated by a desire to implement or show cased some teachers proof. Learning via technology involves with real
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challenging tasks, professionalization of instructors/teachers. Creation of a culture that supports learning
both in the classroom and beyond the school walls.
The authors main concern is but, the use of technology as an enabler or catalyst for pacifying knowledge
transfer in ways that better support the acquisition of higher-order skills by the interested parties. Such
uses of technology can have a significant impact on the deployment of renewable energy.
In this frame work, we have classified two broad categories of technology: Technology applications, and
Technology uses. Technology applications are classified in the terms of how they are being used with
learners.
While our goal to provide the learners with different kind of education-structured around the provision of
challenging tasks that can prepare the learners for a technology-laden-world-the most relevant uses of
technology are as tools. Giving learners experiences in selecting appropriate technology tools and in
applying technologies such as “the solar powered biodiesel reactor”. This is an authentic technology as
they can be used outside the learning establishment. That is the learners use biodiesel reactor in the same
way that any practicing professional processing with similar technology.
Literatures [10] have it that technologies are called authentic when the learners are using technologies for
the same kinds of purposes and in the same ways that a fully trained professional would use similar
equipment in the same way that any practicing professional in a job requiring to produce biodiesel.
From the authors' view, in adopting the learning process as was the practice in post Second World War as
detailed above, we considered the effect of learning by doing and learning by reviewing on technical
progress for a range of technologies in multiple stages of development. As in the post-world war, we find
necessary to introduce with the perceived view of technical progress through technology education.

6.

Conclusion

Teaching renewable energy science using existing technologies as tools will play a total role in enabling
renewable technologies to deliver their potential. This work recommends a frame work for this vitally
important effort, drawing extensively on studies and analysis.
In the process of knowledge transfer, the authors while adopting the old practice that grew out of the
industrial revolution, they have combined with the emergence of internet world to modernize such
practice to an acceptable explicit knowledge, one that responds to the information revolution.
Although, the authors have recognized that, for renewable energy penetration and deployment in the subSaharan Africa to be meaningful, redesigning a way to educate the operators and handlers in this new
form of energy, much remains to be desired.
The urgency for the sub-Saharan Africa to be part of a 100% renewable energy world, keep
accelerating, and the education in which the needed knowledge may be generated seems stuck. Hence
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the quest to reinvent science and technical education and integrating it into an organic system through
which growth and development will be seen.
This work emphatically underscores values of education as the ability to successfully integrate
renewable energy technologies on a wide array of uses/technical requirements, resource options,
planning processes, institutional and human capacity. The more diverse and determine this education
framework, individual or group of people can draw their experience from, the more likely than in the end
of the day they can be able to implement an appropriate optimized, and system-wide approach. This may
be a simple remedy for those starting the processes to implement/integrate renewable energy
technologies as the case of sub-Saharan Africa.
Going 100% renewables, this prospect, may remain an illusion if there is no considerable wealth of
experiences and guaranty that there is always and sustainable knowledge to install and adapt technologies
if need arises.
The development and deployment of renewable energy technologies are important components for not
only the future of a balance global energy economy as cited by Claude Mandil [11], it is an enabler in
which the penetration and deployment of this form of energy will be accelerated towards a new total
renewable energy world.
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Abstract
Perovskite solar cells are a recently emerged photovoltaics technology that showed an impressive gain in
improvement and have reached a certified efficiency of 23.7% in 2018 for research cells. Although
containing toxic materials such as lead, these solar cells are currently getting a lot of attention by researchers
since they can be produced by using relatively simple wet chemistry based on abundant materials, with
process temperatures limited at 500 °C. This paper presents the results of a four days (or 30h) undergraduate
engineering lab course using basic equipment (without major adaptions such as inert gas techniques) on the
preparation and characterization of perovskite solar cells, where third year students are trained in
photovoltaics and material science, research methods and characterization techniques (such as scanning
electron microscopy), project management, while gaining a deeper understanding for emerging photovoltaics
technologies.

Key-words: Solar Cells, Photovoltaics, Perovskites, Higher Education, Lab Course

1. Introduction
In photovoltaics-research perovskite solar-cells are widely known as one of the major breakthroughs of the
last decade. Since its beginnings in 2009 (Kojima et al. 2009), when power conversion efficiencies were a
mere 3.8%, this value has risen to 23.7% in 2018 for research devices, a value that can compete with silicon
based solar cells (NREL 2019). The big advantage of perovskite solar cells is their simplicity of production.
These solar cells can be produced by using relatively simple wet chemistry, with manufacturing temperatures
not exceeding 500 °C (MRS Bulletin 2015). There are some commercial start-ups that mainly focus on
perovskite-silicon tandem design, but not yet in the marketplace.
Perovskite solar cells also have some disadvantages. Many of the materials used in the production process
are toxic and the perovskite material is sensitive to water, which makes it highly prone to rapid degradation
in moist environments and releases toxic Pb2+ in the environment. Unlike Cd in CdTe solar cells, this toxic
ion is not bound stable in a covalent compound and solar cells decompose after a few weeks when left on air.
Therefore, current research focuses on stabilising the material and finding less toxic material alternatives.
The term perovskite describes the crystal structure of a calcium titanium oxide – the mineral CaTiO3 in
(ABX3 structure). An often-used material in photovoltaics is CH3NH3PbI3 with methyl-ammonium iodine
(MAI, CH3NH3I) in A position, lead (Pb) in B and iodide (I) in X position. The crystal structure consists of
an inorganic framework of BX6 octahedra with the voids occupied by A cations. Record efficiencies have
been obtained by mixing different A and X ions and tuning their relative proportions such that photocurrent
and photovoltage are simultaneously optimized.
Figure 1 shows the schematic of a perovskite solar cell in which the active layer consists of mesoporous
TiO2, which is hosting the perovskite absorber crystal next to a scanning electron micrograph showing the
morphology of the different layers.
Similar to dye-sensitized solar cells, the perovskite material is inserted (e.g. spin-coating) onto a chargeconducting mesoporous scaffold – such as titanium dioxide TiO2 – as light-absorber. The active layer is
contacted with an n-type material for electron extraction (bottom) and a p-type material for hole extraction
(top) and charge generation and extraction. After light absorption in the perovskite the photo generated
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electron is injected into the mesoporous TiO2 through which it is extracted. The simultaneously generated
hole is transferred to the p-type material (top). The photo-generated electrons are transferred from the
perovskite layer to the mesoporous sensitized layer, from where they are transported to the electrode and
extracted at the contactor to the connected circuit. At the backside the holes are transported to the contactor
by the p conductor, which may be made of spiro-OMeTAD (a very expensive p-conducting material) or
copper thiocyanate (a cheaper alternative) or graphite as in this work.

a)

b)
Metal
CuSCN – p-conductor
CH3NH3PbI3 - absorber
TiO2 – n-conductor
Fluorine doped ,n oxide (FTO)

Glass

Figure 1 a) Schematic of a perovskite solar cell in a research solar cell done at Upper Austrian University of Applied Sciences. b)
Scanning electron micrograph of a perovskite solar cell cross section. The SE micrograph was done with a Schottky FEKathodensystem field emitter (TESCAN MIRA3 LMH FE-REM with Oxford AZtec Energy EDX for element analysis). The
scale bar is 1mm. (Basch Arafa 2017)

In a previous student research project we could demonstrate that it is possible to build and characterise a
fully working thin an organic-inorganic perovskite hybrid solar cell in basic teaching labs without major
adaptions such as inert gas techniques (Basch Arafa 2017).
This paper focuses on the manufaction of an organic-inorganic perovskite hybrid solar cell developed by 3rd
year engineering students. A full day was spent at a leading research lab, the Fraunhofer Institute for Solar
Energy Systems (ISE) in Freiburg to expose students to cutting edge research related to their own project
where they were able to collect ideas and tips on the solar cells structure and procedure while gaining deeper
knowledge about solar cell materials and their characterisation and emerging photovoltaic technologies.

2. Preparation of Perovskite Solar Cells
The perovskite material is applied in a one step method as described by Padwardhan et al. (Padwardhan et al.
2015). The porous titania layer was deposited by an in-house built low-cost spray-pyrolysis system and
process, while the more dense titania layer was deposited by an in-house built low-cost spin-coater. The
carbon was deposited by applying dispersed carbon in acetone by a soft brush.
Figure 2 shows the perovskite solar cell scheme based on a scaffold of porous and more-dense titania layer
and graphite used in this project. The project is based on experience of previous student groups working on
this topic (Hauthaler et al. 2018, Bamberger et al. 2015).

Fig. 2: Perovskite solar cell structure based on a scaffold of compact and porous TiO2 and graphite. The size of the substrate is
3.3x3.5mm

The following steps / layers are processed in this order using glass coated FTO as a substrate

2292

A. Basch et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

1. Deposition of compact TiO2 layer via spray pyrolysis or spin coating
2. Deposition of porous TiO2 layer via screen printing or spin coating
3. Deposition of ZrO2 layer
4. Masking of the cell
5. Deposition of graphite layer
6. Applying of contacts
7. Inserting perovskite crystal
First a suitable production mount was built to prepare solar cells. The size of this production mount was
limited by the muffle furnace, hence, the quantity of the cells produced on one batch was limited to eight.
The production mount shown in Figure 3 was constructed in Solid Edge, a program for 3D visualization:
Baseplate (1): The baseplate is an aluminium block. To produce eight solar cells a surface area of a length of
200 mm and a width of 110 mm is needed. Adjustment plate (2): The purpose of the adjustment plate is to
attach the cells. As can be seen, there are always two cells in a row. Therefore, it is necessary to tight
everything smooth, since it is important that the cells and other parts of the production mount are able to
expand during the heating process to avoid cracking. Baseboard (3): The Baseboard is the counterpart of the
adjustment plate (2). The baseboard is rigidly mounted on the baseplate. Space bar (4): To avoid contact
between the cells during the manufacturing process, a space bar was inserted. Stencil (5): After all cells are
aligned and prepared the required stencil will be mounted on top of the production mount. There are three
different types of stencils that can be used as template for TiO2 layer the space layer (ZrO2) and template for
the graphite layer. Each stencil was manufactured in two different thicknesses. The reason for this was the
unknown influence of the high temperatures on a stencil with a thickness of 0.5 mm. The second stencil with
a thickness of 0.8 mm was used as a backup system

Fig. 3: The production mount was constructed by Solid Edge and the size limited by the muffle furnance to 200x110cm.

Then glass pieces measuring 3.3 x 3.5 cm were made. The glass is already coated with a transparent,
conductive oxide the FTO (fluorine doped tin oxide) layer and shown in the red area in Figure 4 left. The
material has a low absorption in visible light and thus does not affect the functionality of the solar cell. For
contact separation, this FTO layer was scratched in a way that a short circuit is prevented at a position of the
glass to make two contacts to characterise them. The contact separation was carried out in two different
ways. On the one hand mechanically, with a diamond scratch and on the other hand chemically, by etching
using a reaction of zinc and hydrochloric acid. This separation was set at 5 mm from the outside edge.
2.1. The compact titanium oxide layer was applied by two different methods, spray pyrolysis or spin coating
a: Deposition of compact TiO2 by spray pyrolysis: For the application by spray pyrolysis, the cells of the first
batch were fixed in the production mount (as shown in Figure 2) and then preheated to 450 °C in the muffle
furnace. For the precursor solution titanium diisopropoxide bis(acetylacetonate) (Sigma Aldrich) was mixed
with ethanol 1/19 and filled into a commercial airbrush gun. After the cells reached their temperature of
450°C, 10 layers of titanium oxide-ethanol mixture were applied. The cells and the production mount were
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then placed back in the muffle furnace to heat up again. This process was repeated 10 times to reach a total
of 100 layers. Due to the inhomogeneity of the porous TiO2 layer as shown in Figure 4 left, which
subsequently became visible in the scanning electron microscope, the mixing ratio was increased to 1/38 in
the second batch and a total of 200 layers were applied. This resulted in a much more homogeneous layer as
shown in Figure 4 right.

Fig. 4: Left: The red area indicates the FTO layer the spherical structure is TiO2 deposited by spray pyrolysis by a
concentration of 1/19. Right: TiO2 deposited by spray pyrolysis in a concentration of 1/38 results in a more homogenous
deposition of TiO2. The SE micrographs were done with a Schottky FE-Kathodensystem field emitter (TESCAN MIRA3 LMH
FE-REM with Oxford AZtec Energy EDX for element analysis). The scale bar is 5µm on the left and 2µm on the right.

b: Deposition of compact TiO2 via spin coating
To deposit compact TiO2 via the spin coating method one cell was subsequently mounted in the spin coater
(as illustrated in Figure 5 right) and the TiO2 precursor solution described in 2.1.a was added with a pipette.
The spin coater was set to 2000 rpm and each cell was spin-coated for 60 seconds at full speed. The adhesive
tape was then removed, and the cells were placed in the muffle furnace at 475 °C for 30 minutes. As can be
seen in Figure 5 left, a very thin and homogeneous TiO2 layer was produced using this method.

Fig. 5: Left: compact TiO2 deposited via spin coating. The SE micrograph was done with a Schottky FE-Kathodensystem field
emitter (TESCAN MIRA3 LMH FE-REM with Oxford AZtec Energy EDX for element analysis). The scale bar is 500nm.
Right: In-lab built spin coater.

2.2 The porous titanium oxide layer was applied by two different methods, screen-printing or spin-coating
The porous TiO2 layer should later be able host the perovskite crystals. Again, two different application
methods were used.
a: Deposition of porous TiO2 via screen printing process
To be able to apply TiO2 with the screen-printing method, the desired area must first be masked. The TiO2
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paste is then applied to one side of the cell with a spatula. Now the adhesive tape is removed again, and the
layer is pre-dried with a hot air dryer (Figure 6 right). In the last step, the cells are annealed at 500 °C for
approximately 15 minutes in the muffle furnace. Under the electron microscope the layer applied in this way
is relatively thick but homogeneous (Figure 6 left).

Fig. 6: Left: Deposition of porous TiO2 via screen printing. The SE micrograph was done with a Schottky FE-Kathodensystem
field emitter (TESCAN MIRA3 LMH FE-REM with Oxford AZtec Energy EDX for element analysis). The scale bar is 10µm.
Right: Sample of TiO2 coated FTO glass dried by hot air dryer.

b: Deposition of porous TiO2 by spin coater
In order to apply the porous TiO2 layer with the spin-coating process, the desired area must be masked again.
The cell is then fixed in the spin coater and the TiO2 solution is dripped on with a pipette. Now the cell is
spin-coated with 2000 revolutions per second for 60 seconds. At the end of the process, the adhesive tape is
removed again, and the cells are annealed at 550 °C for 60 minutes. Under the electron microscope it can be
seen (Figure 7) that the layer applied in this way is very thin and homogeneous.

Fig. 7: Porous TiO2 via spin coating. The SE micrograph was done with a Schottky FE-Kathodensystem field emitter
(TESCAN MIRA3 LMH FE-REM with Oxford AZtec Energy EDX for element analysis). The scale bar is 500nm.

2.3. Deposition of ZrO2
The zirconium dioxide (ZrO2) layer is deposited between the porous titanium dioxide (TiO2) layer and the
graphite back contact, thereby direct contact is avoided. It serves as a hole transportation layer (HTL), and
thereby increases the selectivity of the graphite back contact. As recombination is reduced the open circuit
voltage is higher (Tress et al. 2014).
The used ZrO2 was in a powder form (SigmaAldrich). To be able to create a consistent, even layer a paste
has been created. The use of ethanol as a solvent proved to have the best results.
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Experiments were done with two heterogeneous mixtures of the 20 and, respectively 40 mg, ZrO2 powder in
4ml ethanol. To apply the mixture to the cell, the edge was covered by a simple tape (no need for heat
resistant tape). The cell was fixed into the spin coater and 0.16 ml of the mixture was dropped on the surface.
The cell was rotated at 3250 rpm for 30 seconds.
The ZrO2 layer was not visible in SEM. The two cells produced in the same batch, one with HTL and one
without HTL, were measured under the same conditions. No relevant advantage of the HTL could be seen in
the open circuit voltage (VOC) or the short circuit current (ISC), however the cell with HTL has a slightly
better fill factor. Hence, it is recommended to use slower rotation speeds in the spin coater and higher
concentration of ZrO2 on the cell.
2.4. Masking of the cell
For the masking three different tapes were used: Tesa Painter’s Crepe Paper Tape, regular adhesive office
tape (Tixo) and a heat resistant (Capton) tape. The main aim of the tape is to serve as a barrier for fluids,
which are to be deposited onto the cells. The type of tape depends mainly of the type of the fluid and the
temperature necessary for following processes. Note: Not only the current, but also the following process
temperatures should be kept in mind.
2.5. Deposition of the graphite layer
The graphite layer as the back electrode collects the holes and is positioned between the silver contacts and
the HTL or perovskite. For the cells 95-98 % graphite (electrically conductive material mainly used in Li-ion
batteries) was used. To obtain a constant thickness of the layer dry graphite was mixed with acetone in the
ratio of about 8:100 (for eight cells an amount of 0.15 g graphite mixed with 2 ml of acetone). A short time
in an ultrasonic bath is recommended to make sure the graphite particles don’t coagulate. The mixture can
simply be applied using a soft brush, shortly after the ethanol is deposited it evaporates and a thin graphite
layer is formed, as it can be seen in Figure 8 as scanning electron micrograph left and a photo right.

Fig. 8: Left: Scanning electron micrograph of graphite layer The SE micrograph was done with a Schottky FEKathodensystem field emitter (TESCAN MIRA3 LMH FE-REM with Oxford AZtec Energy EDX for element analysis). The
scale bar is 50µm. Right: Finished cells with silver contacts and heat resistant Capton tape.

2.6. Applying of contacts
For measuring the cells two contact points are needed. One contact point at each side of the substrate on top
of the FTO layer. The contacts where realized with commercial silver paste. This paste can easily be brushed
on the sides and on top of the glass.
2.7. Inserting perovskite crystal
The last step of the production of the cells applying in the perovskite. A perovskite precursor ink (Ossila)
preheated for two hours with 70 °C and 36 µl was dripped onto the graphite layer. This solution contains
Pb2+-ions. Take suitable precautions. This ink sinks into the cell and forms under heat influence and in
combination with the TiO2 a crystal structure.
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3. Characterisation of Perovskite Solar Cells
3.1 Measurement setup
The light source used to measure the cells was a small test stand equipped with three halogen lamps of 150W
each at a maximum of 17 V DC, in order to generate an irradiance of 1000 W/m². The halogen lamps are
controlled by a power supply unit where the voltage and thus also the illuminance of the lamps can be
regulated. The entire measurement setup including the measuring devices used is shown in Figure 9 left. To
determine the irradiance on the cells, a calibrated and temperature-compensated silicon cell was placed under
the test stand before each cell was measured in order to maintain the intensity at approx. 1000 W/m². The
sensor used has the designation Si-01TC-batt.

Fig. 9: Left: In house built measurement setup. Right: Spectral Mismatch, Radiation Spectrum of halogen lamp and cell
performance under AM 1.5 irradiation (Bamberger et al 2015).

The spectral mismatch it will not be discussed in more detail here, but has of course an impact on the
characterisation results. However, it should be pointed out again that the deviations of the halogen lamps
from the AM 1.5 spectrum and thus also from the working range of the perovskite cells lead to losses in the
efficiency of the cells, as only part of the spectrum of perovskite cells can be covered by the existing halogen
lamps. This behaviour is illustrated again in Figure 9 right.
In order to achieve a better contacting of the front and rear contact of the cells and thus a lower contact
resistance during the measurement, an additional small holder was built. This is equipped with two springloaded contact pins per contact and at the same time this offers a stable hold for the cell during the measuring
process and shown in Figure 10.

Fig. 10: In-house built solar-cell measurement system

3.2 Measuring instruments
A standard Fluke 287 True RMS multi-meter was used for the first measurements on the cells to determine
the short-circuit current ISC and the short-circuit voltage UOC. This multi-meter provided a good accuracy
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class for the first measurements in order to estimate the voltages and currents produced by the first cells. For
a more detailed measurement of the cells, the Keithley 2450 SourceMeter was used. This instrument offers a
much higher accuracy class and has a four-wire measurement capability that eliminates the impedances of
the test leads and the measurement inaccuracies they cause. This made it possible to measure almost directly
at the contact points of the cells. In addition, the measuring device has a very high accuracy class for the
voltage range up to µV, as well as for the current range up to pA. This is particularly important for current
measurement, as the cells produce good voltages but only very low currents, which can easily lead to
measurement inaccuracies. In addition to determining ISC and UOC, the Keithley 2450 SourceMeter also
recorded and evaluated the voltage to current characteristic.
The best resulting perovskite solar cells (about 2cm2) had a voltage of up to 550mV and low currents,
resulting in a conversion efficiency of about 0.03% and a fill factor of about 0.5.
4. Recommendations and Outlook
Considerations on lead in perovskite
The company Ossila sells ready made precursor solutions. However, the material contains lead, which is
toxic. Take suitable precautions that are in line with your organisations safety procedures!
Lead is toxic, but PV modules are currently not part of the Ordinance on the Avoidance of Lead in the
Production of Electronic Equipment (RoHS). The toxicity impact during module fabrication has been
denoted negligible in life cycle study (Ibn-Mohammed et al. 2017). Notwithstanding the above, leadcontaining materials show much higher efficiencies when used as part of photovoltaic cells. Current research
efforts focus on the substitution of lead with other elements such as tin (which is toxic too in its ionic form!),
but these lead-free perovskite cells have only reached efficiencies of about 6% so far (Babayigit et al. 2015).
Cost and CO2 emission factor of perovskite solar cells
The CO2 emission factor for perovskite solar cells is expected to be 5g CO2 eq/kWh el in the future compared
to 40g CO2 eq/kWh el for c-Si and 75g CO2 eq/kWh el for mono-Si. The cost of perovskite modules is estimated
to be 75% less than conventional silicon solar cells.
Perovskite Silicon Tandems
Recently, efficiencies up to 25% have been reported for solar cells based on crystalline silicon. The
theoretical limit for a single junction solar cell based on silicon (band gap of 1.1eV) - the Shockley-Queisser
limit - is about 29% (Shockley Queisser 1961). As a result most of the incident solar radiation is lost and
cannot be utilised for energy conversion. Solar cells with multiple thin layers made of materials with
different (higher) band gaps (such as organic-inoragnic perovskite hybrids) can outperform this limit, when
stacked on top of a high efficiency silicon solar cell.
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Abstract
This article evaluates students’ expectations and feelings of a short bi-directional International Credit Mobility
(ICM) teaching exchange between Lund University, Sweden and the Royal University of Bhutan. The teaching
exchange regarded two courses on fundamentals of energy production from PV and fundamentals of daylighting.
The evaluation was carried out via focus groups. The results suggest that students of both countries have high
expectations on exchange teachers, which represents both an opportunity and a threat. The students expected and
confirmed that the exchange could provide distinguished point of views on the same aspects of renewable energy.
The students longed for extended and periodical exchanges with international teachers. Surprisingly, there was
little discussion on the different teaching styles of the exchange teachers. Since exchange lectures were attended
with enthusiasm, we conclude that these lecture may be planned for core parts of course. Also, we found that
proper exchange planning is needed in order for the exchange to be successful.
Keywords: teaching and learning, students’ expectation, daylighting, PV, renewable energy, constructivism,
transmissive teaching.

1. Introduction
The action Capacity Building in Higher Education – Key Action 2 (KA2) of the Erasmus+ program is an effort of
the European Commission to support international, modern and accessible higher education in EU and non-EU
partner countries. Among others, the program supports joint projects having as goals the development, testing and
adaptation of learning ad teaching methodologies and pedagogical approaches (European Commission, 2019a).
Such goals are challenging, especially when the exchange involves partners with different traditions in teaching
and learning.
During the years 2015 to 2018 Lund University (LU) coordinated a KA2 project called “Curricula development
of Interdisciplinary Master Courses in Energy-efficient Building design” (CIMCEB) in Nepal and Bhutan. The
project focused on capacity development within the field of pedagogical methods. Therefore all workshops and
all classes, within the CIMCEB project, were carried out by teachers for teachers; more information are provided
in Davidsson et al. (2017). This activity was complemented by a spin off to the CIMCEB, namely an International
Credit Mobility (ICM) exchange between Lund University and the Royal University of Bhutan (European
Commission, 2019b). In this project two teachers from Bhutan were invited to teach to students at Lund University
in Sweden and four teachers from Lund were invited to teach to students at the Royal University of Bhutan (RUB).
The ICM exchange program included basic of solar PV in both Sweden and Bhutan, where the teaching was
implemented in existing teaching modules. Because of the additional two Swedish teachers, the Bhutanese
students were also provided with an additional crash course on daylighting fundamentals and daylighting
modelling, which was outside their normal learning curricula.
Building on the experience of CIMCEB, the Bhutanese and Swedish teachers involved in the ICM exchange
decided to gain a better understanding of the effectiveness of their teaching approach in respect to students with
diverse cultural background and supposedly different teaching traditions. This was done by organizing focus
group interviews with the students immediately before, immediately after, and about one month after each
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teaching exchange. The focus group explored students’ expectation and experiences about the exchange. This
paper reports on the evaluation of the focus group interviews. By exploring students’ expectation and experience,
the paper aims at contributing to more effective teaching exchanges in the field of renewable energy.

1.1. Relevance of evaluating teaching exchanges
Teaching exchanges can change the world perspective of teachers, raise their cultural awareness, and positively
influence their home teaching; even their research is greatly affected by getting acquainted with different teaching
traditions and methods (Alkarzon, 2016; Law et al., 2011). Faculty exchanges also have a direct and almost
immediate impact on teaching, research and service internationalization at their home universities (Alkarzon,
2016). But it is on the students’ development as human being and professionals that teaching exchanges unleash
their whole potentiality. A comprehensive survey on 6391 individuals who got some education abroad during
their studies provided scientific evidence that studying abroad is beneficial in respect to individuals and global
goals, such as production of knowledge, entrepreneurship, civic engagement, and, not to be forgotten,
philanthropy and voluntary simplicity (Paige et al., 2009).
In the field of engineering, the value of implementation and evaluation of teaching exchanges is perhaps even
greater. Borrego and Bernhard (2011) analyzed the didactical traditions in regard to engineering education,
limitedly to European countries and the U.S.A.. They found different traditions with distinctive approaches. For
example, they claimed that European teaching approach tends to ground on authentic problems which are solved
in a cross-disciplinary approach, while the U.S. approach is more evidence-based and set stricter disciplinary
boundaries (Borrego and Bernhard, 2011). This example is not of secondary importance. Indeed, the
comprehension and evaluation of corresponding prospects is crucial for a growing international education in
engineering. To use their words “More than ever before, we will need to bridge international perspectives,
disciplinary values, and education research and practice” (Borrego and Bernhard, 2011, p. 38).
When considering renewable energy, it is not only the teaching style being enriched. The mere presence of
students with different backgrounds is an added value for both the class and the teacher. The fact of applying
general knowledge to specific contexts – e.g. in terms of climatic conditions or available resources - generates a
number of new challenges which eventually lead to new solutions. Diversity becomes, in fact, an “enhancement
factor for pedagogy” (Gutiérrez et al., 2018, p. 270) in the field of renewable energy. As a matter of fact, students
list diversity in both classmates and teachers as one of the success factors of any educational program in renewable
energy (Holtorf et al., 2018).
Although the education in renewable energy would benefits from teaching exchange, there is a shortfall of
worldwide course offered on the topic. Lucas et al. (2018) compared such offer to the industry demand. They
found that there is a considerable deficit of educated experts, and their competences are often too generalist.
Additionally, they found that course offer is concentrated in Europe and North America, while there is a lack of
offer in developing countries (Lucas et al., 2018).
In respect to the latter, Bhutan suits well the establishment of extensive educational programs on renewable
energy, especially in the field of passive and active solar technologies. First, because the solar potential of Bhutan
and surrounding countries is high (Gelsor et al., 2018), and the energy demand is constantly increasing (Hassan
et al., 2017). Secondly, and perhaps even of greater importance, because the Bhutanese challenging “zero carbon
commitment” implies strong policies and massive investments in renewable energy (Newman and Yangka, 2018).
Building on these considerations, we, authors of this paper, promoted the International Credit Mobility (ICM)
exchange between Lund University and the Royal University of Bhutan that it is here evaluated. When planning
the exchange, we considered that, to success, the exchange preparation should be structured and post-exchange
activities should be planned (Law et al., 2011). Especially the exchange preparation phase led to a profound
reflection on the teaching methods that we had to adopt. Indeed, based on anecdotal observations, we supposed
that the Swedish teaching and learning traditions would differ from the Bhutanese one, challenging the students’
expectations and, thus the success of the exchange. Such observations were confirmed by literature. For example,
the extensive OECD Teaching and Learning International Survey (TALIS) 2013 (OECD, 2013) and the results of
two years of consultancy for the European Commission carried out by Dow (2006), suggest that European teaching
approach is grounded on social constructivist principles, whereas the Bhutanese approach seems to be traditionally
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transmissive (Stacy and Bennett, 2017). However, it should be mentioned that, aided by the small size of the
country, the literature on Bhutanese teaching and learning is limited (Gyamtso and Maxwell, 2012), and the
Bhutanese case is extremely particular. Transmissive teaching tradition comes from Bhutanese deepest Buddhist
roots, while secular education seems to be much more construtivism-oriented (Gyamtso and Maxwell, 2012).
While constructivist approaches are promoted in secular education, the workload on teachers seem to be a barrier
to their practical implementation (VanBalkom and Sherman, 2010).
Just as the difference between the constructivist and the – hypothetically – transmissive approaches, other
differences in the teaching and learning traditions may be found between the two countries.
In view of such complex situation, we decided to experiment our short teaching exchange grounding our lectures
on our own traditional teaching styles. However, we wanted to explore students’ expectations and experiences in
order to gain knowledge for future longer exchanges. In particular, we addressed whether our teaching-as-usual
would meet students’ expectation when implemented in alien environment, and which are the opportunities and
threats connected with such strategy.
The ultimate goal of this evaluation and reflection is to plan future effective teaching exchanges aimed at the
development of internationally relevant in-house Bhutanese courses on passive and active solar energy, as well as
to increase the internationalization of existing courses in Sweden.

1.2. Limitations of the study
The study has a number of limitations which conditions the strength of findings. Among those, we would like to
highlight the following three. Firstly, due to the small sample size, there is no statistical analysis of results and
most of the conclusions are drawn on a qualitative analysis. Secondly, the Swedish class includes mostly exchange
students. However, over half of them are originally from Europe, which we consider homogenous in terms of
teaching style and traditions. Finally, the course on daylighting in Bhutan is not part of the normal curricula; thus,
expectations may be biased by the originality of the course.

2. Methods
2.1. Data collection
The students’ expectations and experiences were evaluated for the PV course in Sweden and the daylighting
course in Bhutan. The PV course in Bhutan was not evaluated due to small student sample. The evaluation was
based on interviews in the form of focus groups, completed with cross-check questionnaires. The focus groups
were conducted in three occasions: immediately before, immediately after, and about one month after the
conclusion of the teaching exchange. The first two occasions were necessary to assess the students genuine
expectations (before), their initial thoughts on the actual matching of such expectations (immediately after); the
third was planned to understand the students thoughts after absorbing the teaching experience, since a change in
students evaluation over time has been highlighted in literature . The protocol of each focus group was as follow:


Focus group interview



Hand-in of a focus group manipulation check questionnaire

Each focus group lasted for maximum 30 minutes. After the focus group, the focus group manipulation check
questionnaire and the course evaluation where handed in to the students in printed form. The interviewer left the
room and left the students answering to the questions privately and anonymously.
The focus group interviews followed best practice as illustrated by Robson (2011). The participation was on
anonymous and on voluntary basis; in addition, the students could drop out at any moment of the interview. The
focus groups were conducted by independent and trained moderators, who did not participate in the teaching
exchange. The interviews were recorded and later transcribed by external researcher. As a rule, each focus group
was participated by a maximum of seven students. The Bhutanese focus groups interviews were conducted in
Dzongkha language; due to presence of exchange students in the Swedish course, the Swedish focus groups were
conducted in English language. However, the questionnaires were handed-in in English to both groups.
The interviews were conducted in a comfortable environment, with students and interviewer sitting around a table.
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The moderator started by welcoming the students, introducing the topic, and acknowledging the importance of
their participation. The students were also provided with general guidelines; they were reassured that any opinion
was welcomed and that they should speak freely. The moderator addressed the following open-ended questions:


What do you expect from this course?



What do you expect about the teachers?



Do you think that this course will be useful for your future?

The same questions were posed in past tense form for the focus groups carried out after the exchange. Although
the questions were possibly dichotomous, the moderator tried to invite for a deeper reflection and discussion. The
questions were intentionally open and we did not address the teaching style as main topic. The intention was to
see if different teaching style was so impactful on students’ expectations to be independently brought up as matter
of discussion in the interviews.
At the end of the discussion, the moderator hand-in the two questionnaires and left the room.
The manipulation check questionnaire aimed at evaluation of the quality of the focus group interview, in respect
to both the moderator and the other participants. This aspect is of outmost importance, being group dynamics a
strength and limitation a focus groups (Morgan, 1996). The questionnaire was adapted from the one proposed by
Fife (2007, sec. Appendix B), this being based on the work of Morgan (1996).

2.3. Data evaluation
The recorded interviews were transcribed in written form by an external researcher. The aim was to analyze the
written interviews by using a semi-statistical approach (Robson, 2011). In practice, recurrent words and terms
were identified and categorized in thematic area. The most recurrent words or group of words would describe
thoughts of the students. However, this was possible only for the Bhutanese interviews, while the Swedish one
included less students and more concise interviews. For the latter, a qualitative analysis of the interviews was
performed.
The questionnaires were analyzed in terms of frequency of answers, but no significance analysis were conducted
due to the small sample size.

3. Results
3.1. Participation and focus group manipulation check
The focus groups were participated by 33 of 33 Bhutanese students (100% response rate) and 10 of 21 Swedish
students (48% response rate) (Table 1). However, the third occasion in Bhutan was participated by 29 students,
and the Swedish participation decreased over time, starting with ten students at the first interviews, and only six
at the following two. The decrease in participation, which was totally on voluntary basis, was linked to a busy
study period for the students, who understandably favored their mandatory activities. This circumstance limited
the amount of data collection and, thus, the results.
Tab. 1: Summary of courses structure and number of interviewed students

Course

Daylighting – theory
and simulations (in
Bhutan)
Basics of PV
systems (in Sweden)

Length (hours)

Students
(total/participating
in the study)

Remarks

and

Number of
exchange
teachers

16 hours

2

33/33

Students were BSc,
MSc and faculties

2

10/21

MSc students,
many exchange
students

Mar/Apr 2018
16 hours
Sep 2018

In regards to the focus group interviews, the interviews seem to have been conducted in a proper way
(Figure 1). Most of the students felt free to speak their mind and they could freely discuss important
aspects of their expectations. The groups were also quite well sorted, as only in few cases the students
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felt that someone was dominating the discussion. Overall, it seems that the results were not biased by
group dynamics or the moderator.

Fig. 1: Results of the focus group manipulation check questionnaires

3.2. Results from the focus groups in Bhutan
Before the start of the daylighting course in Bhutan, the Bhutanese students took part in the first focus group
interview.
When they were asked about course expectations, all the comments were on “facts”. Most of them were on
scientific knowledge, on simulations and requirements; many others on knowledge about sensors and technology.
Three students use the word practical, “practical demonstration”, practical examples and practical oriented
learning. The other students use expressions such as “real life examples”, “provide us the necessary guidance”,
“should be willing to share resources that will benefit us” and to “clarify our doubts”. There is thus a tendency of
expecting to be served facts and methods. At the same time three of the students mentioned “interactive session”
or “group discussions” indicating that they do not only expected traditional desk teaching from the teachers.
However, there were no comments on soft values such as cultural setting, or the fact that they will have a teacher
from Europe that might have a different approach.
When asked to discuss about the future opportunities brought by this course, all students focused on technical
benefits such as; “implement lighting design”, “proposing passive design”, “designing sustainable building”,
“efficient daylight” and “advanced simulation software”. Even for this question the students did not mention
cultural or geographical differences.
Right after the course, the large majority of the students said that the course lived up to the expectations or was
even more than expected. The common factor among the positive students was the software teaching/program.
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The negative student considered the course to be too much repetition from earlier courses, especially for the
theoretical part. Some of the partly satisfied students brought up a lack of training using technical instruments and
little understanding on how to use the simulation program for different buildings. Surprisingly, none of the
students mention the cultural exchange, even if the content included only examples from European daylight
architecture.
All students think that the teachers lived up to the expectations. Nineteen students also used words or phrases such
as “helpful/help”, “patient”, “friendly”, “kind”, “approachable”, “frank”, “responsive”, “asked” (e.g. asked if
everything was going well) when they describe the teachers personality. Nine of the students describe the teachers
using words or phrases such as “knowledgeable”, “highly learned”, “professional” or “highly experienced” when
they describe the competence. In practice, it seems that, in respect to their initial expectations, the students focused
more on soft aspects of the teachers, rather than on knowledge and content. However, there is no clear mention of
different teaching style or approach, namely there is no comparison with their teaching as usual. The guest teachers
are not “more friendly” or “more approachable” than what they are used to, but certainly these qualities are highly
valued by the Bhutanese students.
One of the students note regarding the teachers that “they were trying their best to adapt in the new environment”,
indicating that this student understood that the teachers had to and was trying to adjust to a new teaching situation
in a new and different culture. Students also express gratitude to the teachers for answering questions during the
breaks and for sharing lunch with the students at the student’s dining hall. Finally, all the students agreed that the
course would have been useful for their future profession, especially in respect to the simulation part.
After one month, the students’ comments did not change much. There were still positive comments about the
course, although some complaints about the length of the theoretical part was raised. Similarly, the students
claimed that it was difficult to proceed with the simulations without a teacher support; this would most probably
require longer teaching exchanges, in order for the students to reach proficiency with the software.
The comments on teachers remained unchanged, with a large majority of positive comments on “soft” aspects of
guest teachers, and few on their knowledge. For the first time, six students expressed future support via e-mails
from the guest teachers as something that would be needed and much appreciated.
Even after one month, all students considers the course to be helpful in the future. Interestingly enough, only four
of the students spoke about usefulness of simulation or software. This diverges a lot from the previous interview,
when thirteen students mentioned the same aspect. After one month the students spoke more about what they have
learned rather than how they did it (in this case through simulations). The knowledge thus appears to have matured
over time.

3.3. Results from the focus groups in Sweden
Before the course, the students’ expectations about the course were mainly about the technical content of lectures.
For example, in the first interview group the first speaker mentions technical aspects like “the physics behind the
whole things” and “practical use of PV systems”.
This theme is later repeated from other students, when they use phrases such as “how everything's works…
practical use of PV systems”, “…PV about how they are different and how they function and how they can be
applied”. The technical content is cited again, this time by putting it into the Bhutanese context, when a student
presents the idea that “I think they are from different part of the world, so I would like to hear some comparative
thing like what they do there and what we do here”. This is expectation is shared by other in the group, “we know
the situation here in Sweden and situation in Lund campus and the incoming teachers will also show us totally
different climate and how they behave and what are their performance”, “Hopefully they will give us an abilities
to move around the world and always be able to find the best solution and best fitting system because we
knowledge about at least two climates and countries” and “I wouldn't like to be very much focus on what they are
doing in their own country because probably the chances that 50 % of the whole class will work with it which is
not in Bhutan, so I would like to be more general aspects or even like Swedish or European standards that I will
be much more happier with.”.
The interviews before the course started in Lund was carried out in two groups. In the first interview group the
first speaker mentioned technical aspects like “the physics behind the whole things” and “practical use of PV
systems”. This theme was later repeated from the other students in that group when they use phrases such as “how
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everything's works… practical use of PV systems”, “[…] PV about how they are different and how they function
and how they can be applied”. Another student simply agreed with the first speaker.
In the second group, instead, the third speaker presents the idea that “I think they are from different part of the
world, so I would like to hear some comparative thing like what they do there and what we do here”. This is later
repeated from the other speakers in that group using such phrases such as, “we know the situation here in Sweden
and situation in Lund campus and the incoming teachers will also show us totally different climate and how they
behave and what are their performance”, “Hopefully they will give us an abilities to move around the world and
always be able to find the best solution and best fitting system because we knowledge about at least two climates
and countries” and “I wouldn't like to be very much focus on what they are doing in their own country because
probably the chances that 50 % of the whole class will work with it which is not in Bhutan, so I would like to be
more general aspects or even like Swedish or European standards that I will be much more happier with”.
The fact that the first group speaks mainly about technical expectations and not about cultural exchange, while
the second group mainly does the opposite is interesting in itself, as it points at a risk with focus group studies. In
this case it is easy to assume that the first speaker in group 1 and the third speaker in group 3 affected the others
with their ideas. They sat the agenda for the conversation. Their opinion becomes exaggerated and it could be
interpreted as it was the honest opinion from all of the group members. It should further be stressed that what was
discussed in the groups was each and every students ideas not affected by the others. However, this is unlikely
from a statistical point of view.
In regards to the teachers, the students mainly considers the level and content of teaching, rather than the teaching
style: “the right way of teaching for everybody … we are coming from super different backgrounds and some are
engineers and some are architect”. Indeed, the class in Sweden is formed by students with different educational
backgrounds, some being architects and others having education in some branches of engineering. They are mainly
worried of being able to cope with the content of the lectures. It seems they expect the Bhutanese guest teachers
to be very acknowledged with the topic, thus providing difficult or advanced concepts in class, for example “to
make everybody understandable because if they only teach physic, it is probably be boring and hard to understand
for somebody”, and, again, “something which is super basic for them might not be super basic for me. Therefore,
it would be nice if they start from the very basic”, and finally “it would be nice if there is some simple introduction
about the basic concepts”. In contrast, one student hoped for a bit of challenge in the lectures “needs to be little
bit a challenging for the people”.
The remaining part of the comments were dealing with other organizational aspects of the entire PV course and
they did not either focus on the guest lectures only, nor on the expectation in terms of teaching style.
Ten students attending the first focus group interview session expressly claimed that the course would be useful
in their future, while the remaining four made neutral comments or did not speak.
The focus group interviews were repeated right after and one month after the course ended. In the two occasions,
the answers did not change substantially.
This time there were less comments and the interviews were shorter. The feedback about the course expectation
were diverse. Some students appreciated the lectures “For me I didn't even had experience on solar before...so for
me it was nice to have guest lecturer because they mostly talk about the basic things […]”, but most of them
agreed that the lectures were planned at a wrong moment of the PV course, “I would like to have in beginning of
the course instead of having it in the middle”. Most of students remarked that guest lectures had to focus on
software, but guest teaching would have been best planned for the fundamentals of PV. The negative comments
mainly aims at difficulties with what material to use for exam and how the different classes were bridged between
the original teacher in Lund and the visiting Bhutanese teachers.
The students were instead satisfied with the teachers. They remarked the qualities “interactivity” and
“engagement” in many occasions “[…] (it) was really really good because they wanted everybody to participate
and they kind of got lot of people to participate”, or “For me it was really easy to follow and it was comprehensive
and interactive at least for me”, but even “they always tried engaging discussion during class”. The students also
liked pace and content “[…] they actually made the topic that somebody who does not understand at the beginning
quite interesting. They somehow made everybody get on board.”. As negative comments, some students claimed
that there were too long explanations for relatively easy questions. Although the interviews suggest that the
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teaching style was generally pretty appreciated, there was no explicit comment on how this relates to common
teaching style in Sweden. This is a conclusion in itself, since the “alien” teaching does not seem that alien after
all.
Finally, the students were unanimously considering these lectures as very important for their future working life,
but, differently from the interview before the course, they realized that they learnt about methods and tools, rather
than experiences at different geographical locations. Therefore, there was a mismatch about expectation and actual
content of the lectures. As a suggestion, future exchange courses may include a stronger “local” component in the
teaching, since this seems of high interest for the students.

4. Discussion
The focus group interviews suggests that students of both countries have high expectations on teachers. These
teachers are thought has highly knowledgeable in their own field.
This is a double-edged sword which calls for extra care during the planning of the teaching program. For example,
the Bhutanese students were a bit frustrated by the theoretical part in daylighting, because it included a lot of
concepts with which they were already familiar. Similarly, the Swedish students found that the guest lectures were
not perfectly integrated in the normal course. This confirms the importance of planning the exchange with extreme
care, as suggested by Law et al. (2011).
On the other hand, it suggest that exchange teaching modules are attended with higher enthusiasm and attention.
For example, the Bhutanese students had numerous questions during and after class, and they were longing for
more knowledge. The Swedish students clearly stated that exchange teachers would have been excellent in
introducing the fundamentals of the course, a part which is rarely left to guest lecturer since it is detrimental for
the continuation of the course. Many of the students also asked for making the teaching exchange as annual or
even bi-annual event, possibly with more hours of teaching and tutoring. Given the enthusiasm and attention with
which exchanges are attended, it would be interesting to plan the content of guest lectures with the most critical
parts of a course.
Before the exchange, Bhutanese students expected the teachers to provide new and in-depth knowledge. They
expected to be fed with facts. Only one student spoke about to know to which extent daylighting design
fundamentals can be generalized and still hold valid in both high latitude countries, e.g. Sweden, and countries
closer to the Equator, e.g. Bhutan. No other student reflected on the fact that the teachers came from a different
culture. Swedish students focused more on obtaining distinguished point of views on the topic, for instance to
different geographical locations.
However, these expectations changed over time. After the exchange, the Bhutanese students appreciated “softer”
skills of the teachers, without, of course, forgetting the knowledge. They also expected and asked individual
consultancy and open discussion with teachers, which contrasts to literature indicating Bhutanese students as
transmissivist learners. This pairs with comments of Swedish students, who highly rated the fact of Bhutanese
teachers being helpful in individual consultancy.
Surprisingly, there was very little discussion on pedagogical differences and expectations. Not even more general
cultural and geographical differences were mentioned too often, except for the interviews conducted before the
teaching exchange. This study used open questions and free interviews to address this topic, as – at the study
design – the authors expected that this would have been the main argument of discussion for students. However,
we could not find evidence answering our initial research question, i.e. whether our teaching-as-usual would meet
students’ expectation when implemented in alien environment or not. It could be possible that the teaching style
was simply not perceived as alien. However, this remains in the field of speculation and should be better
investigated.

5. Conclusions
This paper reported on the evaluation of a bi-directional short teaching exchange between the Royal University
of Bhutan and Lund University, Sweden. The content of teaching exchange regarded daylighting and PV systems.
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The exchange aimed at prompt the development of courses on passive and active solar energy strategies in Bhutan,
as well as at increasing the educational portfolio of the Swedish partner. The teaching was evaluated via focus
group interviews with the participating students, carried out before and after the training.
Before the training the Bhutanese students focused their group discussion mainly on the facts and methods to be
taught. Later they focused more on what they learned rather than on how they did, indicating that the knowledge
matured over time. However, there was little discussion on the cultural aspects linked to the fact that the visiting
teachers comes from a different country. For the Swedish students the situation was a slightly different, where the
discussion was both on technical questions and on cultural aspects. The Swedish students also express some
worries about the level of teaching being different from what they would prefer. The fact that the Swedish students
spoke about cultural aspects and was aware of the fact that the Bhutanese teachers might have a different level of
teaching indicates that the Swedish students are more aware of the cultural differences between Bhutan and
Sweden. If this awareness shown by the Swedish students is a general cultural understanding or if it depends on
the fact that the students in Sweden comes from different countries and therefore is more aware of this fact is not
answered in this work.
Considering the content of the interviews, we argue that:
 Students have high expectations on the exchange teachers and they attend lectures with interest;
therefore, teaching exchange can potentially be focused on core parts of courses.


Proper planning of the exchange is required to guarantee success of the exchange itself.

Despite our best effort, the results cannot conclude much on the initial research question “can teaching-as-usual
be successfully implemented in an alien context?”, simply because the context does not seem to be so alien.

6. Acknowledgments
The authors wish to acknowledge their Institutions and the Erasmus ICM program for making both the exchange
and its evaluation possible. The authors wish to express their gratitude to the students who took part in these focus
groups. Finally, the authors thanks Prof. Thorbjörn Laike (Lund University) for providing consultancy in the study
design.

7. References
Alkarzon, A., 2016. The influence of faculty exchange programs on faculty members’ professional
development. Res. High. Educ. J. 30, 1–16.
Borrego, M., Bernhard, J., 2011. The Emergence of Engineering Education Research as an Internationally
Connected Field of Inquiry. J. Eng. Educ. 100, 14–47. https://doi.org/10.1002/j.21689830.2011.tb00003.x
Davidsson, H., Kjelsson, E., Pichugin, I., 2017. Development of Master courses in Renewable Energy and
Energy Efficient Buildings in universities outside EU, in: Broman, L. (Ed.), 12th International Symposium
on Renewable Energy Education Proceedings. Acta Academiae Stromstadiensis, Strömstad, pp. 40–45.
Dow, W., 2006. The need to change pedagogies in science and technology subjects: a European perspective. Int.
J. Technol. Des. Educ. 16, 307–321. https://doi.org/10.1007/s10798-006-0009-7
European Commission, 2019a. Erasmus+ - Key Action 2 - Capacity building in the field of higher education
[WWW Document]. URL https://eacea.ec.europa.eu/erasmus-plus/actions/key-action-2-cooperation-forinnovation-and-exchange-good-practices/capacity-building-projects-in-field-higher-education_en
(accessed 2.22.19).
European Commission, 2019b. Erasmus+ | EU programme for education, training, youth and sport [WWW
Document]. URL http://ec.europa.eu/programmes/erasmus-plus/ (accessed 2.22.19).
Fife, E.M., 2007. Using Focus Groups for Student Evaluation of Teaching. Mt. Rise, Int. J. Scholarsh. Teach.
Learn. 4, 1–19. https://doi.org/http://dx.doi.org/10.1234/mr.v4i1.78
Gelsor, Nuozhen, Gelsor, Norsang, Wangmo, T., Chen, Y.-C., Frette, Ø., Stamnes, J.J., Hamre, B., 2018. Solar
energy on the Tibetan Plateau: Atmospheric influences. Sol. Energy 173, 984–992.

2308

N. Gentile et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

https://doi.org/10.1016/J.SOLENER.2018.08.024
Gutiérrez, M., Ghotge, R., Siemens, A., Blake-Rath, R., Pätz, C., 2018. Influence of diversity in lectures on the
students’ learning process and on their perspectives about renewable energies in an international context The students’ view. Sol. Energy 173, 268–271. https://doi.org/10.1016/j.solener.2018.07.064
Gyamtso, D.C., Maxwell, T.M., 2012. Present practices and background to teaching and learning at the Royal
University of Bhutan (RUB): A pilot study. Int. J. Teach. Learn. High. Educ. 24, 65–75.
Hassan, M., Fatema-Tuz-Zohra, Akter, S., 2017. A Review on Energy Situation “Solar Energy Policies and
Targets” in SAARC Countries. J. Energy Nat. Resour. 6, 45. https://doi.org/10.11648/j.jenr.20170604.11
Holtorf, H., Brudler, E., Torío, H., 2018. Development of a holistic method for assessing success of renewable
energy study programs. Sol. Energy 173, 209–214. https://doi.org/10.1016/j.solener.2018.07.063
Law, K., Muir, N., Thompson, K., 2011. An evaluation of a European teacher exchange programme. Nurse
Educ. Today 31, 76–81. https://doi.org/10.1016/j.nedt.2010.03.020
Lucas, H., Pinnington, S., Cabeza, L.F., 2018. Education and training gaps in the renewable energy sector. Sol.
Energy 173, 449–455. https://doi.org/10.1016/j.solener.2018.07.061
Morgan, D.L., 1996. Focus Groups. Annu. Rev. Sociol. 22, 129–152.
https://doi.org/10.1146/annurev.soc.22.1.129
Newman, P., Yangka, D., 2018. Bhutan: Can the 1.5 °C Agenda Be Integrated with Growth in Wealth and
Happiness? Urban Plan. 3, 94–112. https://doi.org/https://doi.org/10.17645/up.v3i2.1250
OECD, 2013. TALIS 2013 Technical Report 464.
Paige, R.M., Fry, G.W., Stallman, E.M., Josić, J., Jon, J., 2009. Study abroad for global engagement: the long‐
term impact of mobility experiences. Intercult. Educ. 20, S29–S44.
https://doi.org/10.1080/14675980903370847
Robson, C., 2011. Real World Research, 3rd ed. ed. Wiley.
Stacy, I., Bennett, C.B., 2017. From reproduction to construction: Bhutanese higher education students’ attitudes
towards learning. Cogent Educ. 4. https://doi.org/10.1080/2331186X.2017.1305712
VanBalkom, W.D., Sherman, A., 2010. Teacher education in Bhutan: highlights and challenges for reform. Asia
Pacific J. Educ. 30, 43–55. https://doi.org/10.1080/02188790903503585

2309

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

Training the Next Generation of PV Reliability Experts – Project SOLAR-TRAIN
“Photovoltaic Life Time Forecast and Evaluation”
Ismail Kaaya
1

1,2

1

1

, Enikö Bedö and Karl-Anders Weiss

Fraunhofer Institute for Solar Energy Systems ISE, Freiburg, (Germany)
2

University of Malaga, Malaga (Spain)

Abstract
The quality assurance and life time prediction in the photovoltaic industry are yet in their infancy, requiring both
underpinning science and trained personnel to reduce costs of energy. An unmet industrial requirement is an
accelerated and operating environment specific, service life time and energy yield assessment. SOLAR-TRAIN
qualifies early stage researchers (ESRs) in the field of PV durability as part of a highly innovative, multidisciplinary project meeting industry requirements. The research objective is to develop novel and validated
models for the service life time and energy yield prediction of PV modules and systems. To a chieve this
objective, different topics are being addressed; these include climatic degradation factors, analysis of
degradation and failure modes of PV modules, evaluation of polymeric materials in PV modules and service
lifetime prediction for PV modules and systems and related economic impact.
Keywords: Early stage researchers, PV degradation and failure modes, service lifetime and yield prediction

1.

Introduction

The major goal of the project SOLAR-TRAIN “Photovoltaic Life Time Forecast and Evaluation” is to train 14
early stage researchers (ESRs) in the fields of PV durability and reliability assessment, life time and yield
prediction by international and inter-sectoral research and exchange. It is funded by the EU Commission’s
Marie Sklodovska-Curie Actions (MSCA) programme. The collaboration between the MSCA fellows will
develop new insights in all subtopics of PV reliability and durability such as (a) climatic degradation factors, (b)
system analytics, (c) material (polymer) parameters, (d) service life & energy models, (e) linking production to
performance and (f) performance enhancement by improved O&M.
The elements to this puzzle are researched in the frame of 14 PhD projects with individual areas of focus.
Commercial and test samples are produced and tested in the distributed measurement campaign during this
project, deployed in different operating environments. They are exposed to state -of-the-art and to-be-developed
stress cycles to allow a validated link of degradation to stresses, production metho ds, materials and methods of
deployment. Accelerated and lower cost test cycles for the assessment of innovative materials and module
developments will be delivered.
The individual research projects will be merged with the aim to improve the state -of-the-art in-service life
prediction of PV modules and systems to enhance the industry’s economic security and predictability. In this
way, SOLAR-TRAIN delivers on the targets of the Issue Paper No. 2 of the SET Plan to maintain and
strengthen PV technology leadership in Europe.
The project is integrated both in terms of research as well as training. This inter-sectoral approach provides
excellent theoretical and technical background as well as immersion in different business sectors and career
mentoring, allowing ESRs to build up a sustainable professional network across Europe. To enable a most
effective cross-sectoral training, the project’s beneficiaries and partners represent the entire value chain, from
materials developers / manufacturers through to operators and insurance companies.
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2.

Innovative, educational and scientific approach

SOLAR-TRAIN’s approach is twofold: ESRs are being trained in the framework of an extensive PhD program,
covering all relevant aspects of PV durability and reliability testing and the specific aspects of their individual
research tasks. They are being trained by 8 international leading institutions in this field (Fraunhofer ISE,
Germany, Polymer Competence Center Leoben (PCCL), Austria, Loughborough University, UK, EURAC
Research, Italy, University of Ljubljana, Slovenia, Centro Nacional de Energías Renovables (CENER), Spain,
BayWa r.e. Operation Services, Italy and Electricité de France (EDF), France) and undergo international and
inter-sectoral exchange during secondments at indus trial partner organizations. Their academic training is
enhanced by summer schools and workshops fostering interdisciplinary understanding, interaction and
cooperation and by individually selected soft skill modules. Action centered learning and mentoring rounds off
the education part of the projects with the aim to obtain a PhD.
2.1. Summer schools
In addition to the beginner’s week, where ESRs were equipped with the fundamentals in photovoltaics, module
design and reliability assessment, three summer schools were planned at different stages of the project. The
summer schools were meant to address different topics such as; State-of-the-art in PV Module Technology, PV
Module Lifetime & Reliability and Industrial Soft Skills & Entrepreneurship. These topics were given by
experts within the field to deepen the understanding of cell technologies, PV module composition, components
and materials, standardization and standardization and proceeds to the specifics of life time and reliability
testing, performance monitoring and life time modelling. The final Summer School places these insights into the
economic context, focusing on aspects of quality management, Intellectual Property Rights (IPR) management,
ramp up processes, product development and project management in industry.
During the summer schools, ESRs also get a chance to present their individual work and progress. Each
presentation is followed by a peer discussion of the presented research and joint planning of next steps. The
hands-on projects and laboratory tours during the summer schools helps ESRs to have a broad knowledge
beyond there individual research topics.

Fig. 1 Left: ESR presenting his work progress during the last summer school at PCCL in Austria and right: ESRs having a
hands-on experience on cells soldering during the first summer school at University of Loughborough, UK.

The summer schools also provide a unique platform for a face-to-face interaction of SOLAR-TRAIN’s ESRs.
These personal contacts are essential for the successful cooperation. To ensure a successful social integration,
the schedule includes time slots for social events and activities.
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Fig. 2 Left: ESRs enjoying the sunset at the sea, during the second summer school at University of Ljubljana in Slovenia and
right: ESRs learning activity on agile and classical project management methods during the last summer school at PCCL in
Austria.

3.2. Online seminars
To ensure a continuous exchange between ESRs in the periods between the Summer Schools there are monthly
online seminars. Each month half of the ESRs report on their progress. For each meeting a chair of the ESRs is
defined who organizes the meeting, takes minutes of discussions, collects presentations and archives them in the
project database. Typically, presentations are followed by questions/discussions and then a round of formative
feedback on how to improve the presentation. The seminars are essential to track progress and also for the
cohort feeling as the ESRs ‘meet’ regularly. The rotating chair and the minute taking teach essential skills for
future scientific careers.
3.3. Action Centred Learning
Action Centered Learning evolves in annual training events, so-called ‘Challenge Calls’ or competitive group
projects. The supervisors of the hosting institutions specify small research tasks, contributing towards the
deliverables of the WPs which require interactions of ESRs. The ESRs are split into three teams. The team
selects a team-leader as well as other team roles as required. The team has to write a project application as it
would do for an external client, i.e. including business plan and deliverables. The teams are required to complete
the tasks within their budgets, both in terms of time as well as financial and deliver the promised deliverables.
The projects are then submitted, and a ‘winner’ is chosen based on scientific quality, cost effectiveness and
timely delivery. The aim of these actions is to train the ESRs in skills such as team work, project planning, team
leadership and time management.
3.4. Scientific approach and current state of the project
Work is progressing in all the different addressed sub-topics and work packages of the project according to the
schematic diagram (see Fig.1). Starting in summer 2017, commercial and test samples are produced and tested
in distributed measurement campaigns and deployed in different operating environments. They are exposed to
state-of-the-art and to-be-developed stress cycles to allow a validated link of degradation to stresses, production
methods, materials and methods of deployment. In collaboration with different PV systems owners, different PV
systems performance data are also under comprehensive assessment with the aim to evaluate the performance
loss and degradation rates and to understand the performance reducing effects.
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Fig. 3 Schematic diagram showing the different work packages and their connections.

The work packages are designed in such a way that they complete each other, for example starting from WP4,
different degradation precursors are being investigated and the findings of this WP package are used in WP6 to
select the relevant degradation precursors for service lifetime prediction (SLP). The degradation models
developed in WP6 require climatic data inputs; since uncertainties relating to climatic data can highly affect the
accuracy of the models, it’s a prerequisite to have high quality data, hence the results on climatic data analysis
from WP3 are required to improve the prediction accuracy. Moreover, identifying the most influencing climatic
factors for degradation, which is part of WP3 is necessary inputs for WP6. Using the calibrated models from
WP6 from high data quality, the degradation rates can then be extended to a global scale to make a degradation
risk map in WP3. Analysing how polymers age carried out in WP5, is crucial to have a physical understanding
and correlation of the degradation rates evaluated in WP6. At the end the whole chain is completed for lifetime
forecast and evaluation.
Itis not in the scope of this paper to describe the scientific content of the project , therefore, only a general
overview of the current working status is described, more scientific contributions can be accessed freely on the
official homepage www.solar-train.eu
For example, new climate classification is being developed by integrating Köppen -Geiger classification and
irradiation map with the aim of creating climate classes suitable for degradation evaluation. Encapsulant
degradation analyses of several samples are being carried out in order to evaluate the encapsulant discoloration
and optical properties. New non-destructive characterization techniques are under investigation on both mini
and full PV modules.
To add on different approaches are being employed in degradation modelling, e.g. by using analytical
approaches, it is now possible to calculate, degradation rates as well as the performance loss of PV modules
provided reliable climatic data as inputs of the desired location. Different statistical methods for calculating the
performance loss of PV modules and systems were tested and applied and the best performing methods with low
uncertainties were identified.
Currently, we are working on the estimation of performance losses of operating PV systems where no meteo data and very limited metadata are available. Algorithms to estimate the tilt and azimuth of a system from its
power time-series are developed and the calculation of the Performance Ratio is performed by using irradiance
data from sources such as PVGIS. Different methods to improve irradiance data quality are under investigation
with the aim to increase the accuracy of proposed predictive models .
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3.

Conclusion

The project is integrated both in terms of research as well as training. This inter-sectoral approach provides
excellent theoretical and technical background as well as immers ion in different business sectors and career
mentoring, allowing ESRs to build up a sustainable professional network across Europe. To enable a most
effective cross-sectoral training, the project’s partners represent the entire value chain, from materials
developers/ manufacturers through to operators and insurance companies. Highlights of results of the research
and trainings, and more information about the project can be derived from the official homepage www.solartrain.eu
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Abstract
The interest in Control and Automation Engineers (CAE), in the southern region of Brazil, has been
progressively decreasing over the last few years. Therefore, an outreach project has been idealized by the
Renewable Energy Research Group (GPER, which belongs to the Federal University of Santa Catarina)
seeking to disseminate recent scientific results achieved by the group. The progress of this outreach project,
“Automation and Renewable Energies” (ARE), is discussed in this paper. This project entertained visits to
local public schools in Florianópolis (capital of the Santa Catarina state), aiming to encourage high school
students to be future CAE actors and, to urge their interest of this course, correlating this degree with the topic
of Renewable Energy Sources (RES). Moreover, the development of scaled renewable energy testbeds is also
discussed; these small mock-ups make an allusion to why control-oriented purposes are of most important to
the RES context, given that adequate control strategies can be used to maximize global efficiency and allow
the adequate integration of renewable sources to modern electric networks.
Keywords: Control Engineering; Renewable Sources; Outreach; Brazil; Public Schools.

1. Introduction
The use and generation of electrical energy in efficient ways are key subjects for a more sustainable and
ecological-friendly future. The foundations of energy generation are changing in a profound manner (Lund,
2007), (Dincer, 2000): the prices of fossil fuels increase each year (due to scarcity), energetic demands increase
in every country and the search for viable renewable sources becomes evermore important (Shafiee and Topal,
2009). With an imminent need for distributed power and heat generation to guarantee demands (Jiayi et al.,
2008), clean and renewable energy generation is indisputably a matter of great importance, that will guide the
public policies for the energy scenario of the coming years.
Energy generation from individual renewable units is associate to as many problems as it may intend to solve.
It has been demonstrated (Lasseter, 2007) that a better way to solidify and expand the emerging potential of
renewable energy generation is to model and understand these systems as local “blocks” from which generation
and loads can be viewed as subsystems. Such paradigm is the basic idea behind the concept of Microgrids:
smaller units that can operate in parallel to the main grid or in islanded mode, providing utility power station
services. They are usually combined with the use of waste heat from the available sources to increase global
energetic efficiency.
The greatest problem related to this kind of systems is the inconsistency and quality mistrust regarding the
renewable sources, since these are intermittent and cause fluctuations upon the energy outlet. What literature
indicates as a practical solution to treat this problem is the insertion of intermediate energy-storage facilities
(such as batteries, fly-wheels, etc) to compensate the renewable inconsistency and intelligent, autonomous
supervisory energy managers (controllers) that adequately coordinate all the internal units/subsystems of a
renewable microgrid. Such controllers have been progressively called Energy Management Systems (EMS),
in the broader sense (larger-scale) coordinators (Chen et al., 2011), and Microgrid Central Controllers
(MGCCs), regarding the local coordinators (Olivares et al. 2014), (Kaur and Basak, 2016). Practical,
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experimental verification of such tools have been presented in (Gouveia et al., 2016), (Lidula and Rajapaske,
2011).
Since 2014, the Renewable Energy Research Group (GPER) has been studying these EMS and their application
concerning the Brazilian energy context. Exciting results have been achieved: (Morato et al., 2017), where an
MGCC is designed for a sugarcane-based microgrid; (Vergara-Dietrich et al., 2019), where stochastic control
methods are applied for the same microgrid, but now considering the variability of renewable sources (solar
irradiance and wind speed); (Mendes et al., 2019), where an energy management system is developed for an
experimental microgrid coupled to a vehicle-to-grid system.
GPER lies inside the Automation and System Department (DAS) of the Federal University of Santa Catarina
(UFSC) and has as its main focus in research and development of projects in several areas linked to Control
and Automation of Renewable Energy Systems, with experience in advanced control applications in
microgrids with renewable energy, energy generation plants in the sugarcane industry, heliothermic solar
fields, large-scale wind power generation, solar desalination, hydrogen production from renewable sources,
among others. The group has several contributions (in both national and international scale), taking part in
congresses and publishing several scientific papers, as well as collaborations with national sugarcane and
energy industries. Today, GPER is the lead control-oriented renewable energy researcher in Brazil, and one of
the largest groups in Latin America devoted to this topic.
The main scientific method/control framework that GPER has studied and established is the use of Model
Predictive Control (MPC) as formal EMS/MGCCs. MPC (Camacho and Bordons, 2007) is a (very wellestablished) optimization-based control loop, with a strong industrial practice. The use of MPC as these
autonomous microgrid coordinators is a very natural development, once it can deal with the inherent model
characteristics of renewable energy-generation systems (Geidl et al., 2007) and explicitly deal with operational
constraints (on the actuation, generation, conversion etc). MPC can also inherently exhibit feedforward
compensation capability (Vergara-Dietrich et al., 2016), (Vergara-Dietrich et al., 2017), which means it can
use some estimation of the future availability of renewable sources (solar forecast, for instance) to enhance the
energetic efficiency performances.
GPER has been investigating solar and renewable paradigms for the Brazilian scenario because the country
has a very miscellaneous energy matrix (Walter et al., 2014)1. Solar energy can be considered as one of the
possible energy sources to increase the renewable energy quota, given that the investment in this sector has
been largely increasing for the past few years; moreover, the climatic conditions are appropriate to explore this
kind of source, showing competitive prices face to other sources such as natural gas (Tiba et al., 2005). All of
these issues reinforce the need for qualified Control and Automation engineers that know how to manage/plan
controllers for renewable microgrids. The Brazilian market is already demanding such engineers, once the
renewable energy technologies must be adapted to the national context. This demand will progressively
increase, given that trends are given towards sustainable energy matrices, as discussed by (Lund, 2007).
Nowadays, GPER has two main research branches, one that is focused on i) (large scale) solar collectors and
their efficient management and another focused on ii) Energy management and fault estimation in sugarcanebased microgrids. Some of the recent results achieved by the GPER group concerning MPC applied to
renewable energy systems should be recalled; with respect to branch i: (Mendes et al., 2014) shows a method
to regulate the outlet temperature of a solar collector used for desalination; (Elias et al., 2019b) exhibits
nonlinear MPC results for large solar fields; (Elias et al., 2018) exploits a controller for the optimal defocusing
of solar panels, based on maximum temperature maintenance; the temperature control of such solar panels,
using a stochastic MPC method, is developed in (Vergara-Dietrich et al., 2017). It must be noticed that GPER
has had six papers accepted in this conference concerning solar heliothermic plants.

1
Today, the total (primary) Brazilian energy matrix is 44 % renewable; within this share solar energy represents around 2 % (which will
rapidly and vastly increase), whereas ethanol and bagasse stand for 40 %. The sugarcane industry already plays a major role in the energy
generation, but this should also increase if the local producers are treated as islanded microgrids, being a transition alternative for a
completely green matrix, as thoroughly discussed in (Morato et al., 2018).
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With respect to branch ii, it must be pointed out that Brazil has the world’s largest sugarcane industry, with
intense sugar and ethanol production. Such plants can also be understood as distributed microgrids, once they
have large amounts of residues that can be used as bio-sources, such as the bagasse and straw (biomass) and
the vinasse (that can be converted into biogas via anaerobic digestion). In these plants, solar energy also plays
a vital role, being an auxiliary source for energy generation. When solar irradiance is low, energy is generated
from biomass and biogas sources, whereas when it is intense, it powers by itself these plants. Notice that the
biomass/biogas stocks are used to compensate the variability of the solar source. This, combined with the
autonomous microgrid coordinators, guarantees energy generation throughout the whole year (whereas the
harvest period is of around 200 days). Therefore, in (Morato et al., 2018), these sugarcane-based industries are
modelled from scratch as renewable microgrids; an MPC EMS is designed in (Morato et al., 2017a) and
enhanced with feedforward compensation in (Morato et al., 2017b); in (Morato et al., 2019), the issue of faults
is incorporated in the control layer.
Besides that, GPER is an extremely productive research group that studies exactly this field. Today, a
disclosure page is available on social media2, a pilot plant for heliothermic solar field tests (experimental stand)
is mounted in UFSC and partnerships the µgrid-Lab3 are standing, counting with the contribution of many
students from the first years (scientific and technological research initiates), master's and doctoral students;
and post-doctoral researchers. GPER members have already participated on countless scientific nationals and
internationals congress and have already given several disclosure lectures around the world: Argentina,
Uruguay, Bolivia, Chile, Spain, among others. Besides that, GPER has technical and historical collaboration
with several foreign universities: University of Sevilla, University of Almería, University of Valladolid,
Universidad Nacional de La Plata and Université Grenoble-Alpes, as well as national collaboration with the
Federal Universities of Bahia (UFBA) and Minas Gerais (UFMG). All these factors should reinforce the
student appeal for the CAE degree at UFSC.

2. On Automatic Control
The Control and Automation Engineering (CAE) diploma started in March 1990 at UFSC, being pioneer in
Brazil; currently it receives 72 students per year. During five years of study, the future engineer receives license
to act in several areas related to process control, as well as renewable energy system control. Since the
beginning of its creation, the CAE course has always had a high-level demand. CAE used to be one of the three
most popular courses of UFSC, with an over 14.5 candidates / places ratio (in 2005); the students needed very
high grades in the admittance exams for approval. Nowadays, the course is grade 5 out of 5 at the national
evaluation system4, being a 5-star diploma as ranked by Folha5, with the second best-ranked teaching quality
in Brazil.
The use of automation and control methods for renewable energy systems is essential: these tools can maximize
efficiency, allow their adequate integration to modern networks and solve the issue of intermittency. Therefore,
there is an increase in the demand of automation engineers with renewable energy focus being implanted by
the industry, and from their increasing value to the progress of technology in Brazil. Of course, there is a
crescent in the need for renewable energy production for more ambitious sustainability goals, which directly
converts into the need for prone engineers to solve the issues that arise with such sources, as previously
discussed.
Unfortunately, high-school students do not relate CAE with the application of automation to renewable energy
systems! It is consensus among the CAE/UFSC teachers that there is a great need to further disseminate what
it means to be a Control and Automation Engineer in the context of energy generation. For such, since 2017
there has been a great effort to spread material about the course through social media and local newspapers,

2

See facebook.com/GPERUFSC.
See ugridlab.paginas.ufsc.br.
4
ENADE exame, see dpgi.seplan.ufsc.br/files/2018/10/Relatório-Enade-2018.pdf.
5
Local news journal; it rates, every year, bachelor courses and degrees from all the universities in the country, ranking from 1 to 5 stars.
See the latest ranking (in Portuguese): ruf.folha.uol.com.br/2018/ranking-de-cursos/engenharia-de-controle-e-automacao/.
3
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but that did not seem to be enough to revert the panorama: the candidate/place ratio for the CAE/UFSC degree
had continuous drops, going from 9.28 (2016), 8.16 (2017), to 6.24 (2018).
To strengthen this troublesome scenario, the interest in the CAE degree at UFSC has been slightly decreasing
over the course of the last few years, which can be easily verified by the number of enrolled students in
vestibular/ENEM exams6 (in Brazil, vestibular and ENEM are contest exams that work as the sole ways to
enter the country’s public - and internationally renowned - universities). Moreover, a considerable
circumvention is verified in students of the first two graduation years, which leaves many unoccupied places
for candidates who chose CAE as a second course option. This fact seems to go against the increasing value
of control and automation engineers.
One of the reasons for this decrease in demand may be related to the lack of awareness of the impact and
importance of these engineers to several sectors of development in the country; very few people relate CAE
with the sustainable development and renewables.
Therefore, the outreach project “Automation and Renewable Energies” (ARE) was launched by the
GPER/UFSC research group in the beginning of 2019, with the main focus as to visit local public schools for
the dissemination of CAE’s performance in this strategic sector (in respect to the global goal of more ambitious
sustainable development, as discussed in Section 1), with hopes to boost the search for the CAE degree at
UFSC and motivate students with renewable sources themes (which are, incontestably, topics of increasing
appeal).
For all the reasons stated, it was noted that there is, evidently, a huge need to encourage high school students
from public schools to get excited about the possibility of becoming future Control and Automation Engineers.
Therefore, the outreach project consisted in several visits to schools (and with students to the CAE department)
bringing to them information about the CAE course and about the Renewable Energy Research Group. The
outreach methods and results are discussed in the sequel.

3. Outreach Methods
The ARE outreach project was carried out through lectures in schools, as well as internet dissemination,
through social media and the GPER website, about what kind of research was underway. These dissemination
actions were carried out throughout all regions near UFSC, essentially bringing simple technical and scientific
knowledge to the outside community. Students and teachers of public schools in Florianópolis (capital of Santa
Catarina) were the main beneficiaries of this project, as well as the undergraduate students that were involved,
who had their CAE career directly enriched by activities in the context of this outreach project. The visits to
the schools consisted in conversation circles and hands-on experiments by the high-school students in scaled
testbeds and experimental mock-ups7.
These visits intended to bring to these students knowledge and information about the Control and Automation
Engineering (CAE) course in the local federal university (UFSC). Up to this present day, this project has
reached over 85 students. These were: 61 from the last year of high school, 14 from the second year and 10
from the first year. Essentially, none of these students knew much about Automatic Control or how it is related
to the renewable energy context. From interviews with the students, Graphs 1 and 2 (below) were elaborated.
It becomes clear that a great part (50.6 %) of the interviewed students did not even know of the CAE degree,
neither its relationship with renewables (Graph 2: 74.1% of the interviews students said to known nothing or
very little of it). The dissemination of topics related to practical usage of renewable energy will certainly help
with the future development of the country (which has the biggest renewable energy matrix on the planet and
a great unexplored potential), encouraging the training of qualified professionals, oriented to science and
technology, besides having the power to attract young people to the study of CAE.

6
7
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Graph. 1: Interview 1: Have you ever heard about the CAE degree?

Graph. 2: Interview 1: Did you know about the CAE – Renewable Energies relationship?

The ARE outreach schedule consisted in: i) inviting CAE teachers and students that produce high-impact
research to prepare lectures to non-specialized audience; ii) contact with public schools in the region around
Florianópolis, requesting visits to high-school classes; iii) elaboration and development of small energy-related
testbeds by first year CAE students; iv) visits to the schools and exhibition of relevant topics in the area of
renewable energies with participation of GPER members and CAE students; and v) disclosure of the developed
activities by social media and institutional websites.
The visits were either in the schools, or in the CAE department, at UFSC, if there ever was the possibility of
the students coming to the university. The latter proved to be more efficient, once it visibly brought up much
more interest from the students, who were inside an academic environment (many for the first time). Figure 1
shows photos of two of these encounters: on the left (1a), a visit to the CAE department is shown, whilst on
the right (1b), a visit to a school is demonstrated.

2319

M. Menezes Morato et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Fig. 1: ARE Encounters: Left: CAE Department (1a). Right: Visit to a High School (1b)

The dynamics of these encounters consisted in: 1) a formal presentation about the Control and Automation
Engineering degree, explaining the main activities of a graduated professional and the connection of this course
with the theme Renewable Energies (Fig. 2). Much attention was given to this last topic due to the expertise
of the GPER research team; concepts of solar energy, microgrids and Energy Management Systems were
discussed with the high school students using informal discourse and simplified analogies. 2) After this
presentation, the students were taken to two main laboratories of the CAE department: the Projects Laboratory
(LPR) and the Manufacturing Laboratory (Fig. 1a). In the first, an experimental Automated Guided (AGV)
made with LEGO NXT Mindstorm kits were presented to the students in order to explain the essential concepts
of CAE: actuation, instrumentation (sensors) and control. At the second lab., CAE undergrad students
presented to the high school visitors their own projects and the material used to manufacture them. Finally, a
longer guided visit was performed at the GPER Solar Plant Lab. (Fig. 3), a scaled solar collector plant built by
the GPER group to test and verify different control methods; its main goal is to maintain the outlet water
temperature despite the variability solar irradiance.

Fig. 2: ARE Encounters Dynamics
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Fig. 3: GPER Solar Plant Lab.

The visits/encounters at the schools themselves (Fig. 1a), which happened when there was no availability for
the students to come to the CAE department, had a different dynamic. Whilst the same presentation about
Renewable Energies and CAE was performed, small mock-up testbeds were taken to the schools so that the
students could play/interact with them (some of these are shown in Fig. 4). These were: the same LEGO AGVs,
an intelligent “renewable” house, an automated sugarcane harvester and an intelligent photovoltaic panel. The
intelligent house regulated the amount of internal lighting (some few LED bulbs) based on the amount of
clarity that entered the environment, to save energy and provide a more peaceful eye environment; the
sugarcane harvester is a simulator of crop harvester that can be put either in manual or automatic mode - it
illustrates/emulates how hard it is to keep the harvester on track manually, while it is done very easily by the
embedded automatic controller; the intelligent photovoltaic panel is a scaled panel that tracks the direction of
source of light, aiming to guarantee maximal energy generation with respect to the irradiance angle.

Fig. 4: Experimental Mock-ups: Intelligent House, AGV, Intelligent Photovoltaic Panel

Of most importance, in the presentation dynamic of all these encounters, a CAE gender equality panorama was
discussed. Note that of the 434 students that are part of the UFSC CAE course (nowadays, 2019), only 57 are
women (and they represent 51,35% of all female students that have ever been part of the CAE/UFSC alumni).
Considering the total of 1088 graduated engineers (from 2003 to 2019), only 111 were women (around 10 %),
as displays Graph 3. This discussion about gender in an extremely important topic to be touched concerning
high school students, since they are going to be the future generation of CAE students; the project’s goal was
to pass a message of motivation and self-trust for these girls, hoping that this scenario can be reversed. In the
graph below, the discrepancy of gender in the department became more visible.
It is also important to mention that, during the ARE encounters, the emerging role of artificial intelligence (in
the sense of machine learning algorithms) and its relationship to the CAE course was also strongly highlighted.
Being this topic of increasing importance in engineering and science, discussing it with the students also served
as another motivational venue for possible interest in CAE. Closely related to artificial intelligence, the issue
of engineering safety and the human replacement by machines was also a topic debated in the ARE visits.
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Graph. 3: CAE/UFSC course: Gender Distribution

Finally, it must be remarked that the impact of this kind of (outreach) activity is very interesting, since the
engineering knowledge of high school students in Brazil is very reduced (see Graph 1). The results that concern
the visits derived from the Automation and Renewable Energies outreach project are already being felt, as
discussed in the sequel.

4. Outreach Results
Concrete practical results of this outreach project are still to be harvested, given that an increased demand for
the CAE degree will only be noted in one or two years, via vestibular/ENEM inscription data, which is still
not available.
Nonetheless, some expressive results are already being harvested. After each visit was over, a second interview
was conducted with the students, to evaluate how their knowledge of CAE had changed with the ARE
encounter. The achieved results / answers are summed in Graphs 4 and 5, below.

Graph. 4: Interview 2: Are you interested in Control and Automation?
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Graph. 5: Interview 2: Can you define what a Control and Automation engineer does?

Notice that the majority of students could conclude partially or completely on what a CAE engineers does.
They all agreed, after the ARE outreach encounter, to understand how CAE engineers act with respect to the
renewable energy context. Moreover, many of them said to have interest being future CAE engineers, which
is of great enthusiasm to the Authors.
It must be remarked that the expressions of joy and interest8 of the students, in all visits, was very noticeable.
The message of the value of CAE in renewable energy domain for the near future was passed on, which
hopefully will contribute in strengthening the transition plan of the Brazilian energy matrix to a more
sustainable one.
It is hoped that the encouragement of these students will lead them to possibility attend the CAE degree and to
specialize themselves on this field of renewable energy research. That, on a long term, will result in qualified
trained professionals capable to solve renewable energy implementation challenges (nowadays there is little
offer of this professional profile in the Brazilian market).
It must be remarked that the articulation of this project with teaching, research and extension is natural, since
it acts directly through lectures/activities that crave the sharing of dedicated actions to science and technology
divulgation. It is also worth highlighting that there are several high-school teachers looking for knowledge in
Renewable Energy field, which can be used as motivational examples in pedagogical activities related to many
school subjects.

5. Conclusions
This paper discussed the “Automation and Renewable Energies” outreach project deployed by the
GPER/UFSC research group. ARE has the goal of urging the interest for the Control and Automation course
at UFSC in high school students of the local public system, creating a methodology to present, to these students,
other ways to view the possibilities of an university engineering degree. This project is still underway, since
its final goals will only be concretely achieved in some years, when the inscription rate for the CAE course
should increase. Anyhow, some interesting results could already be collected, as discussed: interviewed
students disclosed to be much more interested in this course and positively confessed to understand its
connexion to renewable energy systems.

8

In fact, students form one of the visited schools came, after the visit, to UFSC to get help from the GPER members on how to
concretize a project of theirs to construct solar photovoltaic panels for their school, which seeks to become the first sustainable school in
the state of Santa Catarina.
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Abstract
It was observed with the exponential growth of Brazilian market related to distributed generation with photovoltaic
promoted by RN (Resolução Normativa – Normative Resolution) 482/12 and 687/15 published by ANEEL, that
fast courses for photovoltaic (PV) modules installers are attended by non-qualified persons. This motivated the
emergence of work groups with the goal to developing courses that deal with themes to comply with requirements
of quality and security of those systems. This work presents a description of a designer and installer of photovoltaic
systems course implantation in a public teaching institution. It´s presented the developing of contents relevant to
the work force formation to attend the needs of market, as PV solar energy basic concepts, techniques and
materials for rooftop installations and proceeding to develop PV design. The major of realized practices are also
described, as MC4 connector and string box components mounting and the PV modules rooftop installation
procedures (security and materials). As a result of the course, two classes already formed are described as well as
the results of it to the local market.
Keywords: Education in photovoltaics systems, Photovoltaic solar energy, Grid connected solar systems.

1. Introduction
The Brazilian photovoltaic solar energy has presented an exponential yearly growth since the publication of
Resolução Normativa (Normative Resolution) 482/12 and its update, the Resolução Normativa (Normative
Resolution) 687/15, as demonstrate by ANEEL (Agência Nacional de Energia Elétrica – National Agency of
Electrical Energy) data.
It was observed, in 2015, an increase of 258 % in photovoltaic solar mini and micro generators power installed,
with an increment of 397 % in the number of installations. The Brazilian market presents heated with these rates,
and it tends to keep these numbers in the next years. In fact, for instance, the increment of power installed was 409
% (2016), 164 % (2017) and 159 % (2018), and the number of installations were 320 % (2016), 127 % (2017) and
98 % (2018).
There´s a lack of qualified work force due to this area be relatively new in Brazil and the area being presenting a
fast growth that can´t be followed by the capability in training persons to act in it. According to Mocelin (2014),
the consequence of execution of design by non-qualified persons is that those ones could be barely projected and
executed, which cause a negative influence in the technology reputation, and it could be discredit by the
population.
Some problems have already been verified in some installations in Brazil, such as bad system operation, fire in
junction boxes (figure 1a), fire in photovoltaics modules (figure 1b) and metallic structure bad evaluated (figure 1c)
that did not bear the load above it.
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Fig. 1: Problems encountered in Brazilian photovoltaics installations.

Commendable initiatives, however pointed and isolated, in some Brazilian institutions, can be observed in order to
fulfill the lack in workforce formation of this area. Blasques (2016), Neto et al. (2016) and Diniz et al. (2016), for
instance, presented their proposals for courses in this area. There are lato senso courses in diverse universities in
Brazil, highlighting, for instance, the Centro de Pesquisa e Capacitação em Energia Solar (Solar Energy Training
and Research Center) in UFSC (Universidade Federal de Santa Catarina – Federal University of Santa Catarina)
and the Centro de Energias Renováveis (Renewable Energy Center) in UFPE (Universidade Federal de
Pernambuco – Federal University of Pernambuco).
Some action in this senses were proposed by national industry like the constitution of Grupo Setorial de Sistemas
Fotovoltaicos (Photovoltaic Systems Area Group) by ABINEE (Associação Brasileira da Indústria Elétrica e
Eletrônica – Brazilian Association of Electrical and Electronic Industry) in 2010, that resulted in the creation of
formative itineraries and courses in the photovoltaic area inside the partnership between SENAI (Serviço Nacional
de Aprendizagem Industrial – National Service of Industrial Learning) and GIZ (Deutsche Gesellschaft für
Internacionale Zusammenarbeit - German Society for International Cooperation).
The creation, in 2015, of work groups about professional formation in renewable energy and energetical efficiency
by SETEC/MEC (Secretaria de Educação Tecnológica do Ministério da Educação – Technological Education
Secretary of Education Ministry) was another important initiative, supported by GIZ. One of them is dedicated
specifically to the workforce formation in designers and installers of photovoltaic solar systems.
Many actions were developed as result of this group, such as 1) development of formative itineraries for three
different types of courses: installer (160 h), designer (240 h) and specialization for graduated (360 h) (Pedrosa
Filho et al., 2018); 2) training for teachers of Rede Federal de Educação Profissional, Científica e Tecnológica
(Federal Network of Professional, Scientific and Technological Education), in these three levels; and 3) description
of a minimum infrastructure that permits that courses be realized in the Federal Network.
This work presents, in this sense, a description of a photovoltaic solar system installer and designer course
implantation in the IFPE (Instituto Federal de Educação, Ciência e Tecnologia de Pernambuco – Federal Institution
of Education, Science and Technology of Pernambuco), Campus Pesqueira, that belongs to the Federal Network.
It´s described the methodology and curricular matrix of the course, as well as the practices developed by the
students. The practical results of the course for the photovoltaic systems local market are presented at the end.

2. Course of designer and installer of
photovoltaic solar systems
The creation of the designer and installer of photovoltaic solar system course considered that the IFPE Campus
Pesqueira has a course of electrical technician working since 1993 (26 years old), that is consolidated and a
reference in the region. It was also taking on account to the course that: 1) there is in the market a great number of
technicians formed and with a practical expertise in residential and industrial electrical installations; 2) the Agreste
region of Pernambuco State in Brazil has a big potential for photovoltaic system installation due to the high level of
solar irradiance of order of 5,5 kWh/m² (Pedrosa Filho and Mariano, 2018); 3) there is a tendency of projects
development of any level in the region and 4) the formation of a person capable of install and design these kind of
system permits a better professional development towards to undertake his own business in the area.
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It was considered, for attending these premises, that only formed technicians that work with electrical installation
(priority) and tend to be an entrepreneur would be students of the course. These characteristics were evaluated
through a quiz applied to the applicants of the course.
The course structure was divided in 4 modules: fundamentals of the electricity, fundamentals of photovoltaic solar
energy, designer of photovoltaic systems and photovoltaic systems installation.
The table 1 presents a resume of course contents. In the module I, the students are taken to remember main
electricity concepts and the specific instrumentation to be used in practical activities along the course. This initial
approach is fundamental to the course continuity because prepares the students for using needed tools for electrical
installation of AC (Alternate Current) side of the system as conduit, circuit breakers, AC cables, grounding, etc.
The module II presents main contents that insert the students in PV world like solar radiation, PV solar cells and
modules, that permits to the students understand technological terms that are needed to install either to design the
systems.
The 3rd module introduces the student to the practices directed to PV systems design; it approaches Brazilian
standards needed to develop a PV grid connected project and the sizing of components of installation. The main
softwares used to simulate systems are also presented in this module. The last module is directed to practices of PV
grid connected systems installation, approaching topics related to preparing, installing and commissioning these
systems, as well as all equipment and standards needed to accomplish this activity. A practical installation of
photovoltaic modules is realized on two kinds of roofs (ceramic and asbestos cement), very commons in Brazil; a
commissioning basic tests are executed at end of installer module of the course.

Tab. 1: Topics approached in the course.
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Module

Main theme

Topics covered

1

Fundamentals of electricity

2

PV solar energy
fundamentals

3

PV systems designer

4

PV systems installer

Electrical Quantities: voltage, current, resistance, power;
Main installation concepts: simple electrical circuits, measuring
instruments, mains installation components, grounding, electrical shock
protection and voltage surge.
Single-fase and three-fase electrical systems.
Solar energy fundamentals: solar radiation, irradiance and irradiation
definitions, irradiation databases, solarimetric maps and instrumentation.
PV cell and module: PV effect, cells and modules, electrical and
mechanical characteristics, temperature coefficients.
Energy charging model
PV grid connected components: inverter, string box, surge protection
devices, fuses, disconnect switch, connectors, DC cables, mechanical
structures.
PV grid connected sizing
Descriptive memorial development: Brazilians normative resolutions
482/12 and 687/15, regulations of the energy concessionaires, unifilar
and multi-strand diagrams, PV mechanical and electrical layout,
descriptive memorial and ART (Anotação de Responsabilidade Técnica Annotation of Technical Responsibility)
Rooftop structural components.
Entrepreneurship.
PV grid connected installation: security in rooftop installations, single
protection equipments, materials used in rooftop installations, practice on
rooftop PV systems, commissioning.
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Fig. 2: (a) Modules of 42 kW photovoltaic plant, (b) Roofs for practices and (c) Solarimetric station.

There are practical activities in all modules of the course. The IFPE campus Pesqueira has a photovoltaic solar
plant of 42 kW with modules installed under different conditions: on the rooftop of classrooms and on the ground
(figure 2a). There are photovoltaic modules of different technologies: monocrystalline, polycrystalline, thin film
and flexible, and two roofs for practices (figure 2b), one of them with ceramic roof tile and the other with asbestos
cement roof tile; besides, there is also a solarimetric station with beam, global and diffuse irradiance measurement
(figure 2c).
The practices realized in the first module of the course are related to measurements of electrical quantities in the
electrical and photovoltaic systems of the institution and photovoltaics modules. Practices of module connections
(serial, parallel) with measurement of electrical parameters, solar radiation measurements and solar radiation public
databases search in the computer lab are accomplished in the second module. A project is developed and simulated
with all documentation needed in the third module. The practices in the final module consist of an assembly of an
array of modules considering its mechanical layout, assembly junction boxes with different configurations and
MC4 connectors and mounting modules on the roof, using all protection equipment, commissioning basic test are
realized at end, according to the Brazilian standard NBR-16274. The table 02 presents a resume of practical
activities realized in the course.

Tab. 2: Details of practical activities developed during the course.

Activity

Description

Workload

Previous
knowledge

1

Measuring Instruments and
electrical installation

Execution of practical procedures in an
electrical installation laboratory to train the
use of measuring instruments like
multimeter and clamp meter, and
installation of AC cables and circuit
breakers.

4

Fundamentals of
electricity

2

PV modules connections

Approaching the electrical characteristics
studied at module II about serial and
parallel connections of PV modules.
Electrical measurements of voltage and
current are done at major of configurations
and number of modules connected.

4

Fundamentals of
electricity and
PV solar energy
fundamentals

3

Solarimetric software
demonstration

Demonstration of the dependency the daily
and monthly solar radiation of location,
azimuth and inclination of module,
permitting to estimate its values for
practical situations.

2

PV solar energy
fundamentals

4

Development of a real PV
grid connected system
design

Development of a complete and real
project of a residential client using all
knowledge built about PV solar energy,
mains and standards. Some project details

20

Fundamentals of
electricity, PV
solar
energy
fundamentals
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are presented such as materials and price
lists, drawings of installation details and
project documentation needed so it can be
approved by electrical companies.

and PV systems
designer

5

Installation of PV systems
electrical protection
components

Mounting of diverse input and output
configurations of string boxes and MC4
connectors mounting

8

6

Installation of rooftop PV
systems

Mounting of two PV systems on different
roof tiles (ceramic and asbestos cement)
permitting to all students to overcome all
implicit difficulties in each situation

8

7

Commissioning

Execution of security procedures needed to
start-up the PV grid connected and
maintenance of these systems, like fix
systems fails.

8

Concepts
approached at all
modules
of
course

3. Results after the course
The course was implemented in the 1st semester of 2018. The table 3 presents the course numbers. There are three
groups trained until this moment. The interest in the course increased; in the last group, we received applicants
from many locations further than 200 km from Pesqueira city, and from other Brazilian States.
The course period has changed from morning to night due to the waiver of many student due to their working time.
It can be observed that, the night course has got a higher number of candidates due to their profile, that normally
work during the day and intend, after the course, act at a new area, but the practices time was a great problem, the
morning Saturday was used, but not all students could come due to their working time. The 3rd group had a high
number of candidates due to course disclosure and the PV area warming.
Tab. 3: Number of inscriptions and students of the course.

Group

Semester/year

Inscriptions

Timetable

Number of
students at
beginning

Number of
students at end

1
2
3

1st / 2018
2nd / 2018
1st / 2019

38
72
305

Morning
Night
Afternoon

20
25
25

15
18
16

All practices were realized as expected. It was observed that the students applied many concepts and techniques
during the practices moments, such as using at all time the security equipment (figure 3a), electrical connections
and its expected values of voltage and current (figure 3b), the care of handle with the photovoltaic modules during
its installation, and the verification of final quality of MC4 connectors assembly (figure 3c).

Fig. 3: (a) Modules installation on practice roof, (b) Electrical connection execution based in mechanical layout and (c) MC4
connectors assembly.
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The results were positive in the 1st class; after the course, two installation and design companies of photovoltaic
system were founded. The first one, called Agreste Energia, accomplished in 7 months 20 projects and 11
installations, with 0.3 MWp in total; 13 persons were employed in these activities. The second one was the
company called Electric Station that accomplished 3 projects and installations, with 90.8 kWp in total; others 13
persons were employed. Some students that already execute electrical installations and design incorporated in those
activities the photovoltaic solar system design. In the 2nd class, companies were no founded because the class was
composed in majority by people who are self-employed, some students worked in the two 1st class´s companies to
act in projects in development. In the 3rd class, some students started to elaborate designs after the end of classes
and other began to organize new companies.
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Abstract
Nowadays, the world is involved in a process of change of the paradigm for the exploitation of the primary
sources of energy aiming to reach a cleaner and more sustainable scenario for the fulfillment of the power
demands of the society. Together to the incorporation to the mains of huge quantities of renewable electricity
from wind and solar parks, many industries and dwellings are also currently using private small scale renewable
installations for self-consumption and/or local grids balancing. This is due both to the competitive costs of the
systems and to environmental consciousness of their users. Photovoltaic systems, including batteries, play a key
role in this kind of installations, which, in general terms, must be also considered as part of the emerging smart
distributed energy schemes. Engineers and technicians must them be trained in these new specific subjects
which require a wider approach to the projects that must be tackled taking into account, instead than before, a
multiplicity of possible operation modes for the own and neighbor installations according smart management
schemes: fully autonomous, PVgrid tied, hybrid (PVgrid tied+battery)… This work describes an educational
resource developed for the UAL engineering studies aiming to ease, throughout a direct and instrumental
approach, the learning of the dynamic processes underlying these systems and their operations modes as well as
the learning on the different installations elements specifications (PV modules, batteries, charge regulators, grid
inverters,...) that constitute them.
Keywords: photovoltaic systems, solar installations, PV microgrid, education

1. Introduction
The high penetration of renewable sources in the energy grids is traditionally associated to the involvement of
large public or private companies because the technical and economical requirements of any project needing to
interact with the utility mains. However, the present decreasing of costs and the widespread access of the
renewable technologies, especially to the photovoltaic one, make numerous individual consumers being
interested in the production of their own energy. These prosumers (Gray and Morse, 2017) can be able to tackle
the intermittent and unpredictable nature of renewable sources by the use of energy storage (batteries) but, at the
same time, they can consciously interact with local grids. This complex and interactive scenario can also to
include non-conventional loads, as those related to mobility (electric vehicle) as well as some specific
requirements of an optimal management of the elements and interconnections that constitute this new energy
distribution paradigm (Torres et al., 2018).
In Spain, after a period during which some political decisions and changing regulations conducted to an
unsteady development of renewable projects, both for utility plants and, especially, for small scale private
facilities (Rosales-Asensio et al., 2019), two Royal Decrees related to photovoltaic energy self-consumption and
corresponding administrative, technical and economic conditions for intallations have been recently aproved, in
addition to the elimination of the previously imposed so-called “sun tax” (Sánchez Molina, 2019). The new
regulations take into account not only individual self-consumption connected to an internal network but
collective self-consumption, in such a way that several consumers can be associated promoting new schemes for
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self-consumption in residential and industrial communities. Other important issue is the simplification of the
procedures for connecting and registering of the installations and for the payment for any surplus energy
injected back into the grid. In this way, installations of up to 15 kW, or up to 100 kW for self-consumption
without surplus currently have a promising situation and photovoltaic self-consumption Spanish market is being
increased at 80% rate (AMPIER, 2019)
In this context, engineers and technicians must them be trained in these new specific subjects which require a
wider approach to the projects that must be tackled, instead than before, taking into account a multiplicity of
possible operation modes for the own, and neighbor, installations. So, installations must not be considered as
fully autonomous or fully PVgrid tied, but the installations are part of complex and interactive environments
characterized by a high relevance of the dynamical coupling between user electricity demands and the
production and storage systems capabilities. This paper outlines development of the hardware of a solar
microgrid emulator at the University of Almería (UAL) created for educational purposes. The renewable source
for the microgrid are two 310 Wp photovoltaic modules connected to DC/AC and DC/DC converters and
batteries bank, to one load profile generator and to the local grid. An extensive set of measuring and control
capabilities have been also implemented to create the following testing scenario: fully autonomous mode,
PVgrid tied mode ad hybrid (PVgrid tied+battery) mode. This microgrid emulator laboratory provides
experimental learning opportunities for engineering and solar energy undergraduate- and graduate-level students
of University of Almería.
In general terms, new learning resources in this context are being developed by universities and other
educational agents. Some of the can be found in the literature. Thus, in (Coleman et al., 2017) a testbed is
developed at the University of Drexel (US) for teaching purposes, involving undergraduate and graduate level
students. This testbed is composed of a 1.6 kW PV system, including storage and power converters, and allows
students to develop skills as conversion/loss calculations, the study of the effects of varying weather conditions
and the management of batteries SOC constraints. In (Kotsampopoulos et al., 2017), a hardware-in-the-loop
(HIL) approach is used to test typical components of a microgrid as inverters and batteries in presence of PV
and wind energy, which enable students of the University of a better understanding of their working principle
through experimental learning at the National Technical University of Athens (Greece). A similar approach is
used in (Patrascu et al., 2016), at the University Politehnica Timisoara (Romania). In (Gaouda et al., 2013), a
traditional power system plant is combined with modern monitoring systems, which can be used by students for
interfacing the main variable of interest which better describe the complete plant. For this purpose, an Arduino
board is used allowing different programing platforms compatibility. In (Zachariadou et al., 2012), a low-cost
and small-scale PV testbed is presented as an effective alternative for laboratory sessions of physics and
electricity courses. At the core of this testbed, an Arduino board is in charge of reading the signals from the
solar panels and controlling their tilt angle by means of a servomotor, as well as and a digital potentiometer as
variable load, which allows to simulate different scenario. Among the concepts to be taught is the P-V and the
V-I curves. These concepts are also experimentally explained in energy laboratory practical sessions in (Martin
and Chebak, 2016), and many works also use Arduino as hardware and software interface (Del Carmen CurrásFrancos et al., 2014; Torres et al., 2019). However, in our work, we use industrial equipment and standard
protocols for the communications, as will be described in the next section, in which the testbed is presented,
before the guidance for practical laboratory lessons are presented in section 3.

2. The testbed
2.1. Photovoltaic Microcrogrid Emulator Elements
A schematic view of the general system is represented in the Figure 1. It consists, as advanced, in several
elements being the central one an inverter connected to the public grid. The battery cells are connected to the
inverter, and, also to the solar panels trough the solar charger controller. AC loads are output connections from
the system.
The system can be configured to perform two different operating modes. The first one, referred to as ‘power
assist’ mode follows the following rules: (i) the charger/inverter keeps the batteries at is maximum state of
charge (SOC) under normal load conditions, by using the public grid. (ii) if a peak of consumption which may
exceed the contracted power is demanded, the batteries provided the necessary power to avoid
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overconsumptions. (iii) The PV energy is used for both self-consumption and feed-in, depending on the load
conditions. The second operating mode is referred to as ‘Energy storage system (ESS)’ and is based on the use
of the solar energy and batteries for satisfy the power demand whereas these sources are available. Otherwise,
the public grid is used for compensating the demand, whenever the solar energy is not enough and the batteries
SOC reaches its lower bound. At the same time, the excess of solar energy is used for charging the batteries and
feeding-in. Then, the system can feed the loads in the most expensive electricity hours or letting the utility reuse
it when there is a shortage in the renewable sources.

Figure 1. Diagram concerning system behaviour and connections between elements .

The selection of the operating mode can be easily done by configuring the charger/inverter accordingly by
means of an USB programmer. In addition, three more scenarios can be simulated. The first one is an island
mode operation. This is carried out by disconnecting the testbed from the public grid, by unplugging the AC
input or by actuation of an interrupt switch. The second one is achieved by disconnecting the batteries using
another interrupt switch, which simulates a PV system without storage. Finally, another interrupt switch allows
to disconnect the solar panels, which may be useful for exercises of battery modelling.
The experimental testbed is depicted in Figure 2. The inverter is a Multiplus 800-16, the Solar Charge Controller
is an MPPT 100 30 and there is also a battery balancer (all those devices are from Victron Energy). The system
is managed from a Color Control GX and there is a monitoring system for external control by the COM’X 510
server (manufactured by Schneider Electric). These elements, along with the mentioned switches and the
electrical protection and measurement devices are shown in the right side of the Figure 2-b, and are placed in the
box shown in Figure 2-a. As can be seen, two screens allow to communicate directly with the devices, whereas
an ethernet cable connects with the local area net. It is also shown the batteries at the bottom, and the cables
connecting to the public grid and the solar panels, depicted in Figure 2-b. Finally, the electronic programable
load is connected to the testbed AC output in order to replicate any load profile according to the experiments to
perform.
In addition to this, the test-bed account for a taylor-made capacitive I-V curve tracer (Guerrero Cabezas, 2016).
This system allows the determination of the performance both of the individual modules and the string
connected to the inverter under different irradiance and temperature situations.
Finally, specifically dedicated channels and sensors are used for the measuring of the meteorological (solar
irradiances and ambient temperature) and operation (modules and battery temperatures) variables necessary for
the characterization of the systems.
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(b)

(c)
(a)

(d)
Figure 2. Class material. (a) Batteries and equipment box outer view. (b) Solar panels. (c) Electronic load (d) Box inner view
displaying devices setup.

2.2. Communications and measuring capabilities
There are three different ways to manage information from the system controller. One of them consists in
periodical uploads to a website database (can be configured to every minute/hour/day/week). The second way to
manage it (more practical for experimental purposes) is to read and register all the information locally on a
computer with a Modbus TCP/IP connection by our self-made software (it registers and plots useful information
such as AC power consumption, solar and battery power in real time) under MATLAB® environment. A third
option is to use the COMX-510 energy server as a gateway integrating the system controller, by Modbus
communication, and the measurements of each individual AC line obtained from the Powertag sensors, gathered
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by a Smart-Link communication module, also manufactured by Schneider Electric. Figure 3 represents the
system architecture, regarding to the physical layout (Figure 3-a) and the communications scheme (Figure 3-b).
All these communications correspond to power exchanges and, of charge, state of health and temperature of the
batteries, voltage and current of each device, etc. In addition, a pyranometer is in charge of providing the level
of solar irradiation.

(a)

(b)
Figure 3. Hardware and comunicatios layout. (a) Devices layout. (b) Comunications between the different devices comprising the
microgrid.

3. Teaching methodology
In Table 1, some specific practical activities for university bachelor or master’s degrees are presented, to
achieve all the proposed objectives, namely acquiring the know-how to handle the operation modes of PV
systems in microgrids, and management of their information in different situations.
Table 1. Practical classes schedule and description

Title
Characterization and parameterization of
system I-V curve
Analysis of disturbances due to shading
ESS mode and Power Assist
Batteries charge and discharge operation
Practical issues related to operation and
control of microgrids
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Description
Finding empirical current-voltage dependence model by data
acquisition and processing
Study of transient, both in systems and coupling to the
dynamic load profiles
Explanation about ESS mode behavior, configuration and
comparison with Power Assist
Determination of battery charge and discharge curves by
measuring voltage and current though both processes
Elaboration and testing of optimal controllers for operation of
microgrid ad dynamic testing of its operation
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Session 1: Characterization and parameterization of system I-V curve
This session deals with the characterization and parametrization of the PV modules of the system, in order to
obtain their V-I curve.
Task 1.1: Test under real and STC conditions
Having as reference the existing standars (IEC, 2016), Isc, Voc and Pmax of the modules can be measured under
different real conditions together to solar irradiance impinging the modules and ambient and module
temperatures. Manufacturer nominal specifications of the modules, including thermal coefficients, allow to
estimate the modules STC specifications and the concordance between measured and nominal parameters. In
Figure 4-a, the nominal specifications of the modules are depicted (curves extracted from Exiom Solution Poly
310 Wp 72 cells specifications forms). Figures 4-b and 4-c show module theoretical performance according
standard model used in PVsyst software.

(a)

(b)

(c)

Figure 4. Curves for the characterization of the photovoltaic modules. (a) Performace curves by manufacturer (module Exiom
Solution Poly 310 Wp 72 cells). (b) Influence of variations of the irradiance on the P-V curve (according PVsyst) (c) Influence of
variations of the temperature, for a stable solar irradiance, on the P-V curve (according PVsyst).

Task 1.2.: Mathematical modelling:
The students are provided of references including mathematical models of photovoltaic module, as the used in,
in order to estimate the power generation as a function of measurable variables (Ayop and Tan, 2017; Ibrahim
and Anani, 2017) as well as the module basic parameters, namely, module reverse saturation current (Io),
photogenerated current (IL), series resistance (Rs), shunt resistance (Rsh) and ideality constant (α) (Pranith and
Bhatti, 2015)
Session 2: Analysis of disturbances due to shading
This session deals with the study of the transitory effects of the power generated by the solar panels under
dynamic loads and partial shaded conditions (PSC).
Task 2.1: Data acquisition: The students, with a background in industrial communications, are encouraged to
read the system data by means of Modbus TCP/IP protocol, accessing to the registers providing information
regarding to variables as voltage, current or power of the elements of interest.
Task 2.2: Calibration and installation of the pyranometer: The students must perform measurements of the solar
irradiance, in W/m2. For this purpose, they count with signal amplifiers and conditioners and an USB-DAQ
board. The data obtained are then combined with those obtained in task 1.1.
Task 2.3: Comparison and interpretation of the registered data: The data obtained in task 2.1 are compared with
respect to the data that the system publishes to the manufacturer cloud, which are considered as ground truth.
Once the data are validated, the following graphs must be represented and analyzed: (Bhukya and Kota, 2019)
-

V-I and P from both the solar panels and loads versus time.

-

Battery state of charge (SOC) versus time.

-

Irradiance versus time.

By considering the dynamic loads and solar irradiance, the effects of the PSC can be easily identified.
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Session 3: ESS mode and Power Assist
This session deals with the setup and analysis of the different operating modes of the microgrid, which
correspond with the typical configurations in real world conditions.
Task 3.1: Configuration of the operating mode: The students are provided with the inverter datasheet and the
USB programmer so they can configure the operation mode and the parameters related to the power thresholds,
the depth of discharge, etc.
Task 3.2: Testing the Power Assist mode: This test consists in stablishing a combination of the demand and the
generation of PV modules which allows to check the different operation status of the batteries.
Task 3.3: Testing the ESS mode: This test is similar to the one of task 3.2 with the difference that the microgrid
must be configured now in ESS mode. The students are encouraged to verify that the configuration parameters
correspond with the measure data.
Session 4: Batteries charge and discharge operation
This session covers the study of the batteries under a cycle of discharging followed by a cycle of charging.
Task 4.1: Configuration of the discharging load:
There exist two options of configuration of the loads. The first one is to directly connect the electronic load at
the batteries, working in DC-mode. The second one is to connect the electronic load to an AC output of the
inverter, which is the preferable solution for two reasons: (i) safety: when the electronic load is plugged into one
of the AC sockets of the testbed, the protection devices prevent from any eventual fail. (ii) communications:
since the power from the batteries is managed by the inverter, all the related information is registered by the
system controller. For this purpose, the electronic load must be programmed by using a script with a customized
load profile.
Task 4.2: Discharging and charging experiments:
With the electronic load programmed, the following step consists in conducting the experiment and register the
main variables. As an example of experiment, in Figure 5 is shown the evolution of the battery voltage, current
and state of charge during a cycle of discharging followed by a charging cycle. Concretely, it can be seen in
Figure 5-a that the batteries remain at floating state until the electronic load starts to demand a power equivalent
to 10 A at nominal batteries voltage. This demand is introduced as a train of pulses in order to let the batteries to
periodically stabilize after a given period of consumption. The corresponding state of charge is depicted in
Figure 5-b. The charging cycle corresponds with the positive value of the current.

(a)

(b)

Figure 5. Batteries discharge and charge. (a) Voltage and current of the batteries. (b) State of charge.
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Task 4.3: Mathematical modelling:
By using the methods proposed in (Gazzarri et al., 2014), the students are encouraged to build a mathematical
model of the batteries taking into account the data registered in task 4.2.
Session 5: Practical issues related to operation and control of microgrids
This session leads with the operation of the microgrid with a load profile equivalent to the real consumption of a
laboratory.
Task 5.1: Working with real consumptions:
A register of consumption measurements for a typical working day is given to the students. These data are sent
to the electronic load in order to replicate this consumption for a one-day experiment. Then, with the obtained
data, the students must discuss about the electricity costs are reduced by the use of batteries and solar panels.
Task 5.2: Microgrid dimensioning:
At this stage, the students count with models of both batteries and solar panels, as well as measurement of the
solar irradiance and the consumption data. With all this information, the students are encouraged to evaluate
different alternatives of number of solar panels and capacity of batteries in order to increase the selfconsumption taking into account also the economic cost of the investment.

4. Results and conclusions
Figure 6 shows a sample of a study of a daily profile in which Cload is the actual laboratory energy consumption
(or, alternatively, a tailored one according the simulation needs), Px are the different energy fluxes from PV
plant, local grid and storage and SOC is the state of charge of the batteries.

Figure 6. Sample of a dynamic power pattern for a testing day operation.

After test bench set-up at laboratory and preliminary studies, this microgrid emulator laboratory allows
experimental learning to engineering and solar energy undergraduate- and graduate-level students of University
of Almería. All the components of the presented kit are low cost and easily available in most of the university
laboratories and the proposed experiences can be easily related to the actual performance of microgrids.
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Abstract
This document presents introductory materials about a doctoral education thesis research project. Education on
non-conventional renewable energies, namely education on wind energy, is considered as an emerging
paradigm, and is applied by employing Project-Based Learning methodologies as part of the Electronics
Engineering program at Universidad Distrital Francisco José de Caldas (Bogotá - Colombia). Since nonconventional renewable energies have drawn great interest in developing countries in recent decades, it is
necessary to implement education programs, at all levels, that allow public engagement of these technologies
by all the population.
Keywords: Education, Wind power, PrBL, Non-conventional Renewable Energies.

1. Introduction
The renewable energy industry has experienced an unprecedented rise that stems from the growing
international concern about global warming and the additional effects of the use of fossil fuels. This has led to
a substantial increase in the demand for renewable energy generation systems, also putting pressure on the
supply of qualified workforce. There are already indications of a shortage of trained personnel to design, install
and maintain renewable energy systems. The renewable energy industry has identified the need for education
and training programs at all levels, from community training to technical and higher education tuition. Due to
the shortage of experienced instructors and the cost of establishing teaching facilities, it is desirable that
governments, the industry and education providers cooperate to identify the needs and share the cost of
developing top-quality courses. Such courses should meet the demands arising from the growth in the industry,
contributing to the reduction of greenhouse gas emissions. Thus, degree courses and short courses must cover
topics such as energy management, energy policy making, and the design of renewable energy systems.
Moreover, these courses must be adapted to the professionals already working for the companies that
participate in this rapidly expanding industry (Jennings & Lund, 2001, Xie, et al, 2013).

2. Conceptual foundations
2.1 Renewable Energy Education
Renewable Energy Education requires professional, technological and technical programs about renewable
energy systems with a strong emphasis on practical applications and the commitment to raise public awareness,
acceptance and the widespread use of a variety of energy sources, such as solar, wind, and biomass among
others (Andersen, 1986).
Engineering programs, education for the community and technical training in general must be broad in scope.
Universities, research institutes and training facilities for technicians must offer a variety of tuition profiles
ranging from formal and non-formal programs to high-level policymaking and planning courses, also including
a set of activities intended to improve the understanding and acceptance of new technologies by the general
public. This type of education should involve the students currently enrolled in schools, colleges and
universities (Boris Berkovski and Charles M. Gottschalk, 1997; Gelegenis and Harris, 2014; Cao, Kleit, and
Liu, 2016).
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Recently, Broman, Aadu Ott, and Konrad Blum, published a new document called "A PEDAGOGICAL
APPROACH TO SOLAR ENERGY EDUCATION", proposed for Solar Energy Education -SEE- teachinglearning processes that are centered on the student. The approach goes from the teaching of hard sciences to
soft sciences and analyzes the interaction between the two. The proposal is based on a design approach that
considers neuroscience and didactics for innovation, embracing learning as a social process; all of the above
oriented to the REE (Broman et al, 2018). Based on this work and other previous proposals, the Wind Energy
Education - WEE approach is put forward and is implemented through a Project-Based Learning – PrBL
methodology.
Wind energy education is an imperative need for humanity and, of course, for all Colombian citizens. The
Colombian territory has abundant wind and solar energy sources, prompting the need to train the population in
the use and adaptation of these technologies. Different training centers should also address research, innovation
and development of the technology. In this context, the Electronic Engineering department at Universidad
Distrital holds highly skilled, formally trained human resources (professors and students of different levels)
that can assume the challenge of developing this technology with an additional perspective that includes a
social component by implementing appropriate educational models. Therefore, this paper proposes a definition
of Wind Energy Education - WEE-, as follows:
“It is an emerging paradigm of academic and investigative nature, which seeks to open spaces for the
dissemination, promotion, and adaptation of technologies concerning Wind Energy, as well as the acceptance
and public commitment by citizens so that appropriate public policies can be articulated for widespread
dissemination; this is provided from different perspectives with multidisciplinary solutions to energy and
environmental problems”

2.2 PrBL Methodology
Problem Based Learning (PBL) as a methodology was initially implemented in the 70s for teaching in the
medical school at the Canadian University of McMaster, (McMaster page). The methodology provided a
solution to the generalized problem of student motivation (Barrows, 1980). Since then, the PBL methodology
has gained popularity and is currently considered appropriate to address many of the challenges of higher
education (Woods 2000). Its application in the field of engineering and specifically in the area of Electrical
Circuits Analysis comes later, but it is already a mature and consolidated methodology (Dart 1996, Barg 2000).
The learning process in the Project Based Learning (PrBL) methodology (Solomon 2003) is based on the
development of a project which establishes a specific goal as a final product. The project takes place in an
environment with restrictions and constraints. Reaching the established goal will require the learning of
concepts, procedures, and attitudes.
The most relevant characteristics (Woods 2000) of the PrBL methodology are as follows:

• The PrBL is developed in a real and theoretical-practical environment. This condition helps the students
to relate the theoretical contents with the real world, which leads to an improvement of the learning
scope of the theoretical concepts.
• The students assume an active role in the project since they have to set the pace and scope of learning;
the objectives of the project are set from the point of view of students.
•

The PrBL methodology motivates students; it can be a very good instrument to improve the academic
performance of students and promote a better attitude towards their studies.

• The PrBL allows the development of technical or career-specific skills and the development of several
general skills such as teamwork, planning, innovation and creativity, initiative, etc.
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• The instructor no longer plays the role of a passive observer. The instructor takes the role of a tutor and
consultant. The instructor provides sufficient and necessary knowledge at appropriate times to
stimulate and support the teaching-learning process.
The relations between instructor, student, and project in the PrBL methodology can be seen in Figure 1.

Fig. 1: Relations PrBL.

3. The project
The main goal is to help students of Electronic Engineering become aware of the use of non-conventional
renewable energies and particularly the use of wind energy as an alternative to providing solutions to
contextualized energy issues. The awareness process is prompted by the development of a project proposed in
the subject of Electrical Circuits Analysis. The project also allows students to acquire different concepts and
skills in the field of energy. The project proposed in the classroom starts by solving the following problem: Is
it possible to design and implement a small wind generator capable of delivering a minimum of 10W of power?
To solve the proposed problem, it is suggested that the project approach includes the following stages:
1. Conceptual foundation, 2. An approach to solution strategies and assignment of roles, 3. Documentation of
low power wind turbines, 4. Design and implementation of the wind turbine, which includes the following
steps: a. Choice of the generator, b. Rectifier stage, c. Choice of the accumulator and, finally, 5. Integration
and testing.
The PrBL process started with the participation of second-semester students enrolled in the Circuit Analysis I
course and was conducted during the first semester of the 2017 period. Then, in the second semester of the
same year, the process was conducted again for students in the same course plus the students of the following
course, namely Circuit Analysis II. Initially, the work of students on the project represented 20% of the final
grade of the course, then 30% for the two courses involved; currently, the project is worth 50% of the total
grade of the courses as it is a process that is still in its construction phase.

3.1 Methodology of project work as a team
At the beginning of the semester, the project is suggested to the students as a work project to be carried out
during the academic period and delivered at the end. Rules and objectives are agreed upon. In the second week,
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students' proposals are heard. Students are then given a document about the design process; this document will
be discussed during the fourth week. Students are widely informed about the PrBL methodology with its main
characteristics; the methodology is presented as an alternative to the teaching-learning process, which is worth
exploring.
Once the students have the opportunity to do some research, together with the instructor, a discussion panel is
held in which possible solutions are proposed and doubts are solved. This panel should guide students so that
they take a position of critical discussion and contribute to a solution in context. At the end of this stage,
students have the opportunity to clearly identify the different modules and the sequence of the process of
designing and implementing the system.
The working groups, organized by the students according to their personalities and strengths, work
collaboratively and cooperatively. Every member of the group must participate in the process and must
organize his/her work for planning and decision making. In addition to assuming roles and leading processes,
articulating collaborative work groups contributes to generating indispensable skills in the development of
successful projects; communication plays an essential role inside and outside the work group.
A final session is held at the end of the course to conduct a technical test of the project. The test is done in front
of the whole class and all students can support each other. This session is intended for students to show their
progress, not only in technological terms but in terms of the different types of knowledge acquired, which
allows students to speak properly about the concepts of the course, their applications and their relation with the
whole electronic engineering program. Students also have the opportunity to show the inconveniences and
unexpected issues encountered during the project, which become an important asset to enrich the know-how
of future projects.

3.2 Instructor’s role and evaluation
Throughout the semester, the instructor assumes the guidance of students, providing a theoretical framework
and technical guidance. Therefore, the instructor must become a driving agent, a motivator for his/her students
by creating an environment of trust and collaboration for the different participants in each group. The instructor
must be present, observe, listen, guide and help to value the initiatives of the students; the teaching-learning
process is now focused on the student.
Joint evaluation of the project must take place. There is a grade (quantitative evaluation) given by students
about the work of other groups, a grade given by the group presenting the project (self-evaluation) and the
grade of the instructor. Healthy discussion and constructive criticism are encouraged and promoted to support
the quantitative result (the grade) of each project. Evaluation is a continuous process; it is a joint construction
between the different actors involved in the development of the project. The evaluation becomes a somewhat
complex process since there is not enough clarity about what is being evaluated: the knowledge acquired by
the student, his performance and the contributions to the project (Mingyang 2004).

4. Conclusions
It has been observed that the development of the project has explicitly promoted skills such as teamwork,
planning, innovation and creativity, and communication skills, among others.
The project was successful in encouraging students to develop several skills by integrating technologies and
knowledge of certain level of complexity from modules that ultimately integrate into a system, "a wind
generator". The process of integrating the system additionally awakens the desire to learn about alternative
non-conventional energies and therefore to be educated about energy. As result, a seedbed of GEOM research
was created in which the objective is the development of low power wind generators. The findings show that
collaborative and cooperative learning was achieved, also indicating that more students keep a high
motivational level due to the characteristics of the project.
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In terms of teaching objectives, it has been determined that the project achieved a level of learning greater than
that of traditional learning based on lectures and laboratory sessions. So far, the experience has been very
positive for both instructors and students. The methodology and the didactics have been favorably received by
all the students.
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Abstract

Parabolic trough solar concentrators are important components in wide range of medium temperature solar
applications. The understanding of the key design parameters and operational conditions on the overall behavior
of the system is very important for improving the energy conversion efficiency. To illustrate these dependences
and to design monitoring and control systems, a miniature solar parabolic though collector has been designed
and built. It considers low cost materials and off the shelf electric components. The system has been used to
illustrate the design process, their operation and the design of control and monitoring tools. This type of
activities has served to enhance the students’ understanding of solar energy conversion processes and the main
parameters affecting their efficiency.
Keywords: Solar concentrators, education and training, automatic control, monitoring system.

1. Introduction
Solar parabolic trough concentrators are very important component for medium temperature solar technology
applications. They have been applied to the generation of high pressure steam for power generation and on a
smaller scale for industrial, commercial and residential applications requiring medium range of temperatures.
Applications include food processing plant, hydrometallurgical processes, air-conditioning and refrigeration
(Kalogirou, 2004; Feranandez-Garcia et.al. 2010; Coccia et. al, 2016).
The conversion efficiency of these concentrators depends on some key design parameters and operational
conditions. To illustrate these dependencies and to develop monitoring and controls strategies, it is useful to
have as small unit (prototype). Odeh and Abu-Mulaweh (2013) developed a small educational solar tracking
parabolic trough to enhance the students’ understanding of renewable energy sources and energy conversion
processes. The system though small was built to be outside of buildings. Gaitan (2012) presents a smaller
system using different materials such as plywood, copper pipes and polished aluminum. The system does not
include a data acquisition and control system. In this work, we present a transportable full operational miniature
system for teaching and research purposes. A modular design was intentionally selected to investigate the effect
of design and manufacturing uncertainties (particularly the effect of rim angle and tracking system) on the
performance of parabolic trough collector.
The paper is organized as follows. Section 2 describes the main step considered in the design of the miniature
parabolic concentrator. Section 3 describes its operation along with activities that the students can carried out.
Conclusions are summarized in section 4.

2. Design
The main design steps considered the following: optical components design, structural design, data acquisition
and control system design, construction, programming, and testing. The miniature parabolic trough solar
collector, as seen in Fig. 1 a), consists of a parabolic reflector of 1-meter long build using a wood structure and a
tin plate covered with a reflective film. The reflector was mounted on a steel structure; the design drawing is
depicted in Fig.1 b). A copper pipe was placed close the focal point. The structure supporting this pipe is
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modular and has different positions to illustrate the effect of the design parameters, manufacturing errors and
installation errors on the performance of the collector.
The tracking system comprises a DC motor with gear box and encoder, and a small motor drive. A small power
unit of 12 V was used to power the systems. In addition, two temperature sensors were placed at both end of the
collector, and laboratory pump was used to control the water flow rate. In addition, a small PV solar cell is used
to get an idea about the solar irradiance impinging the system. The useful component of solar radiation (Direct
Solar Irradiance) is then retrieved from the global solar irradiance (which is deduced from the PV panel
performance) using a mathematical model. All the components were connected to an Arduino microcontroller as
depicted in Fig. 1 c). LabVIEW platform was chosen as programing and operation platform, since this was
already available and all our student have some knowledge on how to build systems using this platform.

Acelerometer

Pump
Temperature
sensors

DC
Motor
DC

Microcontroler
Arduino
Temperature
Control

Tracking system

a) Final design

b) Design drawing supporting platform

c) Electrical components

Fig. 1: Parabolic trough concentrator

The system is controlled through a Human-Machine-Interface (HMI) having a set of operational screens to ease
the operation of the system. Fig. 2 shows different views associated to the HMI. It is possible in this
programming environment to develop control strategies for both tracking and temperature control. In addition,
simple monitoring strategies for estimating soiling effects can also be developed and tested. The total cost of the
system is about US$ 150. This price does not include the pump and LabVIEW license.

a) Initial screen

b) Tracking system

c) Temperature control

Fig. 2: Human-Machine-Interface

3. System operation and activities
The operation of the system is carried out through the HMI and all the measurements are stored for further
processing. The activities that can be developed are associated with the design and operational aspects. From the
design point of view, the student can calculate the theoretical efficiency and then measure the actual efficiency.
The most interesting activity is to explain the difference between these two results. In addition, the position of
the copper pipe can be displaced and the student can study the effect of manufacturing and installation errors on
the performance of the collector. Fig 3. shows the system working indoors and outdoors. The operation of the
system is fully automatic and the student can develop practical skills such as controller tuning for both the
position tracking and temperature control loops. Fig. 4 shows some tracking results for position and temperature
control loops. Tuning temperature control loop is a challenging task due to the time varying time delay
associated to the water flowrate. Long time outdoor operation is illustrated in Fig. 5, where the effect of clouds
on the differential temperature control loop can be seen. The system is also very useful to develop final year
projects (Candia 2018) and test new algorithms for monitoring and control. This set-up has provided the
opportunity to senior electrical engineering students to work on a real world parabolic trough and better
understand this technology.

2348

D. Sbarbaro et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

.
Fig. 3: Parabolic concentrator in the lab (left) and in the field (right)

Fig. 4: Tracking and temperature control loops

Fig. 5: Outdoor operation. Inlet temperature, water flowrate, temperature difference.
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4. Conclusions
This work has presented the design and experiments of a miniature low cost parabolic trough system suitable for
teaching and research. The system is portable and can be used outdoor or indoor. It has been designed to be built
with simple materials and off the shelf digital components. The system has been used in senior courses on
control of thermal systems, as a test bench for final year project on control systems, and as a demonstration unit.
Positive feedback from students has been obtained so far. Further work is underway to carry out a formal
assessment of the system in an educational setting.

5. Acknowledgments
This work was supported by CONICYT/FONDAP/ 15110019 “Solar Energy Research Center” SERC-Chile

6. References
Coccia, G., Di Nicola. G., Hidalgo A., 2016. Parabolic Trough Collector Prototypes for Low-Temperature
Process Heat, Springer, Berlin.
Candia C., 2018. Design of a low cost parabolic trough, Department of electrical Engineering, Universidad de
Concepción, Chile.
Odeh, S.D., H. I., Abu-Mulaweh, 2013. Design and development of an educational solar tracking parabolic
trough collector system. Global Journal of Engineering Education. 15, 21-27.
Kalogirou, S., 2004. Solar Thermal Collector and Applications. Progress in Energy and Combustion Science,
30, 231-295.
Fernández-García, A., Zarza, E., Valenzuela, L., Pérez, M. 2010. Parabolic-trough solar collectors and their
applications. Renewable and Sustainable Energy Reviews. 14, 1695-1721.
D.J. Gaitan. 2012. Design, Construction and test of a miniature parabolic trough solar concentrator. Senior
Project Report, Cal Poly, San Luis Obispo, USA.

2350

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

UNDERSTANDING SOLAR THERMAL ENERGY CONVERSION
1

1

Jeanette Kristin Weichler , Korbinian Kramer and Sumukha Dhathri
1

1

Fraunhofer Institute for Solar Energy System ISE, Freiburg (Germany)

Abstract
Internationally accessible “Understanding Solar Thermal Energy Conversion” course is designed to provide
technical knowledge to interested parties with easy access. Transferring lessons learned and experiences
acquired from mature markets to evolving markets, especially building up knowledge capacity about basics of
technology is a way to speed up the qualified market penetration of solar thermal technologies in evolving
markets. With this as motivation an online course was developed. The content structure of the course follows
modern didactic, uses target group fitted new media and offers information on heat supply technologies as well
as its non-technical aspects like social, economics and aesthetics. The course is certified by a German university
and a German research organization based on certification model of Swissuni, and therefore can be easily
counted towards thematically suitable university programs. The paper presents the innovative didactic approach
of problem based learning as well as application-related, competence-oriented teaching, and describes the
holistic contextual design of the course.
Keywords: Solar thermal; continuing education; SBLiC; e-learning

1. Introduction
Increased shortage of skilled employees in the Science, Technology, Engineering and Mathematics (STEM)
disciplines, especially in the area of highly topical subject like energy storage, intelligent energy networks, solar
thermal energy conversion technology and other energy fields, is the main motivation behind development of
the renewable energy continued education program. The certified course “Understanding Solar Thermal Energy
Conversion” is offered under this continued education program on current technologies. The focus of the course
ranges from heat generation and supply, solar thermal technology and system variants to technical
characterization and production processes, including simulation methods and the integration of solar thermal
energy into architecture. The teaching is based on current results from applied energy research carried out at
bachelor level of university course programs.
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2. Course Structure and Didactic Methods
The course content is taught in online learning format with a large share of online supervision. The learning
material is provided electronically with several modern methods. The concept of e-learning enables world-wide
access to high level knowledge at the spot building capacity. During studying, the participants are supported and
accompanied in their learning process by didactically experienced lecturers who are experts on solar thermal
energy.
On one hand such an implementation of the continuing education program aims to reconcile work, family and
further education. On the other hand, this concept aims to provide participants increased flexibility in the
individual learning process. In addition, the participants can choose which type of graduation they need. The
course covers a mandatory part leading to a certificate of attendance and an optional CAS examination and
certification part leading to a “Certificate of Advanced Studies, CAS” with 10 credit points (10 credit points
correspond to 10 ECTS).
The mandatory part lasts 6 months, is completely available online, and combines self-study phases, regular
online meetings and online supervision. The participants have to perform miscellaneous tasks such as small
online tests, small written homework, two peer-feedbacks and finally a course evaluation. When all performance
obligations have been met the participant receives the certificate of attendance from Fraunhofer ISE and
Fraunhofer Academy.
The optional CAS examination part lasts five weeks. The first four weeks are an online preparation phase for
examination preparation. The CAS-exam in written form can be taken in the home country of the participant or
in Germany at the Fraunhofer Institute ISE, Freiburg.
The course is mainly designed for STEM professionals interested in increasing their knowledge of solar thermal
systems. A bachelor degree or similar qualification in a STEM-field (for example a 'Meisterbrief' = master
craftsman certificate) is required to participate in the course. The training targets the following groups:
•
•
•
•

Technicians, engineers, specialists and executives from energy sector
Energy system and power plant optimizers
Planners, consultants, project developers
Political, technical, financial and economic decision-makers

The following image (Fig.1) shows the course structure.

Fig. 1: Course structure of the CAS-module “Understanding Solar Thermal Energy Conversion”

The course itself is didactically structured. The units in the course are prepared using the method of scenariobased learning in cycles SBLiC (Weichler et al. 2015a and Weichler et al. 2015b). This method is based on
problem based learning methods. It ensures that the knowledge transfer is practical, application-oriented and
supports long-lasting, sustainable knowledge building. SBLiC has been developed especially for this part-time
further education CAS course. The graphic in figure 3 describes the didactic method.
At the beginning of each lecture unit of the course, a realistic scenario is provided which motivates the teaching
content of this lecture by using case examples, frequently occurring case questions or problems. In addition the
scenario activates previous knowledge. Throughout all parts of the course, within the realistic scenarios or
lecture units, the participants are accompanied by the cat ‘Bastet’ (Fig.2).

2352

J.K. Weichler et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

In the second step, the participants work with up-to-date and detailed training material. At the end of each
lecture unit, students are encouraged to take provided self-tests and complete small exercises related to the
studied unit to assess knowledge gained and to motivate further thinking.
At the end of each lecture unit the realistic scenario will be discussed and the whole group will develop
solutions for the case example.
In addition, web-based online meetings take place every four weeks together with the lecturers. In these
meetings the participants have the possibility to ask further questions, exchange their opinions on different
scenarios or discuss realistic case examples. The meetings are recorded to compensate for time shifts if needed.

Fig. 2: The cat ‘Bastet’ guides the participants through realistic scenarios and the lecture units.

In the optional CAS examination and certification part leading to a “Certificate of Advanced Studies CAS” the
participants will undergo an exam preparation. In this phase additional online meetings, self-tests, online
supervision and exercises which focusses on the exam requirements are offered. Finally the written CAScertification exam on high professional level organized in partner institutions around the world completes the
continuing education, and when successfully concluded, the CAS-certification and grades are awarded.
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Fig. 3: The didactic method of scenario-based learning in cycles: SBLiC (Weichler et al, 2015a / Weichler et al, 2015b)
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3. Syllabus and Learning Objectives
The first main focus of the course is to ensure that the participants are able to analyze different heating systems
and are able to explain the function of each component. The second main focus is to generate knowledge about
the possibilities of integrating solar thermal energy in heating systems and processes (for example domestic hot
water preparation and heating support). Overview of the syllabus and learning objectives is provided in the
figure 4 below.
The entire course can be broadly divided into three sections. The first section describes and provides a general
overview of different methods used to produce heat. This includes heat supply using conventional as well as
renewable sources. The second section focuses on Solar Thermal technology, wherein students learn about solar
thermal systems through in-depth study of solar thermal components, various applications of the technology,
technical characterization, manufacturing processes, and simulation tools among others. The third section deals
with the socio-economic and political aspects of Solar Thermal technology.

Fig. 4: Course plan and learning objectives of the CAS course “Understanding Solar Thermal Energy Conversion USTEC“
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4. Learning Platform and Online Learning
Tools
For the e-learning phase, the open source software ILIAS is used as the learning platform. ILIAS has a wide
range of functions that make e-learning varied, activating and motivating. Following tools and new media are
used in the course: glossary, wiki, library, blog, peer feedbacks, self-tests, e-lectures, learning materials in pdfformat, quizzes, evaluations, interactive videos, learning locations, calendar, booking functions for consulting
hours and topic assignment, mails and discussion forums in addition to the online meeting room. ILIAS and all
tools and media on ILIAS are browser-based, so no special software installation is necessary and ILIAS is
responsive, that means it is possible to use it with smartphone, tablet computer or desktop computer. Learning
materials are in pdf-format which can be used online as well as offline.
Networking between participants, and between lecturers and participants is a part of the course program and is
supported by various online tools. This CAS module is one of the first online formats that successfully uses
guided peer-feedback with the peer-feedback tool provided by ILIAS to give the participants response to their
term or seminar papers and promotes exchange between participants. In addition, following networking methods
are deployed: forum, online-meetings, workspace for learning-groups, participant profiles, e-mail, blog and
consulting hours.
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Abstract
Countries in Southern Africa suffer massive electricity shortages and regular power cuts for years. A significant
part of electricity is currently being converted into low-temperature heat. To solve this problem and to exploit the
huge solar thermal potential, seven research institutes and universities from Austria, Botswana, Lesotho,
Mozambique, Namibia, South Africa, and Zimbabwe as well as local solar companies co-operate since 2009 in
the SOLTRAIN project.
Up to now, 3,000 people have been trained in 110 training courses, and the lessons learned in the courses have
been implemented by local companies in 326 demonstration projects. The installed solar thermal systems span
the range from small plants with 2 m² collector area for hot water preparation for single-family homes to systems
that supply industrial processes with up to 600 m² collector area. In 2018, the two largest solar thermal systems in
Sub-Sahara Africa were built in the course of this project. The annual solar yield of all the plants installed since
2009 adds up to 3,533 MWh and CO2 savings of 1,222 tons.
In order to support broad roll out programmes of solar thermal systems in all six participating countries Solar
Thermal Roadmaps and Implementation Plans were developed in broad stakeholder processes in close cooperation
with policy. Last but not least - an extensive program to support students in their master's thesis completes the
project.
Keywords: Solar Thermal, Training, Demonstration Systems, Monitoring, Roadmaps and Implementation Plans

1. Introduction
1

The SADC region faces a huge power deficit due to a lack of investment in the power sector. Over 80% of the
electricity is generated from coal. A subsequent eminent disruption to the power supplies in the SADC Region is
a major threat to the economic growth currently being experienced.
The key problems in the African electricity sector:
 Low level of electrification and inadequate power plant output - Only 24% of the people who live south of
the Sahara have access to electricity. If one excludes South Africa, the total installed power plant capacity
south of the Sahara is only 28 GW.
 Low reliability - On average African companies face 56 days of power outages per year. That results,
according to the World Bank, in losses of 6% of sales revenue. In areas where diesel back-up generators are
not available, losses due to power outages increase to around 20%.
 High cost - Electricity tariffs in Sub-Saharan Africa average US $ 0.13 per kilowatt-hour. Due to low
reliability of power supply many companies, hotels as well as the public sector, operate diesel generators.
The electricity costs resulting from this way of handling electricity shortages are two to three times higher.
Measurements carried out in the SOLTRAIN project in Namibia and South Africa show that in the household
sector 40-50% of the electricity is used for domestic hot water preparation as soon as there is a connection to the
electric grid available. Thus, solar water heaters would be one of the major options in order to reduce electricity
1

The Southern African Development Community (SADC) is an inter-governmental organization with 16
Southern African countries as members.
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demand and subsequently environmental effects like CO2 emissions caused by fossil power plants. SADC member
states have excellent solar irradiation with more than 2000 kWh/m² annual radiation and estimates from the
International Energy Agency (IEA) suggest that solar thermal systems could meet about 70 – 80% of the regions
low-temperature heating and cooling demand.
Due to these reasons, SOLTRAIN is designed to support and contribute to the implementation of the different
energy policies of the target countries that enhance the use of solar thermal systems.
Moreover, energy poverty negatively affects the situation of large numbers of people worldwide and particularly
in the SADC Member States. There are close links between energy supply and practically all aspects of sustainable
development such as access to water, agricultural and industrial productivity, health care, education, job creation,
environmental pollution and climate change.
Another focus of SOLTRAIN is to contribute in reducing energy poverty by improving access to sustainable
energies, specifically solar thermal solutions, and thus directly contributing to the realization of the United Nations
Sustainable Development Goals SDG 7 and indirectly to SDG 1, SDG12 and SDG 13.

2. Current Status of Solar Thermal Utilization in Sub-Sahara Africa
African countries have excellent annual solar irradiation, which lies between 1800 kWh/m² and 2400 kWh/m².
The availability of solar radiation is one of the highest worldwide and available in all African countries. Despite
this fact, the use of solar thermal energy in African countries is still on a very low level in comparison with other
regions of the world. In 2018 the share of the capacity installed in Sub Saharan Africa was 0.3% of the total
capacity worldwide. 82% of the worldwide capacity of 480 GWth was installed in China and Europe, with
comparatively low solar radiation (Weiss and Spörk-Dür, 2019).
The main reasons for not using solar thermal systems extensively according to the outcome of a review
conducted in all six project partner countries were:
 Lack of promotion
 The high up-front capital cost of solar thermal systems compared to electric water heaters of similar
capacity.
 The absence of low-interest finance to assist with the high upfront cost of solar thermal systems
 Poor installation, freezing problems, and low maintenance
 Lack of a coordinated coherent energy policy

Fig. 1: Share of total installed capacity in operation by economic region at the end of 2016 (Weiss and Spörk-Dür, 2019)
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Fig. 2: Total capacity of glazed water collectors in operation in kWth per 1,000 inhabitants in 2016 (Weiss and Spörk-Dür, 2019)

2.1 Local market potential
By increasing the standard of living and access to electricity in the project countries also the hot water consumption
will rise in the residential sector, in hotels, hospitals and industry in future.
Assuming that the SOLTRAIN partner countries had the same hot water consumption per capita as the countries
with the worldwide highest solar thermal market penetration (Cyprus and Israel), an annual electricity demand of
about 73.842 GWh would be needed in the six project partner countries annually to prepare domestic hot water.
This result was gained based on the assumption that the SOLTRAIN partner countries had the same solar thermal
market penetration as the two leading countries had reached already in 2012 (466 kWth/1000 inhabitants).
The electricity consumption avoided in such a way would equal the amount of basic electricity for the entire
population, or 2000 kWh/a for 36.9 Million households of the SOLTRAIN partner countries. In other words:
Investing in solar thermal systems could significantly reduce investment and running cost for power plants as well
as for fuel imports in the partner countries.
Table 1: Potential annual electricity savings and avoided CO2 emissions due to the installation of solar thermal systems
Country
Botswana
Lesotho
Namibia
Mozambique
South Africa
Zimbabwe
SOLTRAIN Countries

Population
2 155 784
1 942 008
2 198 406
24 692 144
53 006 857
13 771 721
97 766 920

Installed capacity
kWth
1 005 673
905 947
1 025 556
11 518 885
24 727 699
6 424 508
45 608 268

Annual Electricity savings
GWh
1 628
1 467
1 660
18 650
40 035
10 402
73 842

Basic electricity for
Annual CO2 avoidance
number of households
Million Tons
814 116
1
733 385
1
830 212
1
9 324 812
13
20 017 661
27
5 200 792
7
36 920 979
50

3. Overall Project Structure
In order to be successful with the broad deployment of solar thermal systems in Southern Africa it is necessary to
have a coherent strategy to promote this technology. The overall approach and the elements of the project for a
broad, successful and sustainable implementation of solar thermal systems are illustrated in Figure 3 below.
Ambitious targets were set in well-defined Solar Thermal Roadmaps and Implementation Plans. Based on these
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targets a comprehensive training program on all educational levels was defined. The trained persons apply their
knowledge in demonstration systems to prove that they understood the contents of the training.
For broad implementation, financial incentives are necessary in most countries provided by banks or by the
government. Regulations are essential when it comes to quality control and warranties. Last but not least,
awareness campaigns are necessary in order to inform the public and relevant stakeholders about the benefits of
the technology and national research and development capacities (R&D) have to be built up if support of local
production shall be established.

Fig. 3: Elements of the SOLTRAIN project

4. Training and Demonstration Systems
Up to now, about 3,000 people have been trained in the six partner countries in 110 training courses, at universities,
vocational training centers and solar thermal companies.
The lessons learned in the courses were applied and implemented by the project partners in co-operation with
local companies. So far 326 demonstration projects were installed in the partner countries. The installed solar
thermal systems span the range from small plants with 2 m² collector area for hot water preparation for singlefamily homes, plants with 20 - 50 m² collector area at social institutions, hospitals and student dormitories or
hotels to large-scale systems that supply industrial processes with up to 600 m² collector area.
In 2018, the two largest solar thermal systems in Sub-Sahara Africa were built as part of the project. One of these
two large-scale systems is the 1st district heating plant in South Africa. The second system supplies heat to the
processes of a tannery.
The total installed collector area of the 326 systems equals 4621 m², corresponding to an installed capacity of
3.24 MWth.
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Fig. 4: The size of the demonstration plants installed in the course of the project ranges from 2m² to 600m² collector area

An essential focus of the training was on different plant concepts. The participants of the training courses should
be able to adapt systems to the respective user’s demands and the existing framework conditions. The plant
portfolio ranges from simple thermosyphon systems to complex large-scale pumped systems with the integration
of waste heat.

Table 2: Overview of the different system types by country installed in phase III of the project

Type of System

South Africa Zimbabwe

Namibia

Mozambique

Botswana

Lesotho

Total

Pumped systems

31

0

3

0

3

4

41

Pumped systems with
heat pump

3

0

0

0

0

0

3

Indirect
thermosyphon
systems

1

8

49

4

0

10

72

Direct thermosyphon
systems

0

21

0

0

0

0

21

Direct PV supplied
hot water system

1

0

0

0

0

0

1

PV pumped systems

0

1

0

0

0

0

1

Total

36

30

52

4

3

14

139

5. Monitoring
In order to prove the performance and reliability of the solar thermal systems for users as well as for political
decision makers, 21 of the solar thermal systems were equipped with monitoring devices in order to measure solar
yields and to evaluate the performance of the systems in detail. All these systems are equipped with heat meters,
a data logger, radiation sensors and temperature sensors.
The systems were monitored for 12 months. They show specific annual solar yields between 516 kWh/m² and 823
kWh/m². This proves the excellent performance of these systems.

2361

W. Weiss et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

The following figure shows monthly energy balances of a detached house built as part of an affordable housing
program of the Namibian Housing Enterprise in Windhoek. The annual solar yield of the plant was 690 kWh/m².
The solar fraction is well over 90%. Only in the winter months June and July electrical backup was necessary.

Fig. 5: One-year energy balance for a monitored system at National Housing Enterprise, House 2113, Windhoek, Namibia

Other measurements in the course of the project have shown that as soon as households have access to electricity,
up to 50% of the electricity demand is used to heat hot water. With correct design of the solar water heating
systems, the hot water demand can be covered up to 100% by solar energy, whereby the additional costs for the
solar thermal system was in the range of 1 to 3% in relation to the overall construction cost of a single-family
house.
All solar thermal systems built as part of the project provide a solar yield of 3,531MWh/year, with electricity
savings of around 3,887 MWh/year and savings of 1,222 tCO2/year (CO2 savings based on oil equivalent).

Table 3: Energy savings and avoided CO2 of all 326 demonstration systems

Total
collector
area
[m²]

Total
capacity

Solar
yield

Electricity
savings

Mozambique

57

40

6

[MWh/a]
50

Namibia

512

359

123

3 286

2 300

Zimbabwe

468

Lesotho
Botswana

Country

South Africa

TOTAL

2362

CO2
reduction

[MWh/a]

Avoided
electricity
cost
[ZAR]

55

118 160

17

465

512

1 095 297

160

121

2 346

2 581

5 520 641

814

328

49

395

435

931 368

135

176

123

24

160

176

377 255

56

122

85

3

115

127

271 946

40

4 621

3 235

326

3 531

3 887

8 314 667

1 222

Number of
systems

[kWth]

[tCO2/a]
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If one kWh of electricity is valued at 0.2139 South African Rand (ZAR), the installed demonstration systems save
ZAR 9.9 million (= approx. EUR 640,000) of electricity cost per year.
Comprehensive comparative measurements between conventional thermosiphon systems and direct photovoltaic
supplied water heating were also carried by AEE INTEC in cooperation with Stellenbosch University in South
Africa. The installed power of the direct PV-supplied solar hot water system is 1.5 kWp. The conventional
thermosyphon solar water heater has a collector area of 2.4 m². Both systems are equipped with an identical 200
litre hot water tank.

Fig. 6: Direct PV-supplied hot water system (left) and conventional thermosyphon system (right) in an experimental set up

The figures below show the energy balances of the two systems from April 2018 to April 2019. It should be noted
that the hot water consumption of the PV-supplied system was significantly lower than that of the thermosiphon
system. This also explains the high heat losses of the hot water store in the PV-supplied system.

Fig. 7: Energy balance of the PV-supplied solar hot water system from May 2018 to April 2019
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Fig. 8: Energy balance of the thermosyphon solar hot water system from May 2018 to April 2019

6. Implementation of Solar Thermal Roadmaps
In the course of the project, "Solar Thermal Roadmaps and Implementation Plans" have been developed in broad
stakeholder processes for all six partner countries. These roadmaps have taken into account national programs on
sustainability and energy efficiency. Therefore, the Roadmaps and Implementation Plans could contribute to the
specific work programs for the widespread roll out of solar thermal systems in the participating countries in the
coming years. In phase 4 of the project, which started in July 2019 political decision-makers will be supported in
implementing the set goals for their countries.
One promising project that could contribute to the rapid implementation of the Namibian Solar Thermal Roadmap
is the Osona Village project. In an area of 1100 ha in Osona in the Okahandja community, about 60 km north of
Windhoek, 10,000 apartments, a vocational training campus and a business park are to be built in the coming
years. Among other requirements, each of the residential buildings has to be equipped with a solar thermal system.
The motivation for the obligatory installation of solar thermal systems is the significantly reduced cost of the
electricity infrastructure. The installation of the solar hot water systems is expected to reduce the electricity
demand of the households by 40 - 50%. To achieve this in reality requires the installation of durable and reliable
systems. Currently, the SOLTRAIN project is working on a comprehensive quality assurance concept.

7. Acknowledgments
Since 2009, the SOLTRAIN project has been funded by the Austrian Development Agency and the OPEC Fund
for International Development (OFID).

8. References
Weiss, W., Spörk-Dür, M., 2019. Solar Heat Worldwide, Global market developments and Trends 2018, Gleisdorf
IEA, 2012. Technology Roadmap, Solar Heating and Cooling, Paris 2012

2364

L. Special Themes

L1. Renewable Energy Cities

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

District energy in cities: A novel methodology to assess
emerging markets
Pablo Campos1, Eduardo Andrzejewski1, Stéphane Coucke1 and Catalina Ortega1
1

Tractebel Engineering, Santiago (Chile)

Abstract
District energy is an effective strategy that has allowed cities to decouple emissions from sustainable growth.
While district energy has supplied cities in Europe for decades, this solution is unknown in emerging markets.
In order to identify areas with district energy potential in emerging economies, feasibility studies are developed
to compare various district energy configurations with conventional systems. Since emerging markets lack
abundant and reliable data, this new methodology considers four different strategies: (1) a reverse economic
feasibility estimation to conceptualize a cost-effective system, (2) on-site data collection with low-cost IoT
sensors, (3) an uncertainty assessment of the total cost of ownership, and (4) a decision matrix to choose the
most promising sector for district energy. The proposed methodology has been successfully applied in 12 cities
in Chile and Colombia.
Key words: district energy, heating and cooling, sustainable cities, urban energy, energy systems.

1. Introduction
Buildings are responsible for 28% of global energy-related CO2 emissions (IEA 2019), and the decarbonization
of cities is critical if global warming is to be limited to 1.5 °C. The impact and role of emerging markets will
be crucial to motivate innovative policymaking (BNEF 2018). Cities must act immediately and decisively on
climate change while delivering transformational GHG mitigation actions and increasing their resilience (C40
Cities 2019). The trend towards sustainable cities must focus on integrating diverse urban systems, such as the
supply of heating, cooling, domestic hot water, electricity, sanitation, sewage treatment, transport, and waste.
District energy systems (DES) are among the main factors in cities that have succeeded in scaling up energy
efficiency and renewable energy, and in decoupling growth from GHG emissions (UNEP 2015). District
energy is a centralized energy system connected to an underground piping network that delivers heating,
cooling, and/or domestic hot water (DHW) services to buildings. These systems can provide affordable and
low-carbon energy. District Energy can incorporate waste and renewable energy, and thus support the
development of circular economies. Additionally, it provides an opportunity to contribute to resilient, resourceefficient, and low-carbon cities.
District energy is not a new technology, as the first network dates back to the 14th century (Woods and
Overgaard 2015). However, recent research has focused on decentralized networks incorporating renewable
energy sources such as solar (Huang, Fan and Furbo 2019), geothermal (Soltani, et al. 2019), or industrial
waste heat (Bourtsalas, et al. 2019). The Nordic countries are evaluating the integration of renewable energy
into district heating in Denmark (Lund, et al. 2010), the stabilization of intermittent energy sources with largescale heat pumps in Sweden (Averfalk, et al. 2017), and they are also examining the main challenges for district
energy evolution in Finland (Paiho and Saastamoinen 2018). These works are being developed in cities where
district energy is mature and widely used.
Implementation of district energy systems in emerging markets has been blocked by a lack of conducive policy
settings and lack of knowledge of district energy as a potential solution. These barriers are now being lifted,
through the development of technical regulations and increased awareness from stakeholders. Furthermore,
energy planning now considers district energy (MinEner, 2018). Chilean and Colombian energy policies have
different levels of maturity: Zabaloy et al. state that Chile has the proper conditions to promote energy
efficiency policies, while Colombia still presents some barriers (Zabaloy, Recalde and Guzowsi 2019).
Moreover, Simsek et al. conclude that renewable energy and energy efficiency is already part of Chilean

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.51.01 Available at http://proceedings.ises.org

2367

P. Campos et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

strategic planning, yet further instruments are required in the residential, public, and commercial sectors
(Simsek, et al. 2019). By contrast, Martinez et al. argue that Colombian energy planning has focused on
maximizing exports rather than integrating renewables (Martínez and Castillo 2019).
Nevertheless, Chile and Colombia are the leaders in terms of district energy projects in Latin America. In
Chile, district energy is already part of the energy strategy at the national (MinEner 2018) and local levels
(MinEner 2015). Currently, the government is collaborating with UN District Energy in Cities Initiative to
increase awareness of the benefits, to create a supportive regulatory framework, and to promote the
development of pilot projects. The aim of this is for there to be a public tender for the construction of district
energy systems before the end of 2020. In Colombia, the Ministry of Environment and Sustainable
Development is collaborating with the Swiss State Secretariat for Economic Affairs to promote the
implementation of cooling districts as a strategy to mitigate climate change, reduce environmentally damaging
refrigerants, and meet energy efficiency goals. As part of this collaboration, La Alpujarra district energy system
was built in 2013 to supply cooling water to buildings in Medellín.
Even though conditions are converging to make district energy a cost-competitive solution, there are no studies
that have estimated the potential of district energy in cities. Studies have focused on analyzing energy demand
scenarios (Nieves, et al. 2019), on quantifying the energy performance of dwellings (Besser and Vogdt 2017),
understanding the relationships between energy at urban scales and sustainable development (Pardo 2015), or
assessing the potential of other technologies at the urban scale, such as photovoltaics in Chile (Campos, et al.
2016), or wind and photovoltaics in Colombia (León-Vargas, García-Jaramillo and Krejci 2019). Existing
assessment methodologies are not very applicable to emerging economies, as they are based on mature markets
with a great amount of large data available, clear knowledge of the political and economic barriers, and
validated business models. To promote district energy development, it is particularly important to lay the
groundwork with the main stakeholders and aid decision-makers in understanding the key parameters for
properly including district energy into their energy planning.
Therefore, the main objective of this study is to present a validated methodology for feasibility studies of
district energy for cities in emerging economies. The methodology is robust for scenarios with low data
availability and it focuses on collaboration with government officials and major stakeholders to promote the
solution in early stages for cities where district energy is unknown. The outcomes of this work indicate that
some cities already meet the conditions for making district energy cost-effective, and that this solution is
gaining traction due to the high interest and support from government officials and potential customers.

2. Methodology
The methodology starts with a contextualization of the conditions where the district energy will be developed
in order to properly understand the opportunities and barriers surrounding district energy. Next, a city
characterization is presented with an emphasis on geographic, economic, and climate aspects, potential energy
sources, and city strategies or initiatives that could be aligned with district energy solutions. In collaboration
with relevant stakeholders, High Potential Sites (HPS) are identified where district energy is more likely to
succeed. The potential sites are selected using a decision matrix based on 7 parameters: key/anchor clients,
energy availability, building diversity, land background, future urban plan, and energy demand density (heating
and cooling). The selection of the area is validated by local government officials to ensure that projects are
aligned with city strategy plans. Energy consumption profiles may be obtained based on local measurements,
energy bills, previous studies, and available literature. The analysis compares different alternative technical
configurations to supply heating and/or cooling. Technical models are developed based on hourly data for
equipment sizing and performance calculations, while yearly results are used as input for the economic studies.
Once the technical models are completed, the most cost-effective configuration is selected and compared with
business as usual (BAU) or substitute products. Finally, the environmental benefits are estimated, and
recommendations are given. These recommendations include applicable business models, and steps required
to advance in the development of district energy. The methodology is summarized in Figure 1.
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PEST
• Political, Economic, Social and Technological analysis
• Business models, applicable normative, risks, energy context

City characterization
• Geographic, economic, climate characterization
• Total cost of ownership calculation
• Decision matrix to choose a High Potential Sector (HPS)

Technical analysis
• Energy consumption profiles
• Conceptual design

Economic analysis
• Economic indicators
• Tariff model

Recommendations
• Applicable business models
• Steps required to advance development of district energy
Figure 1: Methodology for district energy feasibility studies.

The methodology has been applied to 7 cities in Colombia and 5 cities in Chile. It has been adapted based on
the data availability and goals of the assessment in each city. For instance, rather than using the decision matrix,
in some cities, high potential sites are validated in meetings with major stakeholders, where relevant sites and
key clients were identified. The selection is then validated using a reverse economic feasibility estimation, i.e.
a total cost of ownership (TCO) calculation for various lengths and installed power configurations, which is
compared to a standard heating and cooling system’s TCO.
Additionally, the methodology considers a Monte Carlo analysis to understand the full range of variation of
prices that a conventional solution may have. One of the ways in which the methodology can be adapted is in
digitalization for energy characterization, where Internet of Things (IoTs) sensors are installed in potential key
customers to precisely estimate energy load profiles. This approach also allows relationships to be established
with potential customers in early stages, to promote district energy, and understand their interests and concerns
regarding a potential connection to a network. In the following sections, the steps of the methodology are
further described.

2.1 PEST analysis
The purpose of a PEST (Political, Economic, Social and Technological) analysis is to spot business
opportunities. It provides insight on the changes within the market, so any adaptation can be foreseen. It also
identifies threats, so that projects that are likely to fail for external reasons are not pursued. Through a PEST
analysis, unconscious assumptions are challenged, and an objective view can thus be developed. The PEST
analysis is structured as shown in Table 1.

2369

P. Campos et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Table 1: PEST analysis structure

Political
Policies and
Regulations
Applicable technical
regulations

Economic

Social

Applicable business
models

Social aspects

Energy and urban
plans/strategies

Technological
Applicable solutions

Health implications

Risks

Piping and network
construction

Energy poverty

Taxes

Stakeholder barriers

2.2 City characterization
2.2.1 City description
The characterization includes identifying major consumers, potential sources of energy, and development
areas. Among the main sources of information are local government officials and the city’s energy strategy
(MinEner 2015), if available. Additionally, understanding the pollutant levels is a key step for the development
of district energy in emerging markets, as they are one of the main drivers of these systems. Weather stations
have high-resolution data available and air pollutant concentrations. An example is shown in Table 2 of the
number of days when particulate matter concentration levels were above Chilean and World Health
Organization (WHO) standards in Coyhaique, a southern Chilean city listed as one of the most polluted cities
in Latin America (AirVisual 2018). The data shows that PM2.5 concentration levels are above the WHO
standard more than 50% of the time, and above Chilean standards nearly 30% of the time.
Table 2: Number of days with 24-hour average pollutant concentration above Chilean and WHO standards for different years
in Coyhaique. Data from SINCA (SINCA 2018)

24 hour-concentration

2014

2015

2016

2017

2018

PM2.5 Chilean standard

153

95

138

112

108

PM2.5 WHO standard

234

167

208

184

195

PM10 Chilean standard

39

22

57

30

30

PM10 WHO standard

168

149

170

127

122

2.2.2 Energy demand
There are multiple sources of energy demand for the different typology classifications: modeling, literature,
energy efficiency reports, and surveys. Energy demand can be estimated on different bases: current conditions,
expected demand when thermal comfort is achieved, and when international construction standards are met.
For instance, heating demand in dwellings in Coyhaique can be up to 715 kWh m-2 y-1. However, information
gathered in surveys establishes energy demand at 446 kWh m-2 y-1. This difference is a result of the lack of
thermal comfort. Furthermore, if local construction standards were not considered, modeling would likely yield
values similar to the ones reported in surveys, i.e. nearly 400 kWh m-2 y-1. Dwellings subject to thermal
conditioning must achieve 4 air changes per hour (ACH) (MMA 2016); however, the current median value of
20 ACH in Coyhaique is extremely high (CITEC UBB, DECON UC 2014). Thus, it is fundamental to engage
with local experts that can provide site-specific information.
Inefficient construction standards yield higher energy density, thereby increasing the profitability of a district
energy project. However, poorly performing buildings also pose a risk, as any improvement in thermal
insulation results in an oversized system. Because district energy in Coyhaique is conceived of as a response
to excessive PM2.5 pollution, the development of district energy may be coupled with improvement of the
thermal insulation of houses.
Poor thermal insulation is not a problem exclusive to houses. Potential customers were visited to gather
information on consumption through energy bills, and to understand the operation parameters of the systems.
During these visits, uninsulated gaps of up to 30 mm in office buildings were identified, as shown in Figure 2.
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Figure 2: Deficient thermal insulation in an office building

The aggregated district energy demand profile is based on hourly consumption data for an average building of
the identified typologies. The methodology aims to reduce uncertainty linked to the energy demand by
validating the consumption profiles through on-site measurement campaigns using Internet of Things (IoTs)
sensors. These campaigns also served to promote awareness of the potential pilot project. Contacting customers
on site also eased the collection of information such as energy bills and other relevant data, which may be used
to validate or adapt consumption profiles. Figure 3 shows the consumption profile of a hospital obtained
through data collected on site.

Figure 3: Consumption profile for a hospital

2.2.3 BAU Total cost of ownership
Local cooling and heating solutions must be accurately understood in order to propose a successful district
energy project. While district energy may have many positive externalities, such as circular economy and
reduced pollution, the client connection will be based merely on tariff costs.
The conventional (BAU) applicable technologies such as heat pumps, chillers, gas boilers, biomass boilers and
wood stoves, electric heaters, and a combination of the above are evaluated and contrasted with a district
energy solution. The evaluation covers investment costs, annual maintenance, efficiencies, and the primary
energy price, and the total cost of ownership (TCO) in the BAU scenario is proposed as a range rather than a
single value.
In order to understand the full scope of possibilities of current energy pricing, a Monte Carlo simulation is
performed. The simulations are run through 10,000 iterations to account for the potential differences in: the
range of energy sources, equipment price fluctuations based on different suppliers, equipment efficiencies,
maintenances requirements per year, building energy demand, and energy tariffs, as applicable. We classify
clients and perform analyses by typology and normalize the energy cost with a Levelized Cost of Energy
(LCOE). The cost ranges stemming from the analysis can then be directly compared with the energy price of
the district energy system to assess the potential connection of the client per typology.
Figure 4 shows an example of a Monte Carlo simulation for Independencia, a municipality in the Santiago
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Metropolitan area of Chile. The results provide insight into the potential to connect per building typology. For
instance, health buildings have low costs, due to economies of scale, high capacity factors, and simultaneous
heating and cooling demands. Offices can reach low energy costs as their systems can operate either in heating
or in cooling mode, thus increasing the capacity factor. On the other hand, commercial buildings have a wide
range of costs, as they may access different electricity tariffs depending on their size, and in general only have
cooling demands.

Figure 4: Monte Carlo Simulation results for five typologies in the Municipality of Independencia, Chile

2.2.4 High potential zones
District energy systems have gradually developed over time, and while they may not have supplied numerous
customers at the beginning, the networks can grow and even interconnect with other systems in the city. It
must be noted that the feasibility of the project is highly dependent on the connection of clients that are initially
chosen. Because in this stage there are no contracts nor intention letters signed, not all clients in one specific
zone are considered to be initial customers. Risks decrease with this approach: if a client chooses not to
connect, it can be easily replaced by others that were initially left out.
Two approaches are considered for the site selection: a decision matrix and a reverse economic feasibility
estimation.
2.2.4.1 Decision matrix.
In collaboration with local and central government officials, high potential zones are chosen, i.e. areas where
the development of district energy is more likely to succeed. A decision matrix then selects the area to conduct
the feasibility study from among the possible high potential zones. The decision matrix considers seven
parameters, with a maximum of five points each, shown in Figure 5. The parameters represent various
indicators of success of district energy, analyzed as a whole. Among these indicators of success are the
availability of key clients, difficulties with building the distribution system, capacity factor, demand density,
growth potential, and access to inexpensive energy sources.

Figure 5: Decision matrix factors
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In order to quantify each parameter for the potential locations, key clients are identified, and their energy
consumption is estimated. Site visits aid in fully understanding the land background, building diversity, and
the availability of energy sources. Additionally, the municipal public planning office may provide insight on
the urban development plans. The parameters considered in the decision matrix are:
a.

Key customers. This parameter considers the number of key customers in the high potential zone, and
assigns one point per key client, with a maximum of five. These are customers with high heating or
cooling demands that are likely to connect to the network. Public buildings may also be included if
they have emissions reduction targets, which increases their likelihood of connection.

b.

Energy availability. An energy source available in the vicinities (e.g. geothermal energy, waste heat,
water bodies, etc.) scores five points. Otherwise, one point is assigned.

c.

Building diversity. This factor quantifies the potential increase of the capacity factor of the system
due to the aggregation of various consumption profiles. The score is the number of client typologies
identified (health, office, commercial, education, residential, etc.) for the pilot project, with a
maximum of five points.

d.

Geographical constraints. It estimates the terrain difficulties for the construction of the network. The
score assigned decreases per barrier encountered in the area. Among the barriers are rivers, parks,
cemeteries, highways, archeological sites, etc.

e.

Energy density (heating and cooling). This represents the energy demand per unit of length of the
distribution network. Two parameters are calculated: one for heating and one for cooling. Five points
are assigned for an energy density of 20 MWh m-1 or higher, and points are reduced by one unit per
every 5 MWh m-1 reduction; e.g. an energy density of 10 MWh m-1 scores 3 points.

f.

Urban planning. Similar to energy density, the future urban plan is a measure of the energy density
expected from planned constructions in the area. The score follows the same criteria.

Once the parameters are weighted, the averages from all locations are compared with one another. The results
are presented to government officials to assure that any strategic consideration was not missed in the analysis.
These results can also be validated and promoted to gain support from authorities in the early stages and to
manage their expectations.
2.2.4.2 Reverse economic feasibility estimation.
In settings where information availability is low, a second approach estimates the minimum profitable size of
a district energy system compared with BAU total cost of ownership costs, as outlined in Figure 6. The main
parameters such as capacity factors or efficiencies are estimated. Then, the economics of a district energy
system are parameterized as a function of piping length and cooling or heating demand, and the results are
compared with an expected LCOE cost through a color-coded table.

Figure 6: Reverse economic feasibility estimation for a city in Chile. The LCOE [USD/MWh] is a function of plant demand
[MWh] and network length [m].

The goal is to develop a feasibility study that is cost competitive with substitute products, and marginal analysis
provides quantitative insight on the economics of a potential pilot project. The tool developed allows areas to
be preselected that are likely to be cost-effective, thus reducing the iteration time. This tool was successfully
applied to studies in 7 cities in Colombia, where the sites chosen achieved similar tariffs as the conventional
systems.
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2.3 Technical analysis
After the pilot project and the customers’ consumption profiles have been defined, the aggregated demand is
calculated as exemplified in Figure 7. The hourly demand serves as a basis to calculate the capacity and the
Equivalent Full Load Hours (EFLH), i.e. a measure that represents the corresponding hours at which the plant
would operate at full capacity. Care must be taken with data points that show high demand only for limited
hours per year. A good alternative to see whether that is the case is through a power - operating hourly diagram
or through the diversity factor, i.e. the ratio of installed capacity to the sum of all individual capacities. A
standard diversity factor is approximately 0.75 (Moseley 2014).

Figure 7: Hourly heating and cooling demand for a pilot project in Independencia, Chile

Several configurations are evaluated, and the results are used as input to the economic model, where the most
cost-effective alternative is chosen. The technical outputs, such as efficiencies, capacities, and energy
consumption are calculated on an hourly basis, considering that efficiencies are dependent on instantaneous
capacity factors. For instance, the hourly coefficient of performance (COP) of five 1.5 MW chillers supplying
the cooling demand represented in Figure 7 is shown in Figure 8. Finally, an initial layout of the distribution
network is designed, and its pumping requirement estimated.

Figure 8: Hourly COP for a pilot district cooling project in Independencia, Chile

2.4 Economic analysis
The district energy configurations are economically evaluated, and the CAPEX and OPEX are calculated
according to the technical requirements. Then, depreciation, loan requirements, taxes, etc. are computed to
compose the cash flow. The input parameters consider probabilistic distributions to forecast the costs and
expenses for a 30-year horizon. A Monte Carlo simulation is run to determine the incomes required to obtain
the desired internal rate of return (IRR) for investors. A second approach is also considered for the Colombian
cities: to fix the selling energy price based on current tariffs and calculate the resulting IRR.
Additionally, insight is given on the tariff structure that may be applicable to obtain the necessary incomes.
The recommended tariff is divided into three parts: connection fee, consumption fee, and capacity fee.
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• Connection fee: The payment is structured throughout the contract duration. A fee is estimated to cover
the capital investment cost of the piping network from the main piping network up to the respective user’s
connection point, i.e. only secondary piping.
• Consumption fee: Covers the variable operational costs such as electricity consumption, gas, water,
and chemicals for water treatment. It changes monthly or as utilities update their pricing conditions.
• Capacity fee: Covers the capital investment of the energy plant, main piping network, and non-variable
costs (administrative, operation, and maintenance costs).
The sum of these three fees is the selling energy price. The energy price of each configuration is compared
with the BAU. Economic competitiveness is analyzed and, if required, a subsidy is estimated. Using this and
strategic considerations, the best alternative is chosen.

3. Results
The results of the 12 feasibility studies are summarized below. In the case of Chile, the methodology was
applied to five cities: four are within the Santiago Metropolitan Area (Santiago, Independencia, Recoleta, and
Renca), and there is one city in southern Chile (Coyhaique). The analysis was envisioned to be focused on
heating; however, the methodology is unbiased, and the economics show that district cooling can be more costeffective in the Santiago Metropolitan Area.
Table 3: Summary of the main findings for feasibility studies in Chile

Santiago

Independencia

Recoleta

Renca

Coyhaique

Type of system

Cooling

Cooling

Cooling and
Heating

Heating

Heating

Technology

Electric chiller

Electric
chiller

Heat pumps

Heat pump

Wood chip
boiler

Capacity
[MWt]

1.8

7.5

0.80

0.23

4.6

Piping length
[m]

1,180

1,600

334

840

2,750

Investment
[MUSD]

$4.1

$10.7

$2.6

$1.9

$8.1

IRR

7.8 %

7.8 %

7.8 %

7.8 %

7.8 %

LCOE BAU
[USD MWh-1]

48 - 80

52 - 98

49 - 86

52 - 89

34 - 66

DES Energy
price
[USD MWh-1]

51

45

53

54

55

Free land
concession

Free land
concession

Subsidies

Free land
concession
Shared piping
infrastructure

$1.5 MUSD
subsidy
Free land
concession

Subsidize
dwellings in
$2.1 MUSD

Initially, five studies were developed in Colombia. Given the results show that conventional systems are the
most cost-effective, two additional cities were analyzed, with a focus on the integration of renewable systems.
The approach considered fixes the selling price to the current business as usual price and calculates the
resulting IRR, i.e. no cost reduction is achieved. The main findings are summarized in Table 4.
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Table 4: Summary of the main findings for feasibility studies in Colombia

City

Type of
system

Technology

Capacity
[MWt]

Piping
length [m]

Investment
[MUSD]

IRR

Bogotá

Cooling

Electric
chiller

20

850

24

12%

Villavicencio

Cooling

Geothermal
cooling

8.1

1,810

12

10%

Cartagena

Cooling

Electric
chiller

32.4

1,800

37

15%

Montería

Cooling

River water
Cooling

22.4

2,900

34

16%

Cali

Cooling

Electric
chiller

17.4

1,350

23

13%

Bucaramanga

Cooling

Electric
chiller

9.0

1,600

15

11%

Medellín

Cooling

Electric
chiller

20.3

1,100

37

13%

4. Discussion
District energy is an alternative that requires the coordination of all relevant stakeholders. District energy, as
a disruptive project, allows coupling energy efficiency measures or public education regarding energy matters.
Among energy efficiency measures is coupling a program to improve thermal insulation in dwellings with
district energy development, to achieve international construction standards. Both, energy efficiency and
public education, are generally in line with the energy strategies of cities and the central government.
Stakeholders must be included in the process in early stages, as the developer will require support from local
and central government.
Emerging economies, unlike mature markets, may lack the required data to assess the potential and capacity
requirements of district energy. As thermal comfort is often not achieved, differences in consumption among
clients may be significant. By developing on-site measurement campaigns, the consumption profiles can be
validated, and all operational constraints can be properly identified. On-site measurement campaigns made it
possible to identify additional concerns of potential customers. For instance, gas supply contracts had been
signed, thus hindering the development of district heating. Another example is some clients had inoperative
cooling equipment, which increased their willingness to connect to a district cooling system.
The variation in energy demand results in further increased price differences, as there may be major variations
in system costs and primary energy prices. Assessing the connection of customers using a single BAU price
does not represent the universe of clients, and it further adds to the uncertainty of the assessment. By
developing Monte Carlo Simulations at the BAU prices, the full range of possibilities can be visualized, and
non-connection risks can be understood.
The selection of the area of interest of the study is subject to biased influence. Failing to select a site with
possibilities of success may delay the implementation of district energy or make it subject to avoidable
subsidies. However, despite the fact that including clients with low energy density reduces the profitability of
the project, the social benefit may far outweigh the required subsidy, as was the case of Coyhaique. Using
quantitative methods and providing insight on costs in early stages proved to be extremely useful in assessing
areas, and it ensured that the best sites were considered.
As studies were developed in 12 cities, a high level of support was encountered from various stakeholders.
Commitment has been shown at various levels and in different forms. For instance, local governments have
offered permit fee waivers, free land concessions and expedited procedures. On the other hand, central
governments are willing to collaborate in the development of technical specifications and technical normative
considering feedback from potential developers. Key clients and developers have both been approached since
the beginning of the project and have shown great interest in the results of the study. By including them in

2376

P. Campos et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

early stages, their needs and concerns regarding a potential connection of a district system can be voiced, and
consumption data can be collected. In general, barriers are being lifted and the development of district energy
is expected over the short term. It must be noted that even though potential customers were willing to provide
consumption data, information could only be effectively gathered through face-to-face meetings.
However, site visits do not only serve to gain support for the development of a potential pilot project, as
important information was also collected. Various clients in cities in both Chile and Colombia experienced the
operation of cooling equipment that was often faulty. For instance, in some hospital buildings, consumption
increased in a month where the personnel were on strike and the building was vacant. Another hospital had
two floors with their cooling equipment completely inoperative. Potential customers were largely unsatisfied
with their cooling supply, and thus would likely connect to a system where the problems related to operation
could be outsourced, even if there is no benefit in terms of price.
The results show that cities in Chile and Colombia already have favorable conditions for developing district
energy, as both regulatory and lack awareness barriers are being lifted. As stakeholders have increased their
awareness of the benefits of district energy, their support must now be formalized in order to promote the
development of pilot projects.

5. Conclusion and future work
The work presented herein is a highly flexible methodology that aims to give an estimation of the potential
profitability of district energy systems. It has been successfully applied in 12 cities, with solutions that range
from conventional cooling, coupling renewable energy with cooling and heating systems, and a combination
of both. The methodology allows conditions to be identified in which district energy can be developed. Among
these conditions are the applicable normative, city context, cost-effective system configuration, expected
tariffs, required subsidies, and environmental benefits. Future improvements of our methodology include
automation heat maps based on widely available, geo-referenced data and deepen the coupling of energy
efficiency programs with district energy development.
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Abstract
To decarbonize the urban energy system, a maximum amount of renewable energy generation is crucial in
addition to demand reduction strategies. Depending on the density of urban areas, the contribution of local
renewable energy generation varies. It is still an open question whether local or regional renewable generation
or import from further locations has the best cost and life cycle performance. To model such scenarios, an
urban data management and modeling platform is under development to provide a software infrastructure for
smart and sustainable city planning and operation. Today such platforms are mostly designed to handle and
analyze large urban data sets from very different domains. Modeling and optimization is usually not part of
the software concepts. However, such functionalities are considered crucial for transformation scenario
development and optimized smart city operation.
The paper discusses the required software architecture concepts for energy demand and renewable energy
generation modeling. The main driver is to derive zero carbon strategies for cities while including all major
sectors of CO2 generation. The platform needs to handle multiple scales in the time and spatial domain, ranging
from long term population and land use change to hourly or sub-hourly matching of renewable energy supply
and urban energy demand.
The methodology and software concepts are applied to the case study district Brooklyn Borough Hall in New
York. Based on the building energy demand modeled from the 3D city geometry, various renewable energy
supply scenarios are simulated. The results show that 80 percent of the building heating and cooling demand
can be covered by local and nearby renewables at double the cost of today´s electricity.

1. Introduction
To support the planning and operation of renewable supply systems for cities with a minimized CO2 footprint
is a huge challenge, as very different domain knowledge needs to be combined in an urban platform. Urban
platforms mostly consist of urban data collection and analysis from very diverse sources such as sensors,
municipal data records, knowledge repositories or social media streams (Psyllidis et al., 2015).
Model based predictions can help to compare different energy system operation scenarios and schedules and
help to approach the optimum strategy for minimized CO2 emissions and costs. Also medium to long term
scenarios of urban development cannot be derived from data alone, as this would most likely result in business
as usual. To transform cities to a zero carbon future, very ambitious and disruptive changes need to take place,
which cannot follow the trends given by today´s urban data.
To develop such zero carbon transformation strategies for complex urban systems, we propose to model the
buildings, energy supply and distribution systems, transport, food and water infrastructure of a city, calibrate
the model with urban monitoring data and then to simulate transformation scenarios towards zero carbon cities.
The models can also be used for optimize today´s infrastructure performance. We also suggest to extent urban
data platforms to integrated data and modeling platforms, which combine data analysis and model based
scenario development. The front end and visualization features should give access and involve citizens and
local stakeholders interacting both in operation and strategic planning for sustainable cities.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.51.02 Available at http://proceedings.ises.org

2379

U. Eicker et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

2. Renewable energy system modeling
The renewable energy system modelling described here is based on the simulation framework INSEL
(www.insel.eu). A workflow management system called Simstadt is used to process geometry data and
parametrize the simulation models. To calculate heating and cooling demand, 3D CityGML models are used
that include further building information (height, roof type), usage and age. Those models can be scaled up to
the size of whole cities (Nouvel et al., 2015). In addition to the 3D city model, further data collection (and
management) is required to analyse the overall energy balances. Various sources, such as land register data
and data from surveys of the research team, are tapped. This leads to a database that includes public, residential
and commercial buildings in terms of building characteristics (year of construction, energy systems, energy
consumption, heating, ventilation and air conditioning) and insulation standards.
Within this work, the heat demand calculation was first carried out on a monthly basis according to specific
norms but is then scaled down to hourly time steps. Utilizing dedicated algorithms (Romero et al, 2017), the
roof area suitable for PV systems is determined. This area, the specific orientation and optimal tilt is then used
for detailed annual PV yield calculations, also on an hourly basis. The PV modules are represented by a two
diode model that is parameterized according to state of the art modules. In our case study, we used a validated
PV system model. This approach also includes the inverter system and a MPP tracking loop. All simulations
are carried out by the simulation engine INSEL (Integrated Simulation Environment Language). Wind turbines
with different power range are modeled by characteristic curves model based on data provided by the
manufacturer. The potential for small wind turbines is calculated using the 3D CityGML building model
combined with available wind data. Here the assumption was used to only mount wind turbines on the north
oriented roof side to avoid an impact on PV generation. The potential for large scale off shore wind turbines
is derived from available New York City wind potential analysis. The meteorological data (global radiation,
wind speed, ambient temperature) is taken from public available sources.
3. Case study
The modelling approach was applied to a case study in the New York City district Borough Hall, where all the
buildings in the district were simulated that are connected to a single substation with hourly resolved electricity
monitoring data. From a total population of 244,920 persons in the district, 147,129 persons receive electricity
from the monitored substation and live in 71,378 households. In total, there are 11,614 buildings connected
(and modeled), of which 7780 are residential and 2029 mixed use and 1,805 buildings non-residential. The
mean income in the district is 140,580 US dollar annually and the average age 35,7 years.
The measured electrical energy use at the substation is 1,336 GWh per annum.
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Figure 1: measured electrical load of all buildings connected to the Borough Hall substation.

The first analysis is to assess the energy and CO2 emission status quo of the district under investigation. The
aforementioned data sources were analysed to find useful information concerning energy demand or energy
systems and infrastructure.

Figure 2: Home owner rate, energy source, fuel type distribution and year built in Borough Hall

Figure 1 shows the share of fuel types used for heating in each of the census tracts inside the Borough Hall
case study district as pie charts. In most of the tracts, utility gas is dominating, however there are some tracts
that have a significant share of electrical heating, a few are even dominated by oil. Another important
information is the type of heating system in the buildings, e.g. if it is a central or decentral system, which can
partly be deduced from the fuel type. It is more probable that buildings with electrical resistance heating install
heat pumps fed by renewable electricity compared to an existing central heating system with gas. Electrical
heating is predominant in newer office buildings in Downtown Brooklyn (upper right part of Fig. 2). Also
visible in Fig 2 is the year built of the buildings in blue and the ratio of house owners in each census tract
district (green). Different strategies to stimulate the desired modernizations could be applied, depending on
this information.
The heating and cooling demand was modeled for every individual building in the district, based on the
building age and using the urban geometry and building physics and usage data from different New York city
reports on building performance. The three-dimensional (3-D) building massing model of New York City is
provided online from DOITT in the CityGML format (https://www1.nyc.gov/site/doitt/ initiatives/3dbuilding.page). This dataset is later on converted to 3D Tile format as a service with the OGC 3D Portrayal
Service standard implemented by the Fraunhofer Institute (Reference: OGC Testbed 13 ER). This service
allows users and developers to request and interact online with the 3D building dataset.

Figure 3: distribution of building ages in the district

In total the heating demand of all buildings simulated adds to 1,588 GWh per year.
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Figure 4: Distribution of energy demand in the analyzed district

Figure 5: Visualisation of calculated heating demand in Brooklyn case study using 3D CityGML models

The simulation model then allows to calculate efficiency scenarios, for example increasing the cooling
temperature setpoint and reducing infiltration losses. The demand simulation results serve as an input to the
renewable supply system simulation.

Figure 6: Cooling demand reduction of 56% by increasing temperature setpoints by 6 K and reducing infiltration losses,
which also decreases the heating demand by 19%.

The current electricity generation mix, which supplies the district is made up of less than 6% renewable energy
sources (RES) and has a CO2 footprint of 4.2 t CO2eq per capita.
The Brooklyn Borough Hall Case Study goals are 100% RES electricity mix and 1.4 t CO2eq/cp (NYC
government roadmap).
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Figure 7: electrictiy generation mix supplying the Borough Hall substation (NYISO).

4. Results

Within this work, the following different scenarios were examined: S1: Status quo, S2: Electrification of
heating, S3: Building refurbishment efficiency scenario, S4: Efficiency with large scale renewable energy
generation. The scenarios from S1 to S3 were developed to analyze various building stock electricity needs.
The sizing of the renewable generation for the first three scenarios was done using the electricity demand
profile of Borough Hall District (2013) as the status quo scenario S1, considering heat pumps installation for
75% of the buildings in scenario 2, including building efficiency measures and the electrification of the taxi
sector in scenario 3. Scenario 4 then uses a higher photovoltaic contribution as scenario 3.

Figure 8: Scenarios considered in the work.

First of all the economic photovoltaic potential was calculated, which is assumed to be achievable for roofs
that have an annual solar irradiance of 1100 kWh/m2 or higher.
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Figure 9: Modeling of the roof and facade photovoltaic energy generation potential.

For the given total electricity consumption of 1.33 TWh (scenario 1 status quo), the roof PV could cover 29.4%.
The rest could be covered by on- and offshore wind.

Figure 10: covering the loads of the status quo situation with PV and wind.

Up to 42 GWh of electrical storage would be required for a 100% renewable supply without imports. and
electricity prices would rise up to 1.41 $/kWh to reach an overall emission goal of 1.3 tons CO2/a. If the storage
volume is decreased for example to 3.8 GWh, 84% of the total demand could still be directly covered and the
costs would reduce to 0.42 $/kWh.
The electrification of the heating demand would strongly increase the winter electricity demand (scenario 2).
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Figure 11: Electricity demand including electrification of the heating sector with heat pumps.

Both storage size and electricity costs would increase up to 69 GWh for a 100% renewable scenario and 2.13
$/kWh with a better CO2 balance of 0.6 tons CO2/a. Storage size reduction to 5.6 GWh would still provide
84% renewable coverage at a cost of 0.5$/kWh.
The efficiency scenario would strongly reduce demand to 0.61 TWh, including 0.16 TWh for heating and
0.05 TWh for cooling. The taxi electrification would mean an additional electricity demand of 0.001 TWh.

Figure 12: Load demand and renewable supply for the efficiency scenario

Due to the lower demand, the roof PV systems could now cover 37%.
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Figure 13: Electricity mix in the efficiency scenario.

The efficiency scenario results in the lowest emissions of 0.26 t CO2eq per capita at electricity prices between
0.26 and 1.92 $/kWh depending on storage size between 0 and 38 GWh. For a storage volume of 2.7 GWh,
85.4% of the demand could be covered at a cost of 0.33 $/kWh.
In scenario 4, the contribution of offshore wind turbines is limited to 20 units and the rest is provided by large
photovoltaic plants. The demand contains all efficiency measures used in scenario 3.

Figure 14: Scenario 4 with limited offshore wind capacity and large PV power plants. Annual electrical demand and
production on a daily base (scenario electrified heating and efficiency with large scale PV, CHP, small building integrated
and large off shore wind energy plants)

Now photovoltaic generation dominates the energy mix. The electricity price varies between 0.33 and 2.04
$/kWh for storage sizes between 0 and 64,9 GWh. The emissions are at 0.35 t CO2eq/cp. 83% of renewable
generation can be achieved for a storage volume of 2.8 GWh at costs of 0.44$/kWh.
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Figure 15: Distribution of renewable generation of the total energy mix.

The results of all four scenarios are summarized in the following table.

Demand
Heating
Cooling
Taxi electrification
Storage Size
Electricity price
Emissions in
t CO2eq/cp
Yearly RES

S1: Status Quo
1.2 TWh
0.1 TWh

S2: Electrification of Heating
1.2 TWh
0.3 TWh
0.1 TWh

S3: Efficiency
0.61 TWh
0.16 TWh
0.05 TWh

S4: Efficiency with PV Plants
0.61 TWh
0.16 TWh
0.05 TWh

-

-

0.001 TWh

0.001 TWh

0-42,6 GWh
0.32-1.41 $/kWh

0-69 GWh
0.36-2.13 $/kWh

0-38 GWh
0.26-1.92 $/kWh

0-64,9 GWh
0.33-2.04 $/kWh

1.3

0.61

0.26

0.35

100%

100%

100%

100%

Daily RES autonomy,
83.95%, 3.8 GWh storage,
required storage,
0.42 $/kWh
resulting electricity price

84.15%, 5.6 GWh storage,
0.50 $/kWh

85.38%, 2.7 GWh storage,
0.33 $/kWh

82.96%, 2.8 GWh storage,
0.44 $/kWh

Table 1: Summary of results for the four scenarios.

The results here show that an 80 to 85 % renewable energy scenario is realizable with small to medium sized
electricity storage solutions at approximately twice the current electricity cost. A 100% renewable scenario
would drastically increase the electricity price with the main cost driver being the needed storage size. This
work shows that even in dense urban areas such as New York, very ambitious CO2 emission reduction goals
can be reached with renewable energy generation for an efficiently refurbished building stock, even for an
electrified heating sector. The costs mainly depend on storage options.
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Abstract
A power supply method for a light rail system which runs on 100% renewable energy is proposed by authors,
and several experiments with a small scale model and solar panels are carried out to verify the effects of
proposal. In this paper, the experiment that is carried out to verify the effect of factors, the number of passengers
and interval of rapid charges, on continue running for a long time, is reported. Two passengers rode the railcar 6
to 12 times in 15 to 30 minutes during the science workshop held on 23rd August 2018. The voltage of the
primary and secondary electric double layer capacitor (EDLC) units, storage devices for this system, decreased
at every running. After the workshop, one person rode the railcar every 15 minutes. The voltage of EDLC units
was kept better value during this term. It is confirmed that the number of passenger directly affects energy
consumption for one trip, and interval of rapid charge influences energy consumption per unit of time.
Keywords: transportation, renewable energy, electric double layer capacitor

1. Introduction
A power supply method for a light rail system which runs on 100% renewable energy such as solar, wind and
hydro power is proposed by authors, and this light rail system is named as “the Solar Light Rail”. Fig. 1 shows
the proposed power supply method: 1) Solar panels are mounted on roofs of station platform, small scale wind
turbines are installed at the station. Furthermore, solar panels and wind turbines are installed around the station.
2) An electric double layer capacitor (EDLC) unit is installed at the station as an energy storage device. This
EDLC unit which is called as “the primary EDLC” in this system is always charged with solar panels and wind
turbines. 3) Railcars also have energy storage devices. An EDLC unit used for energy storage device mounted
on the railcar, and it is called as “the secondary EDLC” in this system. When the railcar stops at the station, the
secondary EDLC is charged rapidly from the primary EDLC. 4) The railcar runs to the next station with charged

Fig. 1: Proposed power supply method for the Solar Light Rail
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electricity. There is also renewable energy generation and the primary EDLC at the next station, and the
secondary EDLC is charged again. The railcar continues running through this cycle.
EDLCs are suitable energy storage device for this system. In this system, energy storage devices are always
charged and discharged, and rapid charges during train stopping at the station are required. Recharge cycles of
EDLCs are at least 10 to 100 times longer than that of rechargeable batteries. High electric current is able to be
put into and out from EDLCs. According to the test outcome by the Railway Technical Research Institute of
Japan, their hybrid light rail vehicle consumes 8.9 MJ of electricity per kilometers at the maximum air
conditioning load. If the interval between stations is 500 m for the assuming Solar Light Rail line, 4.5 MJ of
electricity is required to reach the next station. When the voltage of secondary EDLC is 1500 V, the required
capacitance of 4 F is calculated with eq. 1. The required time for rapid charge is calculated with eq. 2. It takes 6
seconds to charge required electricity from primary EDLC to secondary EDLC at 1000 A.

1

𝑊 = 𝐶𝑉 2

[J]

(eq. 1)

𝑄 = 𝐶𝑉 = 𝐼𝑡

[C]

(eq. 2)

2

Several experiments with the ride-able small scale model and solar panels are carried out in order to verify the
effects of proposed power supply system. Fig. 2 shows the voltage transition during one of the previous
experiments, held on 1st November 2016, at Tama Art University, Tokyo, Japan. The sunrise of the day was
6:03 and sunset was 16:46. It was rainy in early morning, and it became sunny in the afternoon. In this
experiment, an author whose weight is 65 kg rode the railcar, and went forward and backward 1time on the 14.4
m of straight rail after 2 minutes of rapid charge. Interval of rapid charge was fixed to 15 minutes at the
beginning of the experiment, and the interval was shortened from 15 minutes to 10 minutes after 19:00. The
voltage of primary EDLC rose high enough during daytime, and railcar continued running with charged
electricity after sunset. Finally, the railcar stopped at 22:56 and the final rapid charge was carried out at 22:50.
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Fig. 2: Voltage transition under the experiment held on 1st November 2016 in Tokyo, Japan
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Fig. 3: Voltage transition under the science workshop held on 10th October 2016 in Tokyo, Japan

The final rapid charge would be carried out at 24:45 if the interval was not changed.
A science workshop for children was held on 10th October 2016 at Tokyo Tower, Tokyo, Japan. Fig. 3 shows
the voltage transition recorded during the workshop. It was overcast from early morning. The event started at
10:00. Many children and their parent rode and enjoyed round trips. The railcar worked without rest, and the
voltage of primary EDLC and secondary EDLC continued falling from the beginning of the event. Since the
voltage of primary EDLC and secondary EDLC became too low to continue running, the primary EDLC was
charged from a battery which is charged with the biomass fired Stirling engine generation system at 15:10,
16:30 and 17:18, and the railcar was able to continue running until the end of the event.
Three factors, daylight, interval of rapid charge and number of passengers, are different between these two
experiments, and these three factors seem important to obtain better result. In the former experiment, enough
daylight to raise the voltage of primary EDLC, 15 or 10 minutes of fixed interval for rapid charge and 65 kg of 1
passenger brought good result. On the other hand, unfortunate result was obtained from the latter experiment
with low daylight, irregular and short interval for rapid charge and 2 passengers. Two types of experiments
under similar daylight, different interval and number of passengers, was held in one day. In this paper, what
factor is more influential to keep the voltage of EDLC units higher in order to continue running for a long time
after sunset, is reported.

2. Experimental method
Fig. 4 shows the summary of experimental equipment. Three solar panels, Solarland SLP025-12U, are
connected in parallel to the primary EDLC. The primary EDLC is made with eight 1200 F EDLC cells, Maxwell
Technologies BCAP1200 P270, which are wired in series. The maximum voltage of the primary EDLC is
21.6 V and the capacitance becomes 150 F. Eight 650 F EDLC cells, Maxwell Technologies BCAP0650 P270,
are wired in series for the secondary EDLC. The maximum voltage of the secondary EDLC is 21.6 V and the
capacitance becomes 81.25 F. During the rapid charge, the secondary EDLC is connected to the primary EDLC
through a limited current circuit for safety. The maximum current is limited under 12.5 A by this circuit.
A science workshop for children was held on 23rd August 2018 from 10:00 to 12:30 at Coppin State University,
Baltimore, USA. Participants were divided into three groups and each group enjoyed for workshops in turn.
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Fig. 4: Summary of experimental equipment

Demonstration of the Solar Light Rail was carried out during the workshop. Two participants rode the railcar,
and went forward and backward on the 13.7 m of straight rail. The secondary EDLC was charged during
explanation to passengers, and each charging time was less than one minute.
After the workshop, the railcar was operated at fixed intervals. Rapid charges from the primary EDLC to the
secondary EDLC were carried out for two minutes. The author, 65 kg in weight, rode the railcar alone and went
forward and backward on the 13.7 m of straight rail after the rapid charge. An interval between a rapid charge
and the next rapid charge was kept in 15 minutes, and this fixed interval experiment was carried out from 13:00
to 17:00.
Voltage of a solar panel, the primary EDLC and the secondary EDLC were recorded with data acquisition
system IOtech Personal Daq/55.

3. Results and Discussion
Fig. 5 shows the voltage transition of a solar panel, the primary EDLC and the secondary EDLC on the day.
Three demonstration sessions were held from 10:20 to 12:30, and an experiment at fixed interval was carried out
from 13:00 to 17:00. In this paper, the former period is named as “Workshop phase”, and the latter period is
named as “Experimental phase”. Sunrise was 6:26, solar noon was 13:09 and sunset was 19:50 on 23rd August
2018 in Baltimore, USA.
Fig. 6 shows details of voltage transition during demonstration session for the 1st group of workshop
participants. In the beginning of the session, the voltage of secondary EDLC was 17.18 V, and the voltage was
dropped to 14.85 after two round trips for two pairs. After the rapid charge, the voltage of secondary EDLC
increased to 15.28 V, and the voltage of primary EDLC became 18.88 V. Voltage of secondary EDLC during
the trip was not recorded since the cable for recording was disconnected during running. From the 3rd pair,
rapid charge from primary EDLC to secondary EDLC was always carried out after the trip. In this session, the
voltage of primary EDLC hardly rose during each trip. The voltage of primary EDLC after rapid charge (blue
circles on the figure) decreased from 18.88 V to 18.37 V, and the voltage of secondary EDLC after rapid charge
(orange circles on the figure) was also dropped from 17.18 to 14.34. Decreasing the voltage of primary EDLC
and secondary EDLC after rapid charge leads to the electricity shortage to continue running for a long time.
Fig. 7 shows the voltage transition during the demonstration session for the 2nd group. The voltage of primary
EDLC after the first rapid charge in this session was 18.42. During the second trip for this session, the voltage of
primary EDLC rose to 18.47. In this session, the voltage of primary EDLC rose every time during the trip.
However, the voltage of primary EDLC after rapid charge decreased from 18.42 V to 17.94 V, and the voltage
of secondary EDLC after rapid charge dropped from 17.06 V to 14.91 V. Fig. 8 shows the voltage transition
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Workshop phase

Experimental phase

Fig. 5: Voltage transition under the science workshop and experiment after the workshop on 23rd August 2018

during the 3rd demonstration. The best result was expected since this period was nearest from the solar noon in
the Workshop phase. The voltage of primary EDLC rose during the trip likewise the 2nd session. However, the
voltage of primary EDLC after rapid charge decreased from 18.43 V to 17.92 V, and the voltage of secondary
EDLC after rapid charge declined from 16.75 V to 14.44 V.
Fig. 9 shows the voltage transition of a solar panel, primary EDLC and secondary EDLC during the

Fig. 6: Voltage transition of the primary EDLC and the secondary EDLC during workshop for the 1st group
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Fig. 7: Voltage transition of the primary EDLC and the secondary EDLC during workshop for the 2nd group

Experimental phase. Since rapid charges carried out every 15 minutes, the voltage of primary EDLC dropped at
equal interval. The voltage of a solar panel fluctuated after 14:15, and sometimes became lower than the voltage
of primary EDLC. Buildings around the workshop booth cast shade on the solar panels put on the ground from
16:00. After 16:00, the voltage of primary EDLC decreased by rapid charges, and the voltage of primary EDLC
after rapid charge became lower than 18 V at 16:17. The voltage of secondary EDLC after round trip leveled off,

Fig. 8: Voltage transition of the primary EDLC and the secondary EDLC during workshop for the 3rd group
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Fig. 9: Voltage transition of the primary EDLC and the secondary EDLC during the Experimental phase

and was kept higher than 15 V until 16:33.
Fig. 10 shows the details of the voltage of primary EDLC and secondary EDLC from 13:00 to 14:15. The
voltage of primary EDLC after the first rapid charge completed at 13:02 was 18.25 V. The primary EDLC’s
voltage was only 18.24 V at 13:15 even though the primary EDLC was charged with solar panels for 13 minutes.
Similarly, the voltage of primary EDLC changed from 18.16 V to 18.20 V, from 18.18 V to 18.38 and from

Fig. 10: Voltage transition of the primary EDLC and the secondary EDLC from 13:00 to 14:15 (Experimental phase)
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18.45 V to 18.37 V during 13 minutes. The voltage of primary EDLC after rapid charge leveled off from 13:00
to 14:15. The voltage of secondary EDLC after rapid charge and after trip also changed like plateau.
Number of passengers is one of the featured factors in this paper. At the first trip for 2nd group in Workshop
phase, the voltage of secondary EDLC dropped from 17.06 to 15.99 as shown in Fig. 7. Since the capacitance of
secondary EDLC is 81.25 F, 86.94 C of change of electric charge (Q) is calculated with eq. 2. Fig. 11 shows the
change of electric charge for each running. It is clear that decrease of electric charge for 1 passenger is lower
than that of 2 passengers. Decrease of electric charge means energy consumption, and weight of passengers
means load for a railcar. Lower load causes lower energy consumption.
Interval of rapid charge is also important factor in this experiment. In the Workshop phase, the voltage of
primary EDLC increased 0.23 V in 1 minute 52 seconds from 12:20 to 12:22 as shown in Fig. 8, and primary
EDLC voltage rose several times during trips. However, the voltage of primary EDLC hardly increased during
15 minutes interval in the Experimental phase. In this experiment, voltage raise of primary EDLC was not
expected, and clear advantage was not found from fixed and longer interval. However, interval of rapid charge
influences energy consumption per unit of time. In the Experimental phase, the interval of rapid charge was 15
minutes, and in average 70 C of electric charge was decreased in 15 minutes. In the Workshop phase, railcar
went trips for 6 times, and 631.31 C of electric charge was decreased from 11:17 to 11:31.
Number of passenger means load for the railcar, and influences energy consumption for one trip. Interval of
rapid charge influences energy consumption per unit of time. In the Workshop phase, the voltage of primary
EDLC and secondary EDLC continued decreasing since total amount of energy consumption was higher than
obtained electricity from solar panels. In the Experimental phase, the voltage of primary EDLC and secondary
EDLC did not decrease until 16:00 since total amount of energy consumption was equal or lower than obtained
electricity from solar panels. Low machining accuracy and inefficient electric circuit for equipment also
influence energy consumption for one trip. There is room for improvement on our handmade equipment, and
further result is expected in the future.

4. Conclusion
Two different types of experiment were carried out in one day to verify the effect of factors, number of
passenger and interval of rapid charge, on continue running for a long time. During the science workshop held
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in the morning of the day, two participants rode the railcar, and the railcar ran 6 to 12 times in 15 to 30 minutes.
The voltage of primary EDLC and secondary EDLC continued decreasing during the workshop. After the
workshop, an author rode the railcar alone every 15 minutes for four hours. The voltage of primary EDLC after
rapid charge was kept over 18 V until 16:17, and the voltage of secondary EDLC after rapid charge was kept
over 15 V until 16:33. 1 passenger brought lower decrease of electric charge, and low load caused low energy
consumption for one trip. Longer interval of rapid charge did not bring raise of the voltage of primary EDLC in
this experiment. However, it is confirmed that interval affects energy consumption per unit of time.
Improvement of handmade equipment also influences energy consumption for one trip, and better experimental
result with improvement is expected to realize the Solar Light Rail in the future.
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Abstract
The current climate and energy context makes that solar energy power generation is increasing quickly. It is
expected to drastically increase in the coming years in urban areas. This study subscribes to this context and
deals in particular with the relevance of using a conventional solar cadastre for capturing the information that
are useful for the planning and monitoring of solar energy production objectives achievement. Indeed, such
cadastres remain for now mainly incitement tools for the different concerned actors to invest in the solar energy
systems in urban cities. Hence, the idea of the presented work is to analyze the concept of solar cadastre as
both a planning tool and a monitoring tool for the cities and local collectivities. The particular case of the
photovoltaic large scale deployment is considered, in coherence with the national energetic transition goals.
The focus will be made on the cadastre of the Geneva Agglomeration, a French-Swiss cross border metropolis
for which massive solar deployment policies have been implemented. Some remarks and prospects will thus
conclude this study.
Key-words. Solar energy, Cadastre, Urban city, Photovoltaic deployment, Planning and Monitoring

1. Introduction
In the first decades of the 21st century, increasing concerns on environmental issues caused by anthropogenic
global warming have spurred a rethinking of both the generation and the consumption of energy, as well as the
management of local resources. In 2015, worldwide nations took commitments at the COP 21 in Paris to reduce
their Green-House Gas (GHG) emissions to limit the global warming. This will be achieved through
respectively, the reduction of the use of fossil energy, the reduction of the energy consumption and the increase
of the use of the renewable energies. As a consequence, it is expected that solar energy, which is abundant,
low carbon and renewable, and in particular for electricity, solar PhotoVoltaic (PV) panels will lead future
renewable electricity capacity growth in the next decade (International Agency of Energy, 2017). It follows
that many countries are developing a strategy at national scales to massively deploy solar energy, as it is the
case in France and Switzerland.
Because solar energy is distributed, its deployment is highly relying on the concerned region, namely its local
topology as well as its economic, environmental and political situations. Besides, there are two main ways to
increase solar production. The first way consists of installing solar farms in the countryside while the second
way consists of integrating solar energy systems on the existing infrastructures and buildings, namely the socalled Building Integrated Photovoltaic (BIPV) System. BIPV systems are more appealing in dense areas such
as Europe because solar farm deployment requires a lot of lands that could be used otherwise, for agriculture
or preservation of the biodiversity (Palmas et al., 2015).
In order to achieve a massive solar deployment in urban and semi-urban areas, it is necessary to integrate solar
systems on a great amount of buildings including façades (i.e. vertical surfaces). Because these buildings have
many different purposes (residential, tertiary, professional, etc.) and ownerships (public, private, rented
buildings etc.), it is crucial for all the different urban actors, the citizens, the businesses, the stakeholders, the
urban city planners or the local collectivities to be implied in this deployment.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
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In that context, solar maps or solar cadastres have been developed to provide these different actors information
about the local urban solar resource (Kanters et al., 2014). A solar map of a city illustrates information about
how much a piece of roof, a building, or a home experiences a certain amount of sunlight. The appellation of
“solar cadastre” may be more relevant for a solar map of a city which is coupled with the local land register
i.e. the local ownership of the house/building part. Such a cadastre takes the form of an open access Geographic
Information System (GIS) tool and is often managed by the local collectivity.
The number of solar cadastres have consequently increased in the last decade providing different levels of
detail about the urban solar potential in different cities (Freitas et al., 2015). In their great majority, solar
cadastres aim at providing user-friendly communication or incitement tools to help and prompt the different
urban actors developing solar energies. However, given the ambitious solar goals announced which will make
its share in the energetic mix growing from an actual marginal share to one of the main source of energy, it is
necessary to develop tools for the planning and monitoring of the corresponding action plan. Corollary, this
study proposes to assess the possibility for the solar cadastres to evolve from an incitement/informative tool to
a planning and monitoring tool for the local deployment of solar energy.
The Greater Geneva is following an energetic transition policy aiming at drastically increasing the share of
renewable energy production in the energy mix. To that aim local authority of the Greater Geneva plans to
massively increase the PV electricity production on their territory. It is in that context that the project G2Solaire
“Grand Genève Solaire” (Greater Geneva Solar) has been launched in 2019. This project aims at developing
an improved version of the actual solar cadastre which, obviously guides the deployment of PV or solar thermal
systems not only mapping solar radiation on roof but also allow to consider different range of time (week,
seasons...), consider different solar technologies of PV and Solar thermal, building integration configuration
and local climate, economical aspects including self-consumptions or grid connection costs. G2 Solar is also
developed in such a way that all the urban actors can use the cadastre and that it becomes a real urban planning
tool. The aim of this study is therefore to assess the relevance of the actual version of the cadastre to be used
for the planning and monitoring of the PV deployment in the Greater Geneva.
To achieve an efficient deployment of the solar production power, the first step will concern, as it is practiced
in conventional industrial continuous improvement approaches (Deming and Edwards, 1982) (Plan-DoCheck-Act), the identification and the planning of the intrinsic characteristics of the solar energy production.
The deployment does effectively allow energy transition goals to be achieved. The different point for which
the solar cadastre could be a support tool are the following:


To which extent is this goal achievable?



What are the available data? What data are missing?



How to achieve it without infringing on other environmental strategies?



How to help the local authorities in the planning of the solar deployment?

This paper will be organized as follows. First, the energetic context of the Geneva agglomeration will be
presented. Then the current version of the solar cadastre will be used in order to assess its relevance to provide
a strategy for the energy transition goals of the metropolis. Finally, the Plan-Do-Check-Act methodology will
be reviewed and the suitability of the current version of the cadastre to address each of these steps will be
shortly discussed.

2. Energetic context in the Geneva agglomeration
In 2018, in Switzerland and France, the PV power generation has represented respectively 3.6 % and 2.2 % of
the share of total electricity consumption of the country (PVPS, 2019). However, according to the French and
Swiss governments energy transition roadmaps, a massive deployment of solar PV is planned, leading to great
increase of the share of PV energy production in the final energy mix (Département fédéral de l’environnement,
des transports, de l’énergie et de la communication, 2018 ; Ministère de la transition écologique et solidaire,
2018).
At the local level, it is planned for the PV installed capacity to be multiplied by more than 10 times by 2035 in
the swiss part of the Great Geneva agglomeration, making the yearly generated PV energy grows from 35
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GWh to 380 GWh. This will make the share of local PV energy production growing from actual 1.2 % of the
electricity consumed in the Geneva canton to an expected 15 % of the electricity consumption. As a matter of
comparison, in 2018, the two countries with the highest PV share were Honduras and Germany for which the
PV electricity production represented respectively 14 % and 7.9 % of the total electricity consumption. This
deployment implies for a great amount of building surfaces of the Geneva agglomeration to be equipped with
PV systems.
2 countries, 2 legislations
2 French Departments, 2 Swiss Cantons
2000 km²
211 Towns/villages
Urban and Rural areas
900 000 inhabitants
480 000 housings
Mountainous terrain with elevations between 300-1700m
Tab. 1 Main characteristics of the Greater Geneva

It is in that context that the EU INTERREG French-Swiss “G2Solaire” project, has been launched (“SITG Lab
| Cadastre Solaire de Genève,” n.d.). The aim of this project is to develop an improved solar cadastre of the
Greater Geneva, in order to provide to local actors, from the citizens to the local authorities through energy
providers and urban planners, an efficient support tool for the integration of PV system on the territory.
The Greater Geneva is a cross-border mountainous area which the main characteristics are summarized in
Tab. 1. The improved cadastre to be developed will take the form of a collaborative platform with objectives
that are respectively related to:


the intensification of the use of solar energy;



the economic development of solar-related activities;



the energy transition goals in a context of urban densification.

In Fig. 1, an illustration of the solar cadastre (Desthieux et al., 2018) is presented.

Fig. 1 Illustration of the current cadastre in Greater Geneva available on the SITG (Système d’Information Geographique
de Genève) website

3. Current cadastre
3.1

Overview of the current situation

As it was mentioned earlier, a solar cadastre is available on the Geneva area. However, up to now it does not
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cover the entire Greater Geneva but is restrained to Geneva city and the District of Nyon which are colored in
orange in Fig. 2. As a first step, the present study will focus on these geographical areas for which data are
available, before extending to the whole agglomeration when the additional data will be available.
In its current version, the cadastre pieces of information that could be relevant for this study’s outputs are the
followings:
 The location of the roofs.
 The surfaces of the roofs.
 The monthly solar energy received by each roof.
 The PV production potential of each roof.
In the current cadastre, a minimum value of annual solar energy is set at 1000W/m2. As a consequence, all the
surfaces which receive less energy are disregarded because they are considered as not energetically and
economically viable. All these pieces of information are available in open access and can be obtained through
the solar cadastre website. Moreover, the current cadastre does not inform about the already equipped roof so
that in the present work, the roof which are already equipped with PV systems will be considered as well.
However, given that the part of the PV production is currently very low in the Geneva energy mix, it can be
neglected at first.
Once all this data is gathered the investment price corresponding to the installation of the PV system on each
of the considered is calculated. This investment price is calculated, as if the whole identified roof surface was
equipped, based on an averaged estimation. This estimation of the investment prices correspond to all-inclusive
prices for an integrated PV system, for which only minor necessary electrical modifications of the grid have

French market price 2019
(CHF/kWp)

4,5
4,0
3,5

power law interpolant curve

3,0
2,5

y = 3593.9x-0.231

2,0
1,5
1,0
0,5
0,0

1

Fig. 2 Map of the Greater Geneva . The purple
areas correspond to the French part and the
orange areas correspond to the Swiss parts

10
100
PV system power in kWp

1000

Fig. 3 PV system investment price as a function of the total power
installed, the red bar represents the uncertainty

been done and for which no reinforcement of the roof structure are required. It depends on the size of the PV
system installation which is directly proportional to the power installed in kWc. These prices are reported in
Fig. 3
In order to assert the economic viability of the PV system, an economic indicator is defined. There are different
types of economic indicators that are proposed. The Economic Profitability (EP) is calculated on the basis of
the ratio between the investment price and the yearly produced energy in MegaWatt hour (MWh).
Note that from the final user point of view, this indicator is not the most relevant and the Return On Investment
(ROI) will be preferred. Indeed, the ROI highly depends on the local policy, and the subsidies (which
corresponds to a certain percentage of the investment price in Switzerland and feed-in tariffs in France for
example). However, as mentioned in the introduction, the present work aims at developing a tool that can be

2400

M. Thebault ISES SWC2019 / SHC2019 Conference Proceedings (2019)

used by local authorities for the planning and monitoring of the PV system deployment. It should consequently
provide an overview of the economic situation without any subsidies, and in a second step subsidies policies
could be decided from this overview.
The overview of the PV deployment potential is presented in Fig. 4. On this figure the roofs are ranked
according to their EP value, indicated on the left vertical axis, which range here from 1100 CHF/MWh (CHF
being the Switzerland money) to slightly more than 10000 CHF/MWh. On the horizontal axis is reported the
cumulative capacity of the PV systems. For example, 40% on the horizontal axis corresponds to the percentage
of the total Geneva PV production capacity if all the system with an EP below approximately 3100 CHF/MHh.
The scale for the yellow curve is on the right hand side. It corresponds of the cumulative investment of the PV
systems. Finally, the red dots correspond to the surface of the considered surface. The surface in m² can be
read on the same scale as this for the EP, on the left hand side.

Fig. 4 Overview of the Geneva PV situation

According to the data extracted from the solar cadastre, the maximum PV capacity corresponds to a yearly
production of 840 GWh. This is calculated considering the monocrystalline technology which efficiency is
around 15 %. However, the cadastre has a threshold as it disregards any surface which received less than
1000 W/m², in addition only the roofs are considered and the vertical surface are therefore excluded. As a
consequence, 840 GWh does not represent the total potential of PV energy production of Geneva but it
represents the full capacity of the roofs which have been considered as suitable in the current version of the
cadastre. As could be expected, because of the investment prices which are more interesting for bigger surfaces,
the most economically profitable roofs also correspond to the bigger surfaces.
Considering now the Geneva objectives in 2035 to produces 380 GWh of PV energy, this corresponds to 45 %
of the capacity of the roofs considered as suitable to be equipped. This is plotted in Fig. 4 by a vertical line. It
could be noted that a very great part of the most EP roofs that would need to be equipped to reach Geneva PV
objective have an area between 100 m² and 1000 m². However, it may occur for many of these roofs not to be
suitable to host PV equipment, either because they are heritage buildings or because the structure of the
building needs to be reinforced. Moreover, in longer term objectives, it is highly likely for the Geneva area to
plan to reach higher goal regarding the PV penetration in the energy mix. For all these reasons, it appears that
it is necessary to allow the cadastre considering lower solar irradiation level per m², incuding building façades.
Considering now the PV system price of 2019, the Geneva PV objective would correspond to a total investment
of 650 MCHF. As a matter of comparison the total investment of the Geneva city in public policies was of 785
MCHF in 2019 with 12 MCHF being devoted to environment and energy policies.
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Fig. 5 PV deployment roadmaps to achieve Geneva energetic objectives.

In that context it appears that it is almost impossible for the city to support the investment for the PV
deployment. For this reason, the implication of all the different potential contributors, from the citizen to the
business is needed. However, even in that case, the investment remains huge and must be planned over several
years as it was done in Geneva.

3.2

Yearly planning of the PV deployment according to the current cadastre

The council of the state of Geneva have settled an objective to reach an annual production of 380 GWh by
2035. No detailed precisions are proposed regarding the annual goals and therefore, two approaches are
considered here. The first consists in considering a linear deployment of PV systems in which the PV energy
production is increased of 24 GWh each year until 2035. The second planning strategy consists in considering
an exponential deployment. These two strategies are plotted in Fig. 5.
It is very likely for the price of energy and even more this of PV energy to drastically evolve in current years
as it has been the case in precedent years (Ray, 2018). Some specialized institute forecast for the prices of PV
energy to be divided by approximately 2 by 2035 (Kost et al., 2018). Considering this evolution, the prices
forecasted for PV systems is calculated each year until 2035. It follows that the yearly investments in order to

Fig. 6 Yearly investment following different PV deployment plan and different prices evolution. Lin. and Exp. refer to the
linear and exponential approaches described above. Const. mean that a constant price is considered and Forecast means that
the price evolution is considered

follow the deployment roadmap of Fig. 5 can be obtained and are displayed in
By considering the forecast of the PV price evolutions, the cumulative investment in 2035 for the linear and
the exponential approach are respectively 450 MCHF and 380 MCHF. This represents a total investment
significantly lower to those with fixed price.
It becomes therefore possible to provide a yearly plan for the PV deployment in the Geneva city based on the
current cadastre.
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4. Evolution of the cadastre toward a planning and monitoring tool
4.1

Alternative planning through multi-objective optimization and multi-criteria analysis

As it can be seen in Fig. 4, for the same EP, the surface of the roofs can widely vary from few hundreds of m²
up to tens of thousands of m². Given that the investment prices largely decrease with the size of the installation,
this implies that very large roof may have a very good EP only because of their large size, but are not the most
efficient regarding energy production. This aspect becomes crucial when considering that the integration of
PV systems should not infringe with other environmental policies, such as the vegetalization of the roofs in
order to reduce urban heat island effect (Santamouris, 2014) or with urban comfort such as access to
daylighting (Naboni et al., 2019). To that aim another performance indicator can be defined, this time based
on the most productive surfaces.
As it can be seen in Fig. 7, by considering PV system prices of 2019, an investment of 900 MCHF would be
necessary to reach the Geneva 2035 objectives. This represents an investment almost 40% greater than this
considering optimal EP defined above.

Fig. 7 Geneva energy efficiency of the roofs

Different performance indicator can lead to different planning for the PV deployment. However, despite
economic and environmental viability of the PV systems are key criteria in order to decide where they should
be implemented, it appears that in urban environment more criteria must be considered in relation with other
aspect, such as social or more technical criteria (Thebault et al., 2019). It then appears that taking into account
as many decision criteria as possible should be investigated to provide more accurate planning strategy.
However, in order to guide public policies or the solar deployment strategies, the relative weights of these
criteria must be quantified, which is a complex task.
One must note that recently economical work have been undertaken aiming at taking into account the cost of
the variability and intermittency of the PV production into the economic forecast models (see e.g. (Pommeret
and Schubert, 2019). Indeed, today in Geneva the PV share of the electricity production is very low and until
the PV production additionally to the other intermittent energy production sources reaches a certain share (for
which no clear limit has been identified yet, but roughly from 10-30% of the share (PVPS, 2019), almost no
additional storage capacity would be required. However, at one-point additional storage systems will be
necessary which will make investment cost increases drastically. This aspect should be considered with many
care and integrated in planning strategies as soon as possible.

4.2 Towards a monitoring tool
Now in order to have a monitoring tool, other aspects must be considered. In that sense the Plan-Do-CheckAct methodology (Deming and Edwards, 1982) will be followed.


“Plan” - It appears that despite the improvement and evolution discussed above in section 4.1, the
solar cadastre happens to be a relevant tool in order to provide a plan of the PV deployment in the
Geneva city for the PV energy production goals of Geneva. Different plans can be obtained depending
on the indicator considered.



“Do” – The solar cadastre is a visualization tools and consequently has no executive feature. However,
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it is a relevant tool in order to identify the areas or building that are the most relevant in order to
integrate solar system. Therefore, the cadastre can provides decisional support for energetic strategy
development at the city scale. For example, based on the EP criteria illustrated in Fig. 4, it could be
suggested to facilitate the integration of PV systems on large surfaces through incitement policies.


“Check” As mentioned above, the current version of the cadastre does not inform about which roofs
are equipped with PV systems and which are not. However, this information about is already partially
done from the local grid manager (SIG in Switzerland). Indeed, SIG must know how much of PV
energy is injected into the grid and where the system is located. However, this information remains
confidential. Moreover, it is not possible to know precisely how much of a roof surface is occupied
and how much is still available. Given that the Geneva PV deployment objectives imply for 45 % of
the buildings to be equipped, it appears crucial for the solar cadastre to include the information about
which roofs are already equipped in order to check to which extent the yearly objective have been
achieved.



“Act” The Deming approach is based on a continuous improvement approaches. However, as long as
no information is provided about which roofs are equipped or not, then it became not possible to act
and adjust the plan based on the previous achievement.
5. Conclusion

This work presents a case study of the use of the solar Cadastre of the Greater Geneva as a planning and
monitoring tool. It appears that the current cadastre can provide a relevant tool to define a plan for the solar
PV energy deployment, based on the Geneva energetic transition strategy. However, the planning strategy
should not only take into consideration the economic criterion as it is also crucial to pay heed to energetic,
social or environmental contexts. These layers of information must be integrated in the next version of the
solar cadastre in order to provide more adequate planning strategies for the Greater Geneva. Moreover,
additional information such as the roofs which are already equipped with PV systems should also be taken into
account in order to be able to make the solar cadastre evolve from a planning tool to a monitoring tool for the
achievement of solar PV integration goals.
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Abstract
Access to information through libraries or the Internet is a privilege that not everyone has, especially in rural
areas where, due to its dispersion, it is unlikely that they will access electricity networks or telecommunications
infrastructure. In Peru, according to the world bank, 24.6% of the rural population still has no electricity.
The implementation of a physical library is not very viable due to high economic and logistic costs, this work
proposes the use of photovoltaic energy to power a data server (Lachal, 2018) "Solar Library" that contains
abundant information in book format, audios, videos, simulators and more; which users can access via mobile
devices wirelessly without installing any additional programs or applications. The system also allows you to
charge the battery of these mobile devices through the solar charger
Keywords: solar library, solar charger, photovoltaic energy,

1. Introduction
Electricity is one of the modern wonders. Unfortunately, it still does not reach all people, especially in rural
areas (Nicéforo, 2019), where coverage is lower, this generates delays in many aspects, one of which is access
to information (Carlos,2017), it is enough to connect to the internet and look for it, but that cannot be done
where there is no internet or access to electricity (Sergio,2015).
The first thing that has to be addressed is the lack of electricity, then we could build telecommunications
infrastructure (Carlos,2017) that provides information to these areas where there is no access to the internet,
this work presents a proposal to help solve this problem.

2. Methodology
The present work was developed following the following parameters see figure 1, the system consists of a
photovoltaic solar panel that captures solar energy and transforms it into electrical energy that serves to power
a content server (Server library) that stores the information (information, data, music, videos, simulators and
more), and the remaining energy is stored in the battery or used directly to charge electronic devices.
The Server Library allows the user to browse content as if it were the Internet, but in fact access to the contents
previously loaded in the system, also if he wanted to, the user can create content and leave it on the server so
that another user can make use of it allowing to generate and share more information, the user can create,
upload and save data, music, videos and more.
It is an interactive server that not only saves information but also allows you to interact with its contents by
making learning more entertaining.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
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Photovoltaic
Panel

Solar Charge
Controller

Battery

battery charger port for
mobile devices

Server Library

Wireless access point

Mobile devices
Fig. 1: General system structure

2.1. Photovoltaic panel and Solar charge controller
The photovoltaic system consists of a 200W polycrystalline photovoltaic panel connected to a pulse width
modulation that manages the energy received from the panel and is responsible for charging the battery or
consuming the battery according to the need for energy; This energy is delivered to server library and the
charging circuit that is responsible for charging mobile devices
2.2. Energy Storage
The energy storage system consists of a 12v 50 Amp battery that allows you to have autonomy to the system
for up to 36 hours.
2.3. Server Library hardware
It is the electronic device that stores all the information and supports the web server, it has very low power
consumption and small size, in addition to its maintenance it is simple since it does not carry fans, another
feature is that it can work directly with the direct current not which allows you to do without a DC to AC
converter, the characteristics that we can specify in table 1.
Tab. 1: Especificaciones técnicas del hardware del servidor

Specifications
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CPU

Intel Atom Cherry Trail x5-Z8300 @
1.44 GHz

# of Cores

4

# of Threads

4

Lithography

14 nm

Cache

2 MB

RAM

DDR3L 2GB

Connections

3 x USB 2.0 - 1 x USB 3.0 microSD,
HDMI, VGA, Conector mini jack
stereo, RJ45

Max power consumption

15 W
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2.4. Wireless access point
It is the electronic device that allows access to the server wirelessly, being able to attend simultaneously more
than 30 users at the same time; It has a very low power consumption 3.5W at most per hour, and works in
direct current, connects to the RJ45 port server, for more technical characteristics see table 2.
Tab. 2: Technical specifications of the server hardware

Specifications
Product code

RB941-2nD-TC

CPU

QCA9533

CPU core count

1

CPU nominal frequency

650 MHz

License level

4

Operating System

RouterOS

Size of RAM

32 MB

Storage size

16 MB

Storage type

FLASH

Tested ambient
temperature

-20°C to 70°C

Max power consumption

3.5 W

Wireless 2.4 GHz
standards

802.11b/g/n

Wi-Fi generation

4

Wireless 2.4 GHz Max
data rate

300 Mbit/s

10/100 Ethernet ports

4

2.5. Server Library software
The content used on this server is free to use, both software and information. We must point out that there are
currently many communities around the world that develop free software and content, these communities are
on the rise, Wikipedia is one of the best known examples, they are dedicated to consolidate information and
facilitate its access; Ubuntu 18.04.2 (Ubuntu, 2018)was used in this project as an operating system, Vesta as
a web server, the Kolibri learning suite (kolibri, 2018) that works with the content of Kan Academic see figure
2, Jellyfin multimedia server (ellyfin, 2018) that allows to share visual audio content see figure 3, Kiwix
(kiwix, 2018) was also used that allows access to Wikipedia without an Internet connection see figure 4.
All this is a sign that there is a great effort to facilitate access to information in areas where there is no internet,
and we want to take these efforts to areas where there is no internet or electricity.
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Fig. 2: Kolibri learning suite

Fig. 3: Jellyfin multimedia server

Fig. 4: Kiwix

2.6. Usability
To use the Solar library, just have any electronic device that has Wi-Fi and a web browser, it could be a tablet,
cell phone, laptop, etc.
No additional software or application is required, just connect to the server and start enjoying the content.
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3. Results
3.1. Modulo solar library
The construction process of the Solar Library is as follows see figure 5, there we can see that the system consists
of a hexagonal wooden bench with a central axis surrounded by a circular table, with access to 4 charging ports
of battery of mobile devices, above is a box where the charge controller, the content server, the access point
and the energy storage are located; higher up as a roof we have a rectangle that serves as an umbrella and in
turn contains the photovoltaic solar panel.

Fig. 5: Modulo solar library

3.2. Energy performance
The system has been tested for several months, although the harvest of solar energy through the solar panel is
fluctuating with a maximum of 1276W per day, a minimum of 541W per day and an average of 971W per
day; the energy consumption by the server and access point has been relatively constant, with a maximum of
361W per day, a minimum of 323W and an average of 342W per day; See figure 6.
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Fig. 6: Energy performance of Solar Library

4. Conclusions.
The Solar Library uses photovoltaic solar energy to operate, the 200W module that has enough energy to
operate, in addition to the surplus it produces, allows you to charge cell phones and tablets from the Library
users, this module has data content, videos, music, simulators and more free license, also allows users to feed
the library by adding more motivating content to increase the community, the module also has a seating system
that allows the user to stay for long periods.
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Abstract
In this work, a detailed analysis is performed on failure/degradation modes identified in 95 solar photovoltaic
modules located in small-scale domestic PV power plants operating in the Atacama Desert, Chile. The data
used was collected in a previous work via visual inspection, thermal imaging and electrical characterization of
the I-V curve. Additionally, in-field data is complemented with the global trends identified in the sample
universe, together with a theoretical analysis about the possible failure/degradation mechanisms involved. As
a result, eight different anomalies were identified and described: soiling, hotspots, delamination, front cover
glass discoloration, partial shading, cell fracture, faulty soldering and PID. The most common anomalies were
soiling and hotspots, being the highest cell temperature around 100°C. With this information, possible
failure/degradation mechanisms were inferred, as well as the influence of the local environment on module
components, which may be involved in degradation and the occurrence of failures. This work constitutes a
first effort to characterize small-scale domestic PV solutions in extreme Chilean desert conditions.
Keywords: PV modules, failure/degradation modes and mechanisms.

1. Introduction
Technological improvements in solar photovoltaic (SPV) devices require the analysis of their actual in-field
performance during complete lifetime. In the present time, manufacturers and researchers evaluate the behavior
of SPV modules under different climatic conditions and external stress by means of accelerated tests (AT) (Sai
Tatapudi, 2018). However, these AT techniques involve applying external stress variables (UV radiation,
soiling, humidity, thermal cycles, damp heat exposure, etc.) in levels higher than they occur under normal
operating conditions to induce failure/degradation modes quickly (Eder, et al., 2018). Although this can be
effective to determine whether a failure/degradation mode can occur to the SPV module under certain external
conditions, information related to the time of exposure until the equipment fail may be less reliable
(Subramaniyan, et al., 2018). In this scenario, in-field gathered information regarding to real time operation of
modules can help to complement AT results and even contribute to improve testing techniques (Felder, et al.,
2015). An important issue is that, obviously, SPV modules manufacturers are located in specific climatic
conditions, thus, information of in-field modules from other locations can be difficult or impossible to acquire.
In this work, data from 95 in-field modules operating in the Atacama Desert (northern zone of Chile) were
analyzed, to identify failures and degradation modes shown by small-scale SPV power plants subjected to the
dry-arid climatic conditions, characteristic of this location. The main interest in this region is due to the high
irradiation conditions (both GHI and DNI) and clear skies through the year, which can ensure a constant and
efficient solar electricity production and supply (Rondanelli, et al., 2015). With this in mind, and combined
with the well settled hydraulic generation coming from the southern regions of the country, the Chilean
government has set into the country energy strategy the goal of 70% of electricity generation from renewable
sources by 2050 (Energía, 2014). Additionally, recent R&D&I initiatives have proposed the local development
of SPV modules specifically adapted to Atacama Desert climate (Ferrada, et al., 2015). However, the high
availability of solar resource includes both UV-A and UV-B radiation, which have been found to be detrimental
to SPV modules performance in the long term (Trang, et al., 2016). However, degradation of modules over
time occurs as a consequence of many external and internal features (manufacturing processes, material
quality, installation procedures, transport and storage, among others) interacting together and causing
subsequent degradation or even failure. In (Jordan, et al., 2017), degradation rates of electrical parameters
(short circuit current, open circuit voltage, maximum power point) of SPV modules around the world show
that the highest degradation occurs for modules located in hot and humid places, while in hot and dry climate
the degradation is less pronounced.
In the previous research (Devoto, 2018), the modules analyzed in this work were systematically surveyed by
means of an IDCTool (Inspection Data Collection Tool) developed and tested for the desert climatic conditions
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of the Atacama Desert. The degradation rates, calculated in the previous work, show results in accordance with
worldwide research (Angèle, et al., 2016). Higher drops in short circuit current (Isc) than in open circuit voltages
(Voc) determine the total Pmpp degradation rates, which is probably related to the predominant presence of
soiling phenomena, characteristic of dusty environments as deserts.
Regarding to visual degradation and failures, a literature review reports that the most common anomalies in
desert climates are encapsulant discoloration and backsheet insulation loss. Most failures affect modules after
ten years of operation (Jordan, et al., 2017), in particular for modules deployed prior 2000. Other anomalies
like internal circuitry (IC) discoloration/failure, delamination, backsheet insulation loss and hotspots are also
documented but to a lesser extent (Jordan, et al., 2017). Moreover, data show that while modules deployed
post 2000 show notably less failures (in %) than those deployed prior 2000, the number of affected modules is
not excessively lower. Again, for desert climate the failures occurrence is notably less than for hot and humid
conditions, and even moderate climate conditions. The results reported in the previous work show that, apart
from soiling, modules operating in the dry and arid Atacama Desert appear to be affected by hotspots, localized
EVA encapsulant delamination, front glass discoloration, among others (Devoto, 2018). As any other desert
location, soiling is the most common environmental issue that visually affects panels. Soiling produces
different effects as abrasion, optical efficiency and energy yield losses or temperature differences across the
module’s surfaces, which contributes to accelerated degradation over time. As found in (Douglas, et al., 2017),
the particles size that affect soiled modules is less than 63 µm diameter for modules installed in Atacama
Desert. Particle size and elemental composition are influenced by natural environmental conditions but also
by mining, agricultural facilities or cities nearby. Particles size can have different residence times over modules
surfaces (Mazumder, et al., Photovoltaic Specialist Conference (PVSC)), ranging from hours (for coarse grains
>3 µm diameter) to days or weeks for smaller particles. Their elemental composition may play a role in optical
degradation of modules component materials through corrosion or weathering phenomena (Guiheneuf, et al.,
2016), which (despite extreme aridity) is also observed in Atacama Desert PV rural power plants. The problems
derived by soiling deposition can be highlighted for small-scale domestic or rural PV power plants, because
they normally lack cleaning protocols and schedules. Additionally, the scarcity of water in the Atacama Desert
carries higher cleaning costs that can be difficult to assume for small PV owners, who may prioritize water
usage for agricultural purposes. In one hand, data recorded from this kind of installation allow to derive
conclusions considering raw environmental (or human induced) conditions. On the other hand, information
about installation conditions and periodicity of cleaning (or even whether the modules have been cleaned or
not since their deployment) are important to evaluate possible causes of defects in SPV modules, which induce
accelerated degradation or failures, and for this study this is not very clear.
This paper is organized as follows: In Section 2, methodology for the analysis is briefly explained, together
with the description of the equipment and tools used. Furthermore, general features of the analyzed region and
modules and criteria to detect and evaluate failure/degradation modes are presented. In Section 3, results are
shown together with discussion of the possible failure/degradation mechanisms involved in the modes
described. Finally, conclusions of this work are given in Section 4.

Fig. 1: Locations of 95 SPV modules evaluated in different zones of the Atacama Desert (a) coast, (b) city, (c) inner valley.

2. Methodology
For the analysis performed in this research, information about visual, electrical and thermal variables of SPV
modules was used. Visual evaluation of modules was performed using a survey developed in the previous work
by the authors (Devoto, 2018), thermal behavior was recorded using the IRT camera Flir One Pro. The images
were filtered using MATLAB for better resolution. Electrical parameters (short circuit current Isc, open circuit
voltage Voc and maximum power Pmpp) were recorded using an IV tracer from Seaward (PV210). The 95 evaluated SPV modules are located in four different zones of the Atacama Desert, which are shown in Figure 1:
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Zone A (coast), zone B (city), zone C (inner valley) and zone D (inner coast). These zones are characterized
by different environmental factors such as humidity coming from seashore, pollutants from the city, or higher
presence of sand dust. The evaluation of three different parameters was performed using known behavior of
electrical parameters and thermal patterns found in literature (Köntges, et al., 2014). Such behavior was related
(when possible) with visual anomalies derived from visual inspection. The analysis is complemented with
statistical treatment of the data, in order to identify trends of occurrence for failures/degradation, mainly for
hotspots and soiled modules (the most extended anomalies in the sample universe). However, the small size of
the sample does not assure statistical validity of the results. Additionally, general guidelines about the
degradation/failure mechanisms are done, considering the analysis from a purely (theoretical) physical point
of view. General data about the inspected modules is shown in Table 1.
Tab. 1: General information about investigated PV modules.
Manufacturer

BP Solar
Luxor
SolarWorld
Risen Energy
ET Towards
Excellence
JA Solar
SUNEL
Hangwha Solar
Siemens

Si Technology

Deployment year

Number of modules

% of total sample

Location

Multi-Si
Multi-Si
Multi-Si
Multi-Si

2011
2012, 2013
2013, 2015, 2016

1
6
30
24

1.05
6.32
31.58
25.26

6
7
2, 10-14
1, 8

Multi-Si
Multi-Si
Multi-Si
Multi-Si
Mono-Si

2015
2015
2012, 2016
2012, 2015
2005

12
3
9
4
6

12.63
3.16
9.47
4.21
6.32

3, 4
7
9, 14
1
5, 15

From all the variety of failure/degradation modes that can be found in operating PV modules, attention was
focused primarily in 14 anomalies detected in (Devoto, 2018). From these, additional selection was done
considering those anomalies that could be analyzed using simultaneously at least two of the three types of
inspected parameters (visual, thermal or electrical). With these criteria, eight different anomalies were
analyzed: soiling, hotspots, delamination of EVA encapsulant, front glass milky discoloration, partial shading,
cell fracture, faulty soldering and potential induced degradation (PID). A summary of the main features that
allow to identify the anomalies is shown in Table 2, based in (Köntges, et al., 2014) and (Buerhop, et al., 2012).
Tab. 2: Identification of eight selected anomalies
Failure/degradation mode

Soiling

Visual features

Visible layer of dust

Hotspots

-

Electrical parameters

Thermal pattern

Reduction of Isc or also
reduction in Voc for severe
soiling

-

Change in slope of the I-V
characteristics near Voc
(flattening)

• Abnormal heating of one
or more cells within a
module, varying severity.
• Abnormal temperature
distribution within cell

Delamination of EVA

Loss of adhesion of EVA
layers, localized or extended
(bubble-like appearance)

-

Uneven temperature
distribution in affected areas

Discoloration of front cover
glass

Whitish appearance of front
cover glass (localized or
generalized)

-

Uneven temperature
distribution in affected areas

Partial shading

Visible shadow projected by
external object or localized
drop

-

Uneven temperature
distribution across shaded
cells/modules

Cell fracture
Faulty soldering
Potential induced
degradation (PID)

Burn marks

-

Current mismatch

Uneven temperature
distribution

Increased series resistance

Uneven temperature
distribution

• Reduction in Voc
• Rounding of the I-V
curve knee

Lower cells warmer, close to
frame

Although soiling is not a failure/degradation mode by itself, but a trigger of them or at least can be related to
the appearance of anomalies, in this work is treated the same way as intrinsic failure/degradation of module
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components. The analysis of soiling in (Devoto, 2018), differentiates the thickness of soiling layers. However,
detailed inspection of features like distribution of soiling over the modules surface, intensity or deposition
patterns was done additionally in this work. Furthermore, relationships between the presence of soiling layers
and degradation of electrical parameters or thermal anomalies were also searched. Notice that all the analysis
performed remains in a purely qualitatively plane, considering both the lack of well-defined standards to
evaluate soiling rigorously (Menoufi, 2017) and the amount and detail of information available for this study.
Also, well-defined definition of which amount of heating is considered as hotspot is not given. However, in
this study, temperature differences of at least 10°C with respect to the module average temperature are
considered as thermal anomalies. Since, both temperature differences between cells and within cells induce
thermal stress in PV modules and can give rise to degradation and future failures, the two anomalies are
considered as hotspots.

3. Results and Discussion
3.1. Soiling
Soiling was the most extended issue affecting the total sample universe. 89.5% of the inspected modules show
soiling (either strong or light). Raw data show that, in accordance with literature, soiling layers contribute to
reductions of the short circuit current more than open circuit voltage (which is affected mostly by temperature).
However, these reductions can be significant as the thickness of the soiling layers increase. As the maximum
power point depends directly on Isc and Voc, the power output of the module can be severely affected.

Fig. 2: Effects of degrees of soiling (light or heavy) on the maximum power point.

Moreover, depending on the distribution of soiling layers, additional thermal stress can be induced. From
lightly soiled modules, it was found that 85% of them show I sc reduction of less than 10% from the nominal
value, while all of them show a reduction less than 20% from the nominal value. On the other hand, 80% of
heavily soiled modules show Isc drops up to 20%. However, 15% show Isc drops higher than 40% from nominal
value. Regarding to Voc, both lightly and heavily soiled modules show drops less than 10% from the nominal
value (except in two cases, for which higher Voc drops can be attributable to other causes). The effect of the
reductions of Isc and Voc on Pmpp is graphically shown in Figure 2, where Pmpp drop trends are dominated by Isc
rather than Voc. As it will be seen later, heavily soiled modules show more varied Pmpp drops given that severity
of soiling layers is more varied for heavily soiled modules than for lightly soiled modules.
For the case of heavily soiled modules, a detailed inspection of visual images shows that, apart from general
information about the relationship of soiling with electrical parameters reduction, soiling deposition patterns
can be distinguished according to the location of affected modules. As shown in Figure 3, for the four zones
considered (see Figure 1), it was found that modules located near the seashore and outside the city (zone A
and D) show a groove deposition pattern (type I), possibly related to humidity and wind (a). Inside the city,
modules located near the seashore show inhomogeneous distribution of soiling layers (type II), attributable to
the presence of pollutants from vehicles, industry or other activities inside the city (b). On the inner valley (c)
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and (d), modules show a uniform distribution of soiling layers across the surface. Also, there was found a set
of 6 modules with a particularly dense dust layer deposited on them, phenomena that was also reflected in the
I-V measurements. For this reason, ‘moderately’ heavy soiled modules and ‘extremely’ heavy soiled modules
are classified as type III and type IV respectively, considering that the difference between these two types is
only the thickness of the soiling layer.

Figure 3: Different deposition patterns shown by heavily soiled modules according to their location: (a) coast, (b) coastal zone
inside city and (c), (d) inner valley.

According to the classification of soiling by means of modules location, it was found that, in general, modules
tend to show even temperature profiles (despite individual variations) with hotter cells at the bottom or centre
of modules. Thermal images of modules according to their soiling type are shown in Figure 4 and the average
operating temperature of modules belonging to each soiling type are shown in Table 3. As shown, average
operating temperatures range from 37.9 to 47.9°C, despite individual cell temperature variations which will be
detailed in next subsections.
Regarding to electrical measurements, deviations of Voc, Isc and Pmpp from their nominal values were calculated,
given that all modules were operating for at least 2 years. As shown in Table 3, where the negative sign
indicates reduction from nominal value, the most affected parameter of the I-V curve is the short circuit current,
which ranges from 10 to 55% drop. On the other hand, voltage is also affected in a range between 3.5 to 4.7%.
Both reductions, in Voc and Isc, contribute to Pmpp drops up to 63%.
Tab. 3: Average temperature [°C] and electrical parameters deviations [%] w/r to nominal values according to soiling types.
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Average temperature [°C]

Electrical parameters deviation [%]
Voc
Isc
Pmpp

Zone

Soiling pattern

Coast

I

37.9

-3.7

-15.1

-18.5

Coastal city

II

38.4

-4.7

-10.1

-14.2

Inner valley

III

47.9

-3.5

-36.5

-19.1

IV

42.5

-4.7

-55.3

-63.2
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Figure 4: Thermal patterns of heavily soiled modules according to their soiling type: (a) coast, (b) coastal zone inside city and
(c), (d) inner valley.

A special case was found in the inner valley with a soiling pattern type IV. Due to the extremely thick layer of
soiling affecting those modules (see Figure 4d), their I-V characteristics show a severe decrease of both Isc and
Voc parameters. In these 6 cases, two electrical measurements were performed: the first one with the module
severely soiled and after the module was cleaned. First, it was observed that the short circuit current, which
reductions ranged from 53.2 to 61.6% improved to a range between 2.8 to 12.9% with respect to the nominal
value, therefore, losses due to this parameter were mainly due to the soiling layers. Voltage reductions were
not as severe as in the case of the current, improvements for the open circuit voltage changed from 3.8 - 5.5%
to 0.2 - 1.7%. On the other hand, temperature profiles show that module average temperatures were lower for
the modules when they were dirty than after cleaned. Given that dirty modules generate a lot less current, then,
thermalization losses also decrease, which explain why dirty modules are cooler. Temperature rising was
between 2°C and 7°C after cleaning. Additionally, it was observed that in all modules the presence of strong
hotspots (cells with temperatures higher than 20°C than the module average temperature) varied significantly
from dirty to clean state. As shown in Figure 5, both, the plant shadow and the soiling layer, contribute to the
reduction of electrical output, which is partially recovered after the module is cleaned. However, the hot cells
shown in the dirty state are not the same than those in the clean state. Also, in the dirty case, the two hotspots
are no hotter than 70°C, while in the clean case the hot cell at the corner reaches 99°C. A possible reason for
this can be explained with the bypass diodes. In the dirty case the partially shaded string may be bypassed and
after the cleaning and removal of the plant, the second string is bypassed (the cell in the 3rd string remains
around 70°C). So it is probable that severe shunts remain covered by other external anomalies that cause
activation of bypass. A similar behavior (electrical and thermal) was observed in the other 5 modules.
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Figure 5: I-V/P-V characteristics, visual and thermal images of a module (a) heavily soiled and partially shaded, (b) after
cleaning and cleared.

For lightly soiled modules, no specific soiling patterns were found, but those were mainly found in the city
(zone B), inner valley (zone C) and inner coast (zone D). For those modules, given that fine layers of dust are
not necessarily related to severe degradation or failures, no thermal pattern nor specific IV curve shapes were
detected. However, in this case, reduction in the short circuit current was also observed but less severe than
those of heavily soiled modules.
Being the most extended issue found in the analysed sample, soiling is also the easiest to revert, by simply
cleaning the modules. In desert areas, a well-planned cleaning protocol can be a key to avoid further problems
with PV modules. However, specialized training for small/domestic owners who may not be familiar to PV
plants operation may assure a correct exploitation of them.

3.2. Hotspots
The analysis of hotspots regards to the analysis of thermal images, evaluating temperature variations detected
from IR spectra measurements. As detection of hotspots is made by means of IR thermography and no direct
correspondence with visual inspection or electrical measurements can be made in general (given the presence
of multiple failure/degradation modes in each module), so underlaying mechanisms are difficult to establish
with the available data. Despite de reason of heating (cell fracture, shading, short circuit, reverse bias operation,
etc.) the cell temperature is determined also by the cell quality, which can be quantified by means of shunt
resistance. However, this information is not provided by manufacturers, and is very difficult to measure in a
fielded module.
Hotspots were found to be a very common issue affecting the evaluated modules, with almost 80% of them
showing thermal anomalies between 10-20 °C and 56% above 20 °C with respect to the average operating
temperature of modules. Most modules show multiple hotspots, in some cases following known thermal
patterns (short circuited module, potential induced degradation, etc.). However, other thermal anomalies show
correspondence with visual defects such as milky discoloration of the front glass and the presence of drops or
shading. Also, a pair of modules show thermal patterns attributable to cracks and defective soldering, but to
ascertain this diagnosis a more detailed visual inspection (or the use of additional tools like microscope or
electroluminescence imaging) is needed. From the total sample universe, more than 50% of modules were
operating with light hotspots, while in zones A and C more than 50% of modules were operating with strong
hotspots.
However, further than the hotspot phenomenon itself, it was interesting to investigate the occurrence of this
issue with respect to the module’s manufacturer, deployment date and operating zone. For the analysis,
hotspots temperature rising with respect to the average operating temperature were divided in five intervals:
[10 – 20), [20 – 30), [30 – 40) and >50°C, named as Ii with i=1,…,5 respectively. Results are shown in Figure
6, where the % of modules (a-c-e) and the number of affected cells (b-d-f) with hotspots are plotted with respect
to manufacturer (a-b), years of exposure (c-d) and operating zone (e-f). The number of affected modules is
shown above the bars in each graphic.
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Figure 6: Hotspots occurrence divided in five temperature intervals, according to manufacturer, years of exposure and
operating zone.

With a fast overview, it can be seen in a-b that only modules manufactured by SolarWorld show temperature
differences above 50°C, with 17% of affected modules (5) and 7 affected cells. As shown in e-f, all these
modules are in zone C, while the next higher temperature interval I 4 corresponds to modules of inner zones
(coast and valley). Again, the higher number of hot cells correspond to those of zone C (SolarWorld), which
indicates that the most severe heated cells are concentrated in a small number of modules, which also occur in
zone B within the I2 interval. The inverse situation occurs in zones A and D, where the total number of hot
cells within the interval I1 is distributed in (almost) all the modules of these zones. Within I3, again SolarWorld
shows the highest number of affected modules followed by Risen, but with only a few number of affected
cells. The less affected modules were Siemens, Hangwha and Luxor, both in number of modules (6, 5, 6
respectively) and severity (no higher than I3).
The highest cell temperature was 99°C, found in a SolarWorld module operating in zone C. Although this is
not considered an extreme temperature (EVA encapsulant melts at temperatures higher than 150°C), cells
operating under such thermal stress is not recommended, because other failure/degradation modes can be
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induced/accelerated due to the large difference in thermal expansion coefficients between the semiconductor
and metal components (He, et al., 2016). However, the small size of the sample universe does not assure
statistical validity to this analysis.

3.3. Discoloration of front cover glass
Milky discoloration of the front glass is not a very documented topic, but it seems to obey a change in
composition of the glass that prevents the passage of light to the cells. From the total sample, two modules
were found to show extensive milky discoloration (ED), accompanied with a weathered surface appearance
and a fine layer of soiling, while 6 other modules showed localized discoloration (LD), all at their bottom cells,
added to a fine layer of soiling. All these modules are in the inner valley area (zone C) and at the time of
inspection were operating for 6 and 7 years. Both these cases show alterations in their electrical parameters,
mainly in Isc. However, in some LD modules the measured voltage surpasses the nominal voltage, suggesting
the presence of reverse biased cells, not enough to activate bypass. Also, a pronounced slope near the Isc is
observed, suggesting a decreased shunt resistance. This is reinforced by the thermal images, which show
severely heated cells in the areas of LD, as shown in Figure 7, reaching temperatures between 80 and 94°C.

Figure 7: I-V/P-V characteristics, visual and thermal images of modules with milky discoloration of the front cover glass (a)
extensive, (b) localized in the bottom cells.

While for a precise diagnosis of the underlying mechanisms that may be causing this issue, data provided from
visual inspection, electrical measurements and thermal images suggest that interactions between the front glass
and the environment are affecting the glass features. Despite the aridity that characterizes these locations,
weathering was also observed, and thermal images show that the cells affected by discoloration are being
forced to currents higher than they can deliver, thus, leading to severe heating. For further study, it would be
interesting to research elemental interactions (changes in structural composition, optoelectronic features) of
environmental particles surrounding modules and the front glass, considering that this last may vary from one
manufacturer to another.

3.4. Partial shading
Partially shaded cells were found, in all zones, in three ways: modules shaded by plants/trees, cells with mud
or bird drops, and cells with localized dust deposition. As shown in Figure 8, a comparison between visual
inspection and thermal profiles show that in the case of a localized dust deposition (a) the hottest area of the
cell, although near, is not completely coincident with the shaded area. The temperature difference between the
hottest point of the cell and the rest of the module is very high (dT = 40.6°C), which can be an indicative of
other issues (shunts, for example). For other partially shaded cells, severe heating was neither found. As shown
in Figure 8b-c, temperature differences of shaded areas and the rest of the cells are between 3 - 6°C while these
differences with respect to the rest of the module do never surpass 7°C. All these modules were found to be
operating within zones A and B (coast and city) for which the presence of birds and moisture are more common
than those of inner zones.
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Figure 8: Visual inspection and thermal profiles of partially shaded cells by (a) localized dust deposition, (b) mud drop and (c)
bird drop.

Regarding to modules partially shaded by trees or plants, found in zone C, where the land sharing between PV
facilities and other activities (mainly agricultural) is very common, the following was found. As shown in
Figure 9, the shaded area comprises the upper left cells of the module, which thermal profile shows a notable
change in temperature within the most shaded cells. It can be noted that shaded areas are characterized by
cooler temperatures (with respect to the rest of the module), while non-shaded areas within the affected cells
show a temperature rising up to 52°C. The I-V/P-V characteristics shows a notable current mismatch between
one string and the rest of the module, probably due to the limited generation of the shaded string. However,
the module also shows a strong hotspot non-correlated to visible anomalies and a layer of soiling on its surface.
Therefore, the electrical behaviour of the module cannot be attributable entirely to the shading effect.

Figure 9: (a) Visual inspection, and thermal profiles and (b) I-V curve of a partially shaded module due to the presence of a tree.

3.5. Other anomalies
Other anomalies found in the inspected sample universe are briefly described in this section, suggested by
simple visual inspection, thermal patterns or I-V characteristics. However, either this information could not be
matched with other measurements (electrical, thermal or visual) or it was found in a single species.
Delamination of the EVA encapsulant, shown in Figure 9b, was found in 4 modules. On three of them,
delamination appears to be extended through the entire surface but showing clear paths (like snail trails). The
remaining of the module shows very localized bubble-shaped delamination around busbars. Electrical
measurements in the three extensively delaminated modules were made under bad irradiance conditions (G <
600 W/m2), and the other module evidenced action of the bypass diode, so these measurements are not reliable
enough to conclude the effects of delamination. Thermal images do not show correspondence between the
delaminated areas and thermal anomalies, although they show several cells under thermal stress between 37
and 55°C. However, these modules were deployed only three years before the field test campaign was
performed. Therefore, it is possible that delamination as a degradation mode is present in its very early stages
and do not affect yet the passage of light towards the cells.
A possible fractured cell and faulty soldering were suggested by characteristic thermal patterns. In the first
one, the temperature distribution across the affected cell shows an uneven shape, with a well-defined
temperature change of about 3°C from the lower right corner to the rest of the cell, which appears to be hotter.
It is usual that cell fragments get isolated from the rest of the cell (thus not contributing to the overall current)
decreasing their temperature. However, current mismatch or a visible fracture were not detected in the
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electrical measurements or the visual inspection, so further analysis is required in this case. Faulty soldering
can be also detected by an uneven temperature distribution, as shown in Figure 9a, in this case one half of the
cell appears hotter than the other half. In this case, the thermal abnormality found corresponds with a slightly
increase of the series resistance in the I-V curve.
The last interesting case was a module with a thermal pattern and I-V characteristics of Potential Induced
Degradation (PID). In domestic PV facilities, it is common to find defective, or even absent grounding systems,
which may favour the appearance of PID issues. In the case of the Atacama Desert, it is more common to find
modules suffering from PID in the coastal region. This corrosive salty environment promotes leakage currents
between the cell, front glass and aluminium frame. As shown in Figure 9c, this module shows hotter cells
mostly at its bottom and mid regions, and upper region near the frame. The temperature differences are roughly
5°C from the PID affected zones in comparison to the rest of the module, with one warmer cell at the bottom
(near 45°C). Electrical measurements show degradation of V oc and rounding of the knee, at the Pmpp.

Figure 9: Thermal and visual detection of (a) possible faulty soldering, (b) slight delamination and (c) PID.

4. Conclusions
An analysis was performed on failure and degradation modes found in 95 modules deployed and operating in
the Atacama Desert, Chile. Four different zones were delimitated according to each of their geographic
features: coast (high humidity and coastal wind), inner coast (less humidity, more dust), city (varied pollutants)
and inner valley (high aridity and dust, low humidity). As a result, eight different anomalies were detected by
means of three inspection tools: visual information, thermal images, and electrical measurements of the I-V
characteristics. The most extended issue found was soiling, in different deposition degrees depending on their
location, being the inner valley the most affected zone. Hotspots were found in more than 50% of the inspected
modules, with temperatures ranging from 20 to 50°C. The highest cell temperature found was around 100°C,
which is not necessarily hazardous for module operation or system safety. However, it generates thermal stress
that can induce/accelerate degradation of cells or encapsulant materials. The hotspots entailing the most severe
issues were found in two sets manufactured by SolarWorld, which were located in the inner valley of the region
under research. One of these sets was affected by a milky discoloration on the front glass, located at the bottom
of the modules. All the hotspots correspond to the discolored area of the glass, which may indicate that
chemical changes occur by action of external variables (such as environmental soiling particles, moisture, UV
degradation, etc.). The other set was affected by a heavy soiling layer. However, after cleaning the modules,
no relationship between this phenomenon and hotspots was observed. On the other hand, soiling phenomena
were found to affect more the I-V characteristics than thermal distribution. Other anomalies such as partial
shading, delamination of the EVA encapsulant, faulty soldering, and cell fracture could be identified and
described with varying accuracy. Partial shading was found to occur due to several factors depending on the
location of the modules: massive shadows projected by trees/plants, bird drops, mud drops or localized soiling
deposition due to uneven module cleaning and, in all cases, temperature differences within the shaded areas
were not higher than 7°C. Also, slight changes on the I-V curve were observed, such as increased slope or
current mismatch steps. Delamination of the EVA encapsulant was found only in 4.2% of the total sample
universe. No severe cases were identified as visual inspection revealed that snail-trail-shaped delaminated
areas (not extended through large areas of the modules), and the thermal patterns of the modules affected did
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not show a relevant correlation between delaminated areas and temperature anomalies. Faulty soldering and
fractured cells were inferred by a characteristic thermal signature. Such signature shows, in the first case, that
one half of the affected cell was hotter than the other half and, in the second case, that a small well-defined
area of the cell was colder than the rest of the cell. As for the faulty soldering, a slight increase in the series
resistance was observed in the I-V curve. However, more inspection tools are needed to achieve a complete
diagnosis. Finally, one case of PID was detected by means of IR images and I-V measurements. As for
failure/degradation mechanisms, some of them can be attributable to natural environmental conditions of the
Atacama Desert, such as UV radiation, presence of moisture (despite the characteristic aridity of the desert),
wide thermal cycling, among others. However, more specific research is needed for an accurate diagnosis.
Others, such as PID, may be attributable to defective/non-existent system grounding. In the case of soling,
simple strategies such as training, or design of cleaning protocols for domestic owners can improve the
situation. An interesting relationship between external desert variables and the front glass of some modules
was identified, thus, further research about the effect of certain soiling composites, as found in (Douglas, et
al., 2017), and the soda-lime glass surface is recommended. However, simultaneous occurrence of multiple
failure/degradation modes difficult the identification of corresponding failure/degradation mechanisms. This
work constitutes a first effort to characterize small-scale domestic PV solutions in extreme Chilean desert
conditions. It may be used as a basis for a systematic performance assessment of community-level solar
solutions in Latin America.
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Abstract
Educating citizens about renewable energy and sustainable food systems is a global trend and the use of videos
herein is a key component. Very little is known, however, regarding whether, and if so, how participatory videos can
be leveraged in extremely rural areas involving villagers with very low levels of literacy and formal education. This
gap was addressed by creating instructional participatory videos and researching their use regarding the construction
and maintenance of high-altitude greenhouses in the Nepalese Himalayan area. The results point to the feasibility
and value of using participatory videos. Findings from structured observations suggest that the videos permitted
villagers to carry out concrete building and maintenance tasks, provided that this process was facilitated by representatives of a local NGO. The videos and the facilitated discussions enabled villagers to detect 90% of all shortcomings in their greenhouses. The findings of a randomised controlled experimental design suggest that the use of
videos and oral instructions - provided by a member of a local NGO - led to slightly but significantly higher improvements of the status of greenhouses than oral instructions alone. Practical implications, limitations and suggestions for future research are discussed.
Keywords: participatory video; community development; renewable energy systems, ICT4D.

1. Background and rationale
The overarching goal of this research was to explore whether, and, if so, how participatory videos can support local
villagers with no or very low levels of formal education and literacy in extremely remote areas in the development
and use of renewable energy systems. To address this question, the case of the construction and maintenance of
high-altitude greenhouses in rural Nepal was selected.

1.1

Participatory videos and renewable energy systems

Current renewable energy education programmes face many obstacles which range from a lack of funding to the
unavailability of structured curricula (Kandpal & Broman, 2014). Teaching the introduction and use of renewable
energy systems in marginalised and remote areas is a particularly challenging endeavour as it entails the change of
established practices of villagers who typically have very low levels of formal education and literacy. In order to be
effective, changes at the community level need to be fundamentally driven and owned by the communities themselves (Jerneck & Olsson, 2013; Reid et al., 2009). In these contexts, the use of participatory videos, i.e. videos in
which local people are closely involved in the production processes, represent an increasingly popular method, particularly regarding the involvement of farmers. However, very little analytical attention has been paid to educational
videos (Lie & Mandler, 2009). Prior research suggests that these videos should embrace lively testimonials and
authentic demonstrations by local people rather than mere instructions in order to be accepted (Gandhi,
Veeraraghavan, Toyama & Ramprasad, 2007). The effects of the use of participatory videos are far from being well
understood. Although some studies demonstrate positive knowledge outcomes, the impact of videos on changes in
practices - in comparison with other training methods - is unclear (Cai, Abbott & Bwambale, 2013; Cai, Chiwasa,
Steinfield & Wyche, 2015) and requires further research.
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1.2 The setting: remote and very rural area in Nepalese Himalayan region
This research was carried out in the extremely isolated village of Syada. The village is located at 2’750 meters above
sea level and it is typically reached by an 8-10 day walking trek. The area is part of the district of Humla, one of
Nepal’s least developed districts (CBS and ICIMOD/MENRIS, 2003). The research was part of a cooperation between a local NGO, RIDS Nepal, and the University of Applied Sciences and Arts Northwestern Switzerland.

1.3 Research questions
The research explored the instructional value that participatory videos offer to villagers in the construction and
maintenance of high-altitude greenhouses in extremely remote areas in Nepal. The following questions were addressed:
How do families use an instructional participatory video in constructing a high-altitude greenhouse
(RQ1a)? Whether, and, if so, how can the use of a video help families in constructing a high-altitude
greenhouse? (RQ1b)
How do families use an instructional participatory video in operating and maintaining a greenhouse
(RQ2a)? Can they identify shortcomings / points for improvement by watching the video? (RQ2b); is the
use of videos and verbal instructions by NGO staff more effective in helping families improve the status of
their greenhouses than oral instructions alone? (RQ2c)

2. Approach and methods

2.1 Design of the videos
The development of the videos was guided by the findings of a selective literature analysis and prior experience with
participatory videos in this region. A series of videos resulted from the cooperation between villagers, representatives of the local NGO RIDS Nepal and instructional designers and researchers from the University of Applied Sciences and Arts Northwestern Switzerland. Fostering high levels of local ownership, the videos featured local villagers and captured their experience in the building, operation and maintenance of greenhouses. In the videos (No. 19 –
31), local farmers presented advantages of their high-altitude greenhouses and demonstrated and explained key steps
in developing and maintaining them. Local narrations and music were closely interwoven with instructions and task
demonstrations (Gandhi et al., 2007).

Fig 1: Screenshots from the participatory videos (left); villagers gathering in front of greenhouse for verbal instructions (right)

2.2. Design of intervention, data collection and analysis
The research project evaluation was carried out from April to May 2019. Addressing RQ1, the use of videos in
greenhouse construction, an evaluator from the NGO provided three families with a tablet PC for the construction of
their greenhouse. The evaluator instructed each family how to handle the tablet computer and the videos. The evaluator then observed the ways in which the family used the tablet in the construction work (RQ1a) and whether, and, if
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so, how, the video supported the family in this process. To do so, the evaluator used a structured observation form
including questions such as how is the video being used? At which stages / points is the video used? Who holds the
tablet and navigates the video? Who views the video? Does the family learn anything from watching the video?
What and how do they learn? What is difficult for them? In view of the exploratory nature of the research, the evaluator also took additional notes to document unexpected and novel aspect that emerges in the observation.
Addressing RQ2, the use of videos in greenhouse operation and maintenance, involved the application of an experimental two-group pre- and post-test design. The greenhouse sites involved in the study were built in autumn 2018
and the evaluation took place after the first winter season from April to May 2019. Before the evaluation, the greenhouse sites were randomly divided into two groups, with 15 greenhouses in each group.

Visit 1: In the next step, the evaluator inspected all the 30 high-altitude greenhouses, determining potential shortcomings using 13 predefined categories, such as airing, aerating and the functionality of windows. The evaluator
assessed each category on a scale from one to ten (1 = very poor condition, 10 = excellent condition) and documented the results with a pre-structured form. The greenhouse status was calculated as the sum of the points achieved in
each category.

Fig 2: Evaluator inspecting two greenhouses and filling in the assessment form

Greenhouse owners (husband and wife) of group one were provided with verbal instructions from the NGO staff
member to inform them about the points for improvement. Greenhouse owners in the second group were provided
with instructional participatory videos on a tablet computer. The families were encouraged to watch the videos and
compare their own greenhouses with the greenhouses shown in the videos. Discussions were triggered during and
after watching the videos. Addressing RQ2a, the evaluator documented how the families used the tablet and the
videos with a structured observation form (RQ2a). The evaluator also noted whether the families were able to identify the shortcomings with the help of the videos (RQ2b). Finally, the families in both experimental conditions were
informed about all shortcomings and how they needed to be addressed and they were encouraged to improve their
greenhouses.
Visit 2: After one week, the evaluator re-inspected the greenhouses and re-evaluated their status using the same
rating scheme. In this way, it was determined whether the additional use of the videos was more effective in encouraging the families to improve the status of the greenhouses compared to oral instructions alone (RQ2c).
The qualitative data (descriptions) gained from the structured observations were analysed systematically. The cases
(greenhouses) were compared and commonalities and differences were identified in an inductive manner. The quantitative data were analysed descriptively and, in addition, within and between groups comparisons were calculated
using the statistical software R.
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3. Outcomes
3.1 Use and usefulness of a participatory video in the construction of greenhouses
The first question was addressed by observing the use of videos in the construction of three greenhouses. The ways
in which the videos were used had several commonalities. In all three settings, the tablet PC and the videos were
introduced to a group of three to six persons. At the third greenhouse site, three children were part of the video
group as well. There was always one person who navigated the videos while the others were watching.

Fig 3: Villagers handling the PC table and watching participatory videos

In the first and third case, the greenhouse owners used the tablet and the video after the handling of these technologies had been explained to them by an NGO staff member. In these two cases, illiterate villagers were able to operate the video independently after the initial demonstration. At the second greenhouse, the builders found it difficult
to navigate the video and thus this task was carried out by a staff member from the local NGO. At all sites, the use
of videos was non-linear and highly interactive, with the videos being viewed and stopped repeatedly. More precisely, the respective video sequence was watched before carrying out a specific task, such as adding the UV plastic
roof. In these situations, the process of video watching triggered discussions among the participants which were
further facilitated by questions from the staff member of the local NGO.

After completing the task, the group re-watched the video sequence and compared the specific element of the greenhouse with the house depicted in the video - in the form of moving and still images. The analysis suggests that the
facilitated use of videos helped villagers in completing concrete steps (e.g. adding ventilation windows) and also in
further enhancing elements of the greenhouse (e.g. improving the wooden doors).

3.2 Usefulness of a participatory video in maintaining greenhouses
The second block of questions focused on the maintenance and improvement of greenhouses already built. The first
question captured the ways in which the maintenance videos were watched by the local people. The analysis of the
observational notes suggests that the patterns and modes of video watching were similar across the 15 different
families (greenhouses). The social arrangement included the greenhouse owners (husband and wife) and, typically,
some bystanders, i.e. children and older people. The tablet PCs and the videos were operated by some of the younger family members, including young local females, who were taught how to use the technology by one of the NGO
staff. The mode of watching was interactive in that the videos were stopped several times to discuss key aspects/learnings and to identify issues and shortcomings in the greenhouse. This was followed by further discussions
after having watched the videos. The social interaction triggered by the videos was intensive and, with a very few
exceptions, involved all people who viewed the videos. In one case, four older people (not greenhouses owners) who
also watched the videos found it difficult to engage in the discussion and make reference to the topics that they saw
in the videos.
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Fig 4: Villagers handling the PC tablet and discussing participatory videos

The question of whether the videos helped families in identifying shortcomings in their own greenhouses can be
answered clearly. Out of the 15 families visited in which the videos were shown, only two families did not spot
(some of the) shortcomings in their greenhouses. One family failed to detect five shortcomings (whilst identifying
four correctly), and the second family missed four (whilst identifying seven shortcomings correctly). That means
that out of the 103 shortcomings identified by the evaluator, nine (8.7 percent) remained undetected by the families.
In the next step, the status of the greenhouses between the group that watched the videos and received oral instructions and the group that received oral instructions only was compared. Table 1 shows the descriptive statistics of the
two conditions.

Tab. 1: Descriptive statistics of greenhouse status before and after intervention (1=very poor, 10 = excellent)

n

mean

SD

median

min

max

Group 1: videos & instructions

15

6.85

0.72

6.85

5.08

7.69

Group 2: instructions only

15

6.85

0.95

6.54

5.77

9

Group 1: videos & instructions

15

8.23

0.76

8.38

6.92

9.38

Group 2: instructions only

15

7.57

0.99

7.46

6.31

9.38

Pre-test (at the first visit)

Post-test (at the second visit)

The means of the two conditions did not differ at the time of the first visit (m=6.85). Whereas the status of the
greenhouses had improved in both conditions at the second visit, the mean of the video group (m=8.23) was slightly
higher than the one of the instruction-only group (m=7.57). The same pattern can be observed for the median, with
similar values at the first visit and pronouncedly higher values in the video group at the second visit (See Table 1).
These observations are affirmed by the analysis of variance (ANOVA test) showing that the increase between preand post-test in Group 1 (Video and instruction) was significantly higher than the increase in Group 2 (instructions
only) with (F(1,28) = 6.014, p= 0.0207). Figure 5 visualises the differences between the two groups.
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Greenhouse status Visit 1

Greenhouse status Visit 2

Fig. 5: Boxplot: Greenhouse status of conditions at visit one and two (1=very poor, 10 = excellent)

4. Discussion, limitations and conclusion
The findings of this study point to the feasibility and the value of using participatory videos in the development of
renewable energy systems in extremely remote and mostly illiterate communities. The results suggest that videos,
which were used flexibly and in an iterative way, supported villagers in carrying out concrete manual tasks, i.e.
constructing and improving their greenhouses. These findings affirm observations from a previous study in a very
similar context in which videos on Tablet PCs supported villagers in developing a community-owned village drinking water system (Zahnd, Pimmer & Gröhbiel, 2017).
The role and value of the videos can be best described by conceiving them as socio-cognitive tools, where the multimodal stimuli sparked intensive social interactions among villagers which led to a more in-depth engagement with
the topic at hand. Reflection-on-action (Schön, 1987) was triggered in that the video users compared their own
greenhouse with the houses depicted in the videos via still and moving images. This process enabled the identification and improvement of shortcomings, as the quantitative results of the present study suggest.
In addition to knowledge gains measured in previous studies (Cai et al., 2013), the experimental findings of this
study further support the argument that the combination of videos and oral instructions can trigger short term practice changes. This effect was proposed in a previous study arguing that the testimonies and the display of “good
local practice” persuaded villagers to change their behaviour, which, however, did not measure this observation
quantitatively (Zahnd et al., 2017). Other studies have reported inconclusive results, saying that short-term practice
improvement through facilitated video-based discussions varied with the topic of the training (Cai et al., 2015).
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Fig 6: Inspection of greenhouse (left) and discussion while watching the video (right)

The experience also shows that the videos should not be seen as standalone tool, but their application needs to be
guided and facilitated by trained locals in order to be effective. Relevant facilitation and support measures include
the dissemination and initial instruction about how to navigate the videos as well as prompts and questions to stimulate discussions among the villagers upon watching the videos. The first aspect is relevant because several, but not
all villagers were able to navigate videos properly, with older persons and women typically experiencing challenges
(Zahnd et al., 2017). It is incumbent on any community development effort to ensure the inclusion and learning of
groups who are already disadvantaged in order to prevent their further marginalisation. In the setting investigated,
this requires that facilitators pay particular attention to involve and support these groups in the processes of technology use and in associated discussions.
The findings of the study need to be interpreted with attention to the methodological limitations, most of which are
linked to the practical challenges of carrying out research in very remote areas with limited infrastructure. Firstly,
the evaluation and research approach was small scale. For example, the use of videos was only observed in the construction of three greenhouses and also the experimental design with a total number of 30 cases is limited. Whereas
this study has measured practice changes, they were short term in nature (measured after a week) and any longerterm implications could not be investigated. Another aspect is that no interrater agreement was measured, and, in
addition, the analysis of the status of the greenhouses was not blinded. These issues, together with the cultural and
geographical specificities of the setting, a very remote mountainous area in Nepal, limit generalisation and caution
should be exercised in the interpretation of the results.

However, the findings, which point to the viability of the use of participatory videos in remote areas, add value to
the body of literature by affirming and extending previous studies, particularly with regard to the use of the videos in
very remote settings. It is thus our hope that the results will inform future, more large-scale research, for example by
re-using and evaluating the videos in similar cultural contexts involving a larger number of villages and villagers.
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Abstract

Community Development projects in developing countries often adopt a single-goal short-duration
approach which does not address communities‘ multiple, self-identified needs. Zahnd (2013) explains
why it is crucial to take a holistic long-term approach that addresses all the different needs the beneficiary
community identifies to realize effective and durable community development solutions. This paper
analyzes potential synergistic benefits that arise when targeted investments, through different,
simultaneously implemented projects, addressing a wider range of end-user identified needs, are
implemented in close partnership with the end user community. A mathematical model was developed
which can be adapted to specific communities to predict the potential synergistic benefits of a long-term,
holistic community development (HCD) approach. This model, embedded into Octave, introduces 4
variables from an interactive menu, to assess synergistic benefits that will emerge in a community for the
indicators of health, hygiene, wellbeing, productivity and GDP impact once RIDS-Nepal’s HCD concept
„Family of 4“ was implemented. The input variables define the users‘ qualitative use of each of the
„Family of 4“ projects: pit latrines, smokeless stoves, basic indoor electric lighting and access to clean
and sufficient water. The study is based on the work done by RIDS-Nepal in the district of Jumla,
northwestern Nepal, during spring 2019.
Keywords: holistic community development (HCD), synergistic effects, “Family of 4”, “Family of 4
PLUS”, health, hygiene, wellbeing, RIDS-Nepal, developing countries, Octave assessment tool, SDGs

1. Introduction
The practical work leading to this paper is being realized in Nepal, ranked as one of the poorest (149th out
of 189 countries in 2017 in terms of Human Development Index (UNDP, 2018)) and least developed
countries in the world. Nepal has a child mortality rate of 27.9 deaths / 1,000 births, an average national
life expectancy of 71 years (both data from 2017) and 25,2 % of its population living below the poverty
line in 2011, listing it 66th position in CIA’s ranking of countries based on poverty (CIA, 2019). Nepal's
per capita GDP is ranked as 165th in the world, with a value of 1,025 US $ in the year 2018 (World Bank,
2018). However, interregional differences, especially in the remote, high-altitude areas where this study
took place, vary significantly within the country, with factors 5 – 10 lower, making the average national
GDP not an accurate estimate for all regions in Nepal.
Agriculture represents 27 % of national GDP and industry 13.5 % (CIA, 2019). Nepal is one of the
countries in the world where remittances, money sent from abroad by Nepali migrants, are the highest;
the World Bank estimates that 27.98 % of Nepal’s GDP was money sent from abroad (World Bank,
2018).
Large socio-economic differences exist within Nepal, where geography poses great obstacles for transport
and communication to isolated Himalayan areas, making these mountainous zones very disadvantaged
from a developmental perspective in comparison with more urbanized areas, the capital or the southern
lowlands. The country is divided in 3 geographical zones, being these from north to south the highaltitude Himalayan mountains (2,000-8,848 m.a.s.l.), mid hills (800-2,000 m.a.s.l.) and the Tarai (80-800
m.a.s.l. in the southern flat plain). Climate is very different in these 3 areas due to their large contrast in
altitude (from 80 m.a.s.l. in the Tarai to over 8,000 m.a.s.l. in a north-south distance of only 200 km).
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Further, significantly more development took place in recent decades in the mid hills and the Tarai,
making them much better off and wealthier compared to the high-altitude mountain area.
This work is based on the author’s experience during her internship in Nepal, where she worked in the
north-western, rural mountain area, conducting a study about the sustainability of a holistic community
development approach, analyzing synergistic benefits arising from this multi-sectorial development
approach. The concepts of HCD and its synergistic benefits will be thoroughly explained in this paper.
The organization hosting the internship leading to this work is called RIDS-Nepal, short form for Rural
Integrated Development Services Nepal. RIDS is a Nepali not-for-profit NGO which has been working
since 1996 in the remote districts of Jumla and Humla, 7 th and 2nd poorest districts (in terms of HDI) of 75
in Nepal (Sapkota, 2014). In Jumla 49 % of the population are under the poverty line and in Humla even
56 % (NepalMap, 2011). They are both located in the north-west of the country, in the midst of the
Himalaya range, far from the capital, and with extremely poor transportation infrastructures. For example,
the district of Humla still has no road access so the only way to get there is by airplane and get around by
foot or animal. The road to Jumla, although now existent, is not much better either: it is one of the world's
most dangerous routes, where landslides onto the unprotected, often unpaved road are a frequent
phenomenon.
RIDS-Nepal has 4 offices with well-trained, district-local staff; and foreign volunteers who come 1-2
times a year for a duration of 1 to 2 months each time. The author's internship has been 2 months long,
based in Mohari village (Lat: 29º20’06” / Long: 82º22’26” / Alt: 3,150 m.a.s.l.) in the north-east of the
Jumla district, a village with 40 households and approximately 230 inhabitants. It is located 26 km from
the district center, Jumla Bazaar, and is only reachable by foot, tractor or motorbike. Mohari village is
located at the end of a valley, surrounded by mountains over 5,000 m high. People in the area are used to
walk long distances to reach other villages. RIDS-Nepal has a well-established office in Mohari, but,
dependent on the ongoing HCD projects, the staff also work and stay in neighboring villages such as Pere,
Dopa and Chaura.
The NGO has developed an interesting concept which is an effective way to address in a more sustainable
way development needs identified by the poor, remote territories: The Holistic Community Development
(HCD) approach. This concept supports the idea that real and long-lasting development needs a holistic
view of the issues and context of a community, a broad understanding and contact with the local culture
and beliefs and a long-term presence in the region to build trust and properly train the beneficiaries with
the goal to make them autonomous. The long-term HCD approach goes way beyond addressing a shortterm a single-oriented development need such as e.g. the building of toilets only or building a drinking
water system only. The HCD approach aims to tackle the multiple needs the beneficiary community
identified to be addressed in partnership with an NGO such as RIDS-Nepal.
Based on RIDS-Nepal’s holistic community development concept called "Family of 4" the author has
developed a software assessment tool written with the open source programming language Octave. This
program evaluates the descriptive inputs of how the 4 projects included in RIDS’ "Family of 4" HCD
concept are being used in a community. This tool aims to evaluate potential synergistic outcomes for the
beneficiary community in a qualitative narrative of an implemented "Family of 4" HCD project in regard
to the indicators health, hygiene and wellbeing. From these 3 results the tool extrapolates how they affect
the productivity and potential GDP impact of the community.
The topic of Development Aid is of global importance since it affects billions of people in the world. Vast
amounts of money are directed every year for this purpose from countries in the Global North to the
Global South. Official Development Assistance (ODA) from the 30-member countries of the
Development Assistance Committee (DAC) worldwide mobilized 153 billion USD in 2018 (OECD,
2019a), which were sent to a total of 146 countries (OECD, 2019b). Nepal e.g., received a total of 1,309.3
million USD in 2017 from ODA, OOF (Other Official Flows) and private donors (OECD, 2019b).
Funds being transferred to developing countries sum up to high amounts, making Development Aid an
exceptionally relevant and influential intervention in most of the countries in the world. This fact is where
the relevance of the topic chosen for this paper comes from, since Development Aid is a major player for
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billions of citizens on our planet, influencing their lives. There is an open, ongoing discussion about the
effect of Development Aid between the developed and developing countries, since a big percentage of the
transferred money does not reach the intended target. Many geopolitical interests are also involved in
Development Aid and money transferred for "good purposes" can in reality cover some hidden political
intentions. There are many criticisms to Development Aid, such as the concept of neocolonialism,
corruption, creating economic dependence to aid recipient countries, patronizing attitudes towards
developing countries, etc. That’s why internationally agreed and clear guidelines for development
organizations have to be in place and adhered to, because we can make a difference in the world if we
face the undeniable challenge to radically change the lives of people in need through well-led
Cooperation and well-designed community development projects.
This paper is an attempt to analyze the new community development approach RIDS-Nepal designed
aiming for development projects which are more sustainable and create a real impact for people,
improving the lives of the benefiting communities in a dignified way. Money is one of the key issues in
the field of development and in designing context-relevant and good projects with effective and lasting
improvements of peoples' living conditions. Aiming for sustainability and trying to achieve the
Sustainable Development Goals set for 2030 are important aims to consider in the design of each
community development project. How can we design effective strategies and development projects with
the target community? How long will the projects last for? Will development interventions improve some
aspect of people's lives in a durable way? This paper will look into these and other aspects and will
suggest a holistic community development procedure for sustained improvements in the lives of people in
the remote north-west of Nepal, which has a high potential to be applicable in other parts of the world
with similar development needs, through appropriate contextualization.

2. Research questions and objectives
There are two points of focus in this paper:
One focus point is to assess the synergistic benefits arising from a long-term, holistic community
development approach and the other one is to analyse discernible and/or measurable sustainability of this
kind of projects. In order to set a clear goal for this research project, the following main research question
and subsequent sub-questions are posed:


Are there sustained, identifiable and/or measurable synergistic effects created by introducing
long-term, local-scale and multi-sectorial development projects in a community rather than
large-scale but single-oriented interventions?
- If yes, what are those synergistic effects and how can they be qualified and quantified?
- Can they provide an alternative for long-lasting development?
- To what extent are these effects enabling long-term sustainability of the expected benefits?
- In what ways will peoples' lives in Mohari village change in the long run through the longterm, multi-sectorial holistic community development approach introduced by RIDS-Nepal
compared to the short-term, single-oriented community development approach?

The research question evolved from the hypothesis that Development Aid is not as effective as it could be
if more emphasis on how to better design sustainable development strategies would be given. This
happens because in many cases development programmes only foresee 1- or 2-years long project lifecycles with only a single, one-faceted project (as e.g. electrification, OR sanitation, OR vaccinations...),
that cannot unleash the potential of a more holistic, long-term, multi-sectorial project approach.
Following this rationale, the hypothesis goes on to state that development projects could be made much
more effective and sustainable if multi-sectorial development solutions are considered based on the end
user community’s own identified needs. Multi-sectorial (or HCD) projects are more time demanding,
harder to implement and often more expensive because several interventions need to be developed and
designed with mutual complementary and supportive long-term benefits in mind. However, they will
potentially have a wider and more sustainable impact in peoples' lives, compared to a single-oriented,
short-term intervention. Further, the hypothesis also claims that it is more valuable in the long-term to
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significantly improve the lives of a few people than to aim for an impact in just one single aspect in
peoples’ lives but for potentially more people. HCD projects, if well designed for a defined context,
enable the beneficiaries in the long run to learn how to stand on their own feet once they are equipped
with multifaceted solutions, addressing all the basic needs they themselves have initially identified. This
approach is persuasive, creating a long-term multiplying effect based on end users’ awareness,
empowerment and required skills to attain increasingly by themselves their development needs and goals.

3. Methodology
The methodology chosen for the theoretical part of this work is an embedded single-case study, with
multiple units of analysis. The general unit of analysis is Mohari village, where RIDS-Nepal has
partnered with the Mohari village community since 2002 in long-term HCD program activities. The
families and individuals in the village (40 households, around 230 inhabitants) form one set of subunits to
be studied. The HCD projects implemented by RIDS-Nepal (“Family of 4” and “Family of 4 PLUS”)
form an additional set of subunits to be studied, specifically: pit latrines, smokeless metal stoves, electric
lights (available through 20-Watt solar PV home systems) and access to clean drinking water. The first set
of subunits, the people living in Mohari, are the beneficiaries from the other set of subunits, the HCD
projects. Therefore, there will be 2 different types of subunits to analyze.
From the practical side, the methodology followed has been hands-on field work. RIDS-Nepal’s holistic
approach to community development requires direct contact with the end-user community, a long-term
relationship with them and a provision of multifaceted engineering, infrastructure and educational
solutions, which are implemented together with the beneficiaries. RIDS-Nepal’s methodology for a
sustainable way of implementing the “Family of 4” projects is to train and empower the people to build
and install the projects in partnership with RIDS-Nepal. Know-how and the materials that cannot be
obtained locally are provided by RIDS-Nepal. RIDS-Nepal’s spirit and principle are to show the people
how they can improve their lives by building the projects themselves, which gives the communities a real
ownership and healthy feeling of pride for the implemented projects. This enhances the projects’ potential
for sustainability. Creating an interest among the beneficiaries to maintain each “Family of 4” project is
key to enable long term self-sustainability.

4. Holistic Community Development and synergistic benefits
RIDS-Nepal’s Holistic Community Development concept “Family of 4” envisages a development
strategy specifically designed for people living in the remote, high-altitude Himalayan districts of Humla
and Jumla, in north-western Nepal, but which could also be applied in other developing regions in the
world. The HCD approach takes into account several aspects people in those areas identified as their
needs in order to improve their overall living conditions and everyday lives. It aims to address the needs
faced and identified by the people living in these remote areas in a holistic way. That means the problems
and daily basic needs are addressed with long-term solutions in a multifaceted way. The “Family of 4”
HCD program consists of the following four basic, strongly correlated and sequentially implemented
projects:


A pit latrine for each family



A smokeless metal stove for each family



Basic electric indoor lighting in each family’s home



Access to clean and sufficient drinking water from various tap stands in the village

Each project is implemented in close partnership between the local user family and RIDS-Nepal, which
also provides the initial trainings and skills needed to actively participate in the building and realizing of
each project. So, e.g. each family has to provide the local materials needed for each project, such as e.g.
wood and stones to build the latrines. Also, they have to dig the septic tanks for the pit latrines, pay a
small part toward their smokeless metal stove and porter the stove home from the RIDS-Nepal office.
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Each family also participates in the installation and operation and maintenance training of their smokeless
metal stove. Likewise, each user family participates actively in the electric lighting project, be it through a
solar PV home system or a small hydro-power plant. Equally, the users are strongly engaged in each step
in the design and building of their village drinking water system and village tap stands (e.g. constructing a
water intake tank, underground piping system for the water to flow to the village and building the
cemented village tap stands). RIDS-Nepal provides all materials which are only externally available and
need to be portered to the village.
The reason behind this holistic concept is that people have more than “just” one need such as electricity
or drinking water. Their lives are more complex and thus their needs multi-sectorial. In this way, a longterm path toward sustainable community development is laid, with the end users as main actors and
owners of each project and program, with RIDS-Nepal as the partnering NGO as helper and adviser for a
defined time period of several years (ideally up to 2 generations). The direct and personal involvement of
the beneficiaries in the implementation of each of the "Family of 4" projects is a central requirement and
another differing characteristic of this concept compared to most governmental and other NGOs/INGOs
development strategies in Nepal. RIDS-Nepal’s vision is to avoid a classical patronizing, one-sided
implementation of projects as has been seen often over the decades of Nepal’s development since the 50s
and many other developing countries’ in the world.
Beyond the "Family of 4" approach, RIDS-Nepal has also developed the "Family of 4 PLUS" HCD
concept, which includes additional projects based on the implemented "Family of 4" projects. Contrary to
the "Family of 4" under which all four projects have to be implemented, the "Family of 4 PLUS" HCD is
a more “open” HCD concept with projects and programs which RIDS-Nepal developed based on
different village communities’ previously identified needs. However, they can be considered individually
or in various combinations to be implemented, according to the additional identified requests for
development by a village community. Among the so far 11 possible projects/programs included in the
"Family of 4 PLUS" HCD concept, some of the more often identified needs are:









High-altitude greenhouses
Solar driers for better food conservation
Slow sand water filters in homes
Non-formal education programs for women and out-of-school girls
Nutrition programs for children <5 years of age and their mothers
Hot water community shower center
Carpentry training
Cloth stitching training

The "Family of 4 PLUS" is an optional, additional program with a more flexible structure compared to
the "Family of 4", which addresses basic daily needs. Within the "Family of 4 PLUS" only the
projects/programs identified as needed by the community are implemented.
The "Family of 4" and "Family of 4 PLUS" concepts, with their projects/programs implemented
respectively in concert with each other, or sequentially, enable inherently synergistic benefits, as they
address the most relevant, self-identified needs for the end user community. These possible synergistic
benefits are reinforced through RIDS-Nepal’s >20 years practical experience and presence in the highaltitude Himalayan village communities they partner with in the "Family of 4" and "Family of 4 PLUS"
projects. Synergy is defined by the online Cambridge dictionary as the combined power of a group of
things when they are working together that is greater than the total power achieved by each working
separately, and this is considered as the definition for the present research of the possible synergetic
benefits of complimentary implementation of the "Family of 4" and "Family of 4 PLUS" projects. The
synergistic benefits we want to identify and define in this work will be additional, a priori non-expected
positive effects arising from the fact that several projects are implemented together in a community,
which is central in the concept of Holistic Community Development.
But how are synergistic benefits, enabled through an HCD project approach, perceived, identified and
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quantified? Synergy is an abstract concept and often strongly subjective through observations and
personal user testimonies. In order to bring more clarity and understanding, the following is a brief
narrative explanation of the benefits brought forth by each item of the “Family of 4”. Next, some
examples of tangible synergies, experienced in the villages where RIDS-Nepal works, are identified.

Fig. 1: “Family of 4” and “Family of 4 PLUS” Holistic Community HCD) concepts, inherently enabling synergistic benefits

Pit latrines:
Having a pit latrine for each household means there will be no more open defecation and thus no more
human faeces on the village paths, fields and nearby river beds. People and animals are safe from direct
contact with faeces, which will avoid the transmission of illnesses and infections. The village will be
much more hygienic overall. When the septic tanks (after 7-8 years for an average family) are emptied,
the composted leftover can be used as fertilizer for the fields. In terms of comfort, having a pit latrine for
each family at/near home will be much more comfortable for people than open defecation, with no
intimacy, wild animals and adverse climatic conditions. In the latrine there is water available for cleaning
as the village drinking water system is an inherent part of the “Family of 4”.
Smokeless metal stoves:
Contextualized stoves; e.g. with a defined combustion chamber with a door and an adjusted air flow, an
exhaust pipe, able to cook the local, traditional food of the users, as well as provide other energy services
such as room heating (if needed) etc.; provide a much cleaner way of cooking and heating compared to
open fires or poorly designed and wrongly used stoves inside the house. Respiratory problems and many
other diseases can be very severe in cases where people still use open indoor fires for their energy
services, spending hours cooking on it and assembling around it for long time periods during the harsh
and long winter months. Addressing all these issues, RIDS-Nepal’s context relevant developed smokeless
metal stove also incorporates a 9-litre stainless steel water tank, designed to heat water for hygienic
purposes and consumption. The smokeless metal stove provides therefore a huge overall health
improvement (respiratory health, eye and heart diseases, personal hygiene etc.) besides consuming up to
60 % less firewood, important especially for women and young girls who will not need to collect as much
firewood. Further, significant lower firewood consumption of the smokeless metal stove has direct
positive environment impact, such as emitting 60 tons less CO2 in 10 years (Climate Stewards, 2019),
saving top soil, hence preventing erosion and landslides, among others.
Basic electric indoor lighting:
Indoor lighting provides the chance for families to get engaged in more beneficial and productive
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activities more comfortably. E.g. children will be able to do their homework and adults will be able to do
their chores more easily, have more social gatherings inside their homes after dark and can start new,
economic activities. Light inside the home makes the “utilizable” hours of the day longer, otherwise
people will go to sleep because there is not much else they can do, especially in winter, when the sun sets
early. Benefits for the eyes, respiratory system, heart, personal hygiene etc., are just some of the
additional benefits basic indoor lighting enables.
Access to clean and sufficient drinking water:
A village drinking water system enables access to clean and sufficient water from a local water source
tapped into and piped underground down to the village tap stands. This way, each family has easy access
to their clean and sufficient drinking water demand, use in and around their home, such as for cooking,
personal hygiene for all family members, cloth washing, animals, greenhouses etc., relieving women from
having to go and fetch potentially contaminated water (i.e. from dead animals and villages which are upstream) several times a day from the river.
Example of identified synergistic benefits from a latrine and a stove:
A synergistic relationship between a latrine and a stove is enabled by the use of the latrine as a place for
showering with the warm water from the stove, as in the homes in these villages there is no room
dedicated for personal hygiene. This way personal hygiene can be made with intimacy and with warm
water, that will make people be more prone to wash themselves more often, improving their overall
hygiene and health.
Example of identified synergistic benefits from a smokeless metal stove and indoor lights:
Lightbulbs used in an indoor environment with open fires or poorly/wrongly used stoves are covered by
soot. Using the smokeless metal stoves properly eliminates smoke inside the house and therefore
lightbulbs are kept clean. Together, the lack of smoke thanks to the stoves and the clean lightbulbs
provide a much better indoor air quality resulting in significantly improved respiratory health, enabling
clear vision inside the house, improving ocular health and enabling family interaction with each other and
general household activities with more comfort and ease, beside increasing overall wellbeing of people.
Example of identified synergistic benefits from a latrine and indoor lights:
Both create health improvements separately (for environmental, intestinal, respiratory and ocular health),
so the effect of both together results in overall even more improved health, environment and living
conditions for the user, more than the sum of their individual benefits would be.
Example of identified synergistic benefits of a latrine, stove and access to clean and sufficient water:
Having water easily accessible will make people want to use a bigger part of it for hygiene (after fulfilling
the priority needs which are cooking and drinking), because there will be more water available for
“secondary” uses and applications. Therefore, having a functional village drinking water system makes
people want to have water inside their latrines to clean themselves and the latrine. If there is no water
easily available in the village, no water would be used in the latrines for cleaning and hygienic purposes.
People (especially kids) would defecate and not clean themselves nor the latrine afterwards. Thanks to the
stoves and the water system, they can use the water tank incorporated in the stove to have warm water for
showering, thus improve their hygiene. Cold water in winter, in particular in the high-altitude areas in
Nepal, is not very appealing for personal hygiene, but if it is easily accessible and warm that aspect will
improve.

5. Octave assessment tool
With the goal to qualify and quantify abovementioned synergistic benefits of an implemented “Family of
4” HCD project in an objective, qualitative and descriptive way an assessment program for the open
source programming language Octave was written. The program was developed and written by the
author, based on RIDS-Nepal’s extended, practical field project experience, the author’s own surveys and
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interviews with users in several villages who have been part in a “Family of 4” HCD project in
partnership with RIDS-Nepal and in villages who have not yet been part.

Fig. 2: User defined situation and condition of their implemented “Family of 4” through 6 different options each as input for
the simulation results achieved in Fig. 3

The program takes 4 variables that the user chooses by clicking on an interactive menu; these 4 variables
are the level/correctness of use of the pit latrine, smokeless metal stove, indoor lighting and access to
clean and sufficient water. There are 6 options to choose from for each of these 4 variables, from the
worst case (lack of the item) to the best (where the item is correctly and effectively used) and 4 more
scaled options in between.
The idea behind this tool is that users of the program are able to assess possible synergistic benefits
through a defined menu input of the real conditions and use of the pit latrine, smokeless metal stove,
indoor lighting and access to water in the village which had a “Family of 4” HCD project implemented.
Based on the 4 parameters defined for the latrine, stove, light and water access, the program calculates the
indicators of health, hygiene and wellbeing of people in the community. The 3 indicators for health,
hygiene and wellbeing are assigned a value between 0 and 5, called “synergetic effect”, with 0 being no
effect and 5 being maximum synergistic benefits from the simultaneously implemented HCD project
“Family of 4”.
The formulas implemented for the estimation of the indicators are linear equations:
𝐻𝑦𝑔𝑖𝑒𝑛𝑒 = 𝑙𝑎𝑡𝑟𝑖𝑛𝑒 ∗ 0.35 + 𝑠𝑡𝑜𝑣𝑒 ∗ 0.15 + 𝑙𝑖𝑔ℎ𝑡 ∗ 0.15 + 𝑤𝑎𝑡𝑒𝑟 ∗ 0.35;

(𝑒𝑞. 1)

𝐻𝑒𝑎𝑙𝑡ℎ = 𝑙𝑎𝑡𝑟𝑖𝑛𝑒 ∗ 0.25 + 𝑠𝑡𝑜𝑣𝑒 ∗ 0.3 + 𝑙𝑖𝑔ℎ𝑡 ∗ 0.2 + 𝑤𝑎𝑡𝑒𝑟 ∗ 0.25;

(𝑒𝑞. 2)

𝑊𝑒𝑙𝑙𝑏𝑒𝑖𝑛𝑔 = 𝑙𝑎𝑡𝑟𝑖𝑛𝑒 ∗ 0.2 + 𝑠𝑡𝑜𝑣𝑒 ∗ 0.3 + 𝑙𝑖𝑔ℎ𝑡 ∗ 0.3 + 𝑤𝑎𝑡𝑒𝑟 ∗ 0.2;

(𝑒𝑞. 3)

The descriptive evaluation of the conditions for the latrine, stove, light and water are input by the user
through the user interface in the form of text options. The program transforms the 4 input conditions into
numerical quantities (from 0 to 5). The multiplying factors (0.35, 0.15, etc.) chosen sum up in all cases to
1.0, as they are taken as “weights” of the 4 variables for the respective indicators. For example, based on
practical experience we defined that latrine and water are the most important factors for the indicator
“hygiene”, therefore, they have a weight of 35 % each, more than stove and light have. The same
rationale serves for health and wellbeing, weights have been given to the variables depending on their
importance in the specific indicator they are affecting. The formulas reflect RIDS-Nepal’s long-term field
observations and end users’ testimonies of implemented “Family of 4” HCD projects.
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From these values another formula included in the program calculates people’s estimated productivity,
which serves as basis to calculate the potential change in GDP in the mountain area in Nepal.
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 = 30 + ((14.001) ∗ (0.2 ∗ 𝐻𝑦𝑔𝑖𝑒𝑛𝑒 + 0.6 ∗ 𝐻𝑒𝑎𝑙𝑡ℎ + 0.2 ∗ 𝑊𝑒𝑙𝑙𝑏𝑒𝑖𝑛𝑔)) %

(𝑒𝑞. 4)

We defined that “productivity”, even for the worst case scenario, would always have a minimum value of
30 % because people will be able to work also without latrines, stoves, lights or water. Therefore,
productivity varies between 30 % (worst case) and 100 % (best case). Health weighs in with 60 % in the
formula, with hygiene and wellbeing having each 20 %, as field project experience shows that health is
the most important of the 3 indicators for peoples’ability to be productive in their work. The factor 14.001
is a “scaling up” factor because the output values for “Hygiene”, “Health” and “Wellbeing” range
between 0 and 5, but for productivity values the scale needs to be changed to a range from 30 to 100. This
factor enables the translation from one range (0-5) to the other (30-100).
Lastly, the estimate for potential GDP change in the mountain area in Nepal is estimated by assuming the
whole mountain population (6.3 % of the total population (NepalMap, 2011)) lives in similar conditions
to those in the 4 villages in the Chaudabise Valley in Jumla district, where data were collected in 2019.
This estimate reflects therefore a hypothetical situation where the selected parameters are true for the
whole mountain population in Nepal. National GDP share of the mountain area in Nepal is 5.6 %
(Sapkota, 2014). The program adds or subtracts to that value depending on if the productivity is higher or
lower than 65 %. If higher than 65 %, the program will compute as following:
5.6 % + (𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 ∗ 0.01)

(𝑒𝑞. 5)

If lower than 65 %, the formula for the potential GDP in the mountain area is computed as following:
5.6 % − (

10
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦

)

(𝑒𝑞. 6)

The formula for the potential GDP in the mountain area is based on our approximation. An example of a
possible result of the program for a defined input of the 4 parameters is shown in the following figure

Fig. 3: Outcome plots for synergetic effect in health, hygiene, wellbeing. Productivity and GDP are estimated from these.

The interpretation of results is a narrative text which explains in detail the synergistic effects for health,
hygiene and wellbeing in qualitative terms for the specific inputs of the 4 variable parameters selected.
The tool provides the interpretation below the graphs. For better readability in this paper the interpretation
of the calculated results pictured in figure 3, we add the descriptive narrative of the synergistic benefits
achieved through the defined input parameters as text in the following paragraph:
HEALTH: Synergistic effect in health is 3.3. The effects of the selected combination will have an
observable positive impact on health. Current latrine, stove, light and water use enhances health by a
large amount, but still their use could be improved. Clean latrines close to home will be important to
eliminate open defecation and decrease intestinal diseases. Having water inside the latrine for personal
hygiene is also important regarding health. The correct use of the stove will as well create very positive
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impact in respiratory health, avoiding exposure to indoor air pollution. If the stove is used correctly
(closed door and correct adjustment of air valve and exhaust damper), smoke would be totally eliminated
inside the house. Good lights will avoid the burning of jarro (resin-soaked pine wood), contributing to
better respiratory health. However light bulbs should be cleaned if they are covered with dirt or soot to
increase their luminosity. Access to clean drinking water has significant positive impact for people's
health. Clean and sufficient water is essential, and if it is easily available it can be used for agriculture
and animal husbandry, therefore better nutrition could be achieved as well.
HYGIENE: Synergistic effect in hygiene is 3.15. The current situation described by the selected
parameters will enable an observable positive impact on people's hygiene. A latrine in good state with
clean water available is essential for enhanced hygiene, and it will avoid people practising open
defecation because it offers a private and hygienic environment. The cleaner the latrine and the better its
condition, the more likely people will make use of it. A stove which is well utilized, by closing the doors,
air valve and damper, will largely reduce indoor air pollution, therefore eliminating soot particles. That
will contribute to enhance people's hygiene and indoor environment. A complete elimination of smoke is
important for hygiene. Good lighting will avoid burning jarro (resin-soaked pine wood) and decrease
smoke too. Easy access to clean and sufficient water will bring very positive impact on hygiene too,
because plenty of water will be available for hygiene purposes.
WELLBEING: Synergistic effect in wellbeing is 3.3. Selected parameters will enable conditions for a
significant improvement in people's wellbeing. The fact of having a latrine near the house will largely
increase comfort and offer a private and safe place for defecation, avoiding people having to go to the
forest. A latrine with water will therefore make a big positive impact in wellbeing, and it could be
improved by keeping the latrine clean and with water always available. Correct use of the stove will
decrease smoke indoors, having evident positive impact for wellbeing, making the house much more
comfortable to live in. The time needed for firewood collection will also be shortened, as the stove
enables a more efficient burning, using less wood. Clean light bulbs will allow people to spend longer
time inside the house in the evening to be with family and kids could be able to study indoors, which is not
possible with no indoor lighting. Accessible safe water will as well increase people's wellbeing, as they
will have plenty of it available for cooking, drinking, hygiene and agriculture. If the water source is near
the house, or even better, in the house, people will not need to walk far to get it, as it is the case in some
areas. Easy access to clean water will have a large positive impact in wellbeing.
Productivity is 75.78 % out of a possible maximum of 100%. Productivity is the ability of people to work
efficiently, and the selected parameters will potentially enable conditions for it to be high. People's health
is the most important parameter for estimating productivity, especially in areas where agriculture is the
main economic sector. The current situation is therefore very good to enable a proper framework for
people to be healthier and be able to work in an efficient way.
Potential national GDP share of the mountain area in Nepal is 6.36 %. National GDP share of the
mountain area in Nepal is 5.6 %, much smaller than the Hill (central) and Tarai (south) regions.
Considering the productivity estimated with the selected parameters, GDP share is expected to raise.
With the selected parameters the productivity of people will be very high, because of improved living
conditions and a better framework for work and production. This estimate reflects a hypothetical
situation where the selected parameters are true for the whole mountain population in Nepal. Potential
GDP share is estimated by assuming the whole mountain population (6.3 % of the total population;
source: 2011 Nepal National Census) lives in similar conditions to those in the 4 villages in the
Chaudabise Valley in Jumla district, where data were collected in 2019. This estimate reflects therefore a
hypothetical situation where the selected parameters are true for the whole mountain population in
Nepal.
This program is particularly designed, and based on the survey and interview data collected, for the
context of the remote north-western part of Nepal, assessing RIDS-Nepal’s implemented “Family of 4”
HCD program. The software program developed for Octave is applicable for other people groups, regions
and developing countries if the needed contextualization for culture, habits and technologies of the target
people group are correctly assessed and appropriately included in the underlying program structure.
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6. Conclusions
RIDS-Nepal has been involved in community development projects in the districts of Jumla and Humla
since 1996. Sustainable development projects are not easy to design and implement, especially in these
remote and impoverished areas where illiteracy rates are still very high (45 % illiterate in Jumla and 52 %
in Humla (NepalMap, 2011)). RIDS-Nepal's developed HCD approach "Family of 4" involves user
communities in the design, construction, operation and maintenance of all projects. That helps the
beneficiaries to have a strong ownership feeling for each project and teaches them in the long run how to
stand on their own feet, keeping the items (latrines, stoves, light and drinking water system) in good and
functional conditions, so that they will last for many years. The next generation will be born into these
new, context relevant and applicable developments, “enculturating” these applications by assimilating the
"Family of 4", and for that sake as well the “Family of 4 PLUS” HCD concept easily into their everyday
lives. Once that happened, the development of the targeted people group has achieved the needed local
momentum to be continued by the local users themselves through full awareness, ability and skills to
build and use as well as to maintain their development achievements. In literature this is abstrusely
defined as “sustainability”, a far too frequently, far too easily and far too often poorly and unsatisfactory
defined and hastily used term which lost its real meaning over the last decades.
With Humla and Jumla being permanent food shortage areas (Kathmandu Post; 2018; HEAD Nepal,
2016), most people in these areas live from subsistence agriculture, just to survive. That makes it very
difficult to implement sustainable economic growth in these areas. Education is also very low because
children often go to work on the family's fields and teachers in these areas are not suitably educated,
prepared and motivated either. Briefly said, poverty is a consequence of lots of aspects and
circumstances, that may be geographical, climatic, cultural, environmental, etc., converging all in one
place. Finding workable and practical solutions for it is one of the key questions in the field of
development to achieve the SDGs fulfilment. In fact, reducing poverty is one of the biggest challenges
humanity still faces today and the goal of "No Poverty" has not been chosen by accident as the 1st
Sustainable Development Goal among the other 16 that we need to address and have agreed to achieve as
world community until 2030.
RIDS-Nepal is one of those small organizations which, by adding their contribution through their
developed long-term “Family of 4” and “Family of 4 PLUS” HCD concepts, even if small at the world
scale, helps people groups in the remotest and some of the most impoverished communities in the world
advance towards the fulfilment of the noble SDG goals. We have experienced and seen first-hand, and to
some extent as well have shown through the developed assessment tool presented in this paper, the
possible changes and synergistic benefits of end user communities who implemented with RIDS-Nepal a
long-term, HCD project. Our Octave program is a first attempt to measure objectively the effect that
latrines, stoves, lights and access to water have in people’s health, hygiene and wellbeing, and we believe,
even if the estimates can be improved, that it is a good starting point for the development of such an
evaluation and assessment tool that can be potentially used in wider contexts. We have seen changed lives
in the remotest areas of Nepal which were still visible and measurable after a generation, as people own
the projects and the new infrastructure has been enculturated. Apart from that, the way RIDS-Nepal
approaches all activities is well thought through and in close partnership with the user communities for
many years (ideally 2 generations). RIDS-Nepal puts quality of services before quantity, and this is the
right decision for an NGO that wants to make a real change in their little part of the world.
The author’s personal contribution to RIDS-Nepal’s activities has been a study and the programming of
the Octave assessment tool for identifying synergetic benefits created by the "Family of 4" holistic
community development approach, about the sustainability of the HCD approach and contribution to the
SDGs. The Octave assessment tool can be useful in community development projects if it is
contextualized and adjusted for the specific people groups to be assessed. It can give some valuable
descriptive results about what the future prospective of a community will be if the "Family of 4" HCD
approach is consequently implemented. There is plenty of scope and need for further research and
refinement of the Octave assessment tool, in particular how subjective, user-defined experiences (Fig. 2)
can be used as input for an algorithm to calculate the possible synergistic benefits in numerical values
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(Fig. 3) which in turn again have to be interpreted in descriptive narrative terms for the user community.
This, since the effects and impacts of latrines, stoves, indoor lighting and access to clean and sufficient
drinking water have on people's health, hygiene and wellbeing in developing countries, especially if they
are implemented jointly with each other, are not yet mathematically sufficient, accurately and enough
detailed, researched and included in literature. That is why the Octave-based assessment tool presented in
this paper is a first attempt to quantify mathematically synergistic benefits the “Family of 4” projects can
bring forth, defined in qualitative terms based on the various input parameters. There is substantial space
for improvement in the simple model assumed and qualitative descriptive outcome indicators in the
program. But this first attempt approximates fairly well the observed, long-term empirical evidence in the
form of plots and interpretation texts.
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Abstract
The design and cost estimation of solar thermal systems for integration to industrial processes require the analysis
of multiple alternatives in terms of solar collector technology, configurations, and equipment sizes. This paper
presents a practical approach to design and to estimate the costs of the integration of solar thermal energy to the
mining industry.
The approach is applied to integrate a solar thermal system to a copper mining process, which is located in Calama,
Chile. The proposed solar thermal system consists of a parabolic trough solar field integrating a thermal energy
storage to produce hot air for drying copper concentrate. The analysis indicates a capital cost of 3813 USD/kWth.
The most important investments are the solar field (44%) and the energy storage system (42%). The real (nominal)
levelized cost of heat is 5.21 (6.03) cent USD/kWth, which is relatively lower than those obtained in Europe.
Keywords: solar mining, solar thermal system, design approach, costs estimation.

1. Introduction
Recent studies reported that the cost of energy represents 20-40% of the total costs of mining operations
(COCHILCO, 2019). This is due to the continuous decrease in the grade of ore and the climb in the prices of
imported fossil fuels. Low and medium temperature mining processes consume more than 60% of the energy
needed by the mining industry (COCHILCO, 2019). In the copper and the iron mining processes electro-wining /
electro-refining, concentration, and leaching are the most heat-consuming steps, which generally require
temperatures lower than 200°C (Moreno-Leiva et al. 2018).
By analyzing the mining processes, the idea of implanting low-cost solar thermal systems for heat production
arises. The development of modeling techniques is a critical phase for the design and the economic evaluation of
the integration of solar thermal systems to mining processes.
This paper describes a practical approach for the design and costs estimation of solarized mining processes. A
case study on the application of the approach to design a solar thermal system for integration to a copper mining
process is presented. The suitable solar thermal system for the selected mining process consists of a parabolic
trough solar field integrating thermal energy storage to generate hot air for drying copper concentrate.

2. Methodology
Previous studies have concluded that integrating solar heat is possible at several points of mining processes
(Moreno-Leiva et al. 2018). The integration points are on the process level including the transfer of heat to basic
operations. Table 1. Illustrates possible integration points for solar heat into the copper mining process.
Table 1. Process operation temperature and suitable solar collectors for integrating solar energy into the copper mining industry.
Cooper
process
Operation
temperature
(°C)
(MorenoLeiva et al.
2018)

Pyro-metallurgy
Drying

Roasting

Smelting

Converting

Electrorefining

Leaching

180

500-800

1250

1200

60-65

30
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Hydro-metallurgy
Solvent
Electroextraction
wining

30

40-48
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Suitable
solar
collector

Trough,
Fresnel

Tower,
Furnace

Tower

Tower,
Furnace

FPC,
Vacuum
tube

FPC, Solar
ponds

FPC, Solar
ponds

FPC, Solar
ponds

Figure 2 illustrates the approach proposed for the appropriate integration of solar thermal energy to the mining
industry. The approach consists of three main phases: pre-design, design, and costs analysis.

Design

• Analysis of
the mining
process

• Size the
solar
installation

Pre-design

• CAPEX,
OPEX, and
LCOE
Cosolar thermal
system

Figure 1. A practical approach for the integration of solar thermal energy to the mining industry

The purpose of the pre-design phase is to analyze the mining process in order to get information about:
•

Process temperature,

•

Nominal load and load profile,

•

Operation schedule,

•

Connection between the mining process and the solar thermal system.

The design phase describes the complete configuration of the solar thermal system taking into account the
operation schedule and the load profile of the mining process.
•

Identify a suitable solar collector type,

•

Design the heat exchangers (if needed),

•

Design the thermal energy storage (if needed),

•

Design the solar field.

The last phase is the costs analysis, in which the investment costs, O&M costs, and Levelized Cost of Heat
(LCOH) are determined.

3. Application of the approach
A copper concentrate process located in the north of Chile (Calama), at 2,850 m above sea level is selected as a
case study. As illustrated in Figure 3, typical copper concentrate process entails crushing, grinding, flotation, and
dehydration. In crushing and grinding steps, the ore is reduced to an optimum grind size to liberate the copper
mineral grains from the non-copper mineral grains. After that, it is mixed with water and chemical agents to
separate the copper-mineral from non-copper mineral grains to produce wet copper concentrate. The latter is then
dehydrated and dried by the dryer, and high-grade copper concentrate powder is obtained.
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Figure 2. Typical copper concentrate process (FTM, 2019)

The idea of the integration of solar energy to the copper mining process at the level of the dryer aims to reduce
the humidity of the copper concentrate prior to export and to reduce conventional energy needs in the existed
conventional dryer. This increases the solar energy share and reduces the need for fossil fuels in the copper mining
industry since 45% of produced copper in Chile is exported as copper concentrate. The solar-fossil hybrid
configuration is possible after a slight modification in the existing drying process. The approach highlighted above
is applied to evaluate the integration of solar energy to the cited copper process.
3.1. Pre-design
The pre-design consists of the analysis of the drying process. Table 2 summarizes the results of the pre-design
phase.
Table 2. Main technical data of copper concentrate drying process

Parameter

Value

Process temperature

180 °C

Nominal load

50 ton/h

Load profile

Constant

Operation schedule

24h a day, 340 days a year

Connection

In-direct integration via a heat exchanger

3.2. Design
The first step in the design phase is to select appropriate climate and radiometric parameters for the design of the
solar thermal system. After the analysis of the yearly data, a Direct Normal Irradiance of 950W/m2, ambient
temperature of 15°C, wind speed of 30km/s and relative humidity of 45% are selected. The type of solar collector
is chosen with respect to the operating temperatures of the mining process and the thermal energy storage. As
shown in Figure 3, the selected solar thermal system consists of a parabolic trough solar field with oil-HTF, twotanks molten salt storage system, and a heat exchanger for hot air production. Oil-HTF at 270°C is pumped through
the solar field to be heated up to reach 390°C. The HTF then flows to the air/oil heat exchanger where ambient
air heated up to 180°C. During high solar irradiance, the surplus in the solar heat is stored into the hot tank to be
used during the night or when solar energy is not enough to meet the demand.
A modular modeling technique is to design the solar thermal system. The technique consists of modeling each
component of the system separately and then links several components together according to the desired
configuration. Matlab software was used for this purpose. The solar field modeling includes a single collector
model (Behar et al., 2015), a collector loop model, and a piping layout model (Behar, 2018). The heat exchanger
model is based on the NTU method. Table 3 shows the estimated design data of the solar thermal system.
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Air/oil
heat exchanger

Parabolic trough
solar field

Ambient air

HTF pump

Figure 3. Configuration of the solarized copper mining process
Table 3. Size of the main components of the solar thermal system

Parameter

Value

Collector type

Parabolic trough collector

Heat exchanger capacity

1780 kWth

Storage capacity

37, 597 kWhth (16h)

Solar field reflective surface

12, 505 m2

3.3. Costs
The method used in the cost analysis is based on a yearly discounted cash flow. The investment costs, O&M costs,
the LCOH, and the capital cost per capacity is the key economic indicators. Table 4 summarizes the input data for
the economic analysis. The O&M costs are supposed inflating at an inflation rate of 2.4%. The year “zero” is the
construction start year. Straight-line model is considered for depreciation of the investment costs.
Table 4. Input data for the economic analysis (reference: 2015 USD)

Parameters

Value

Note

Inflation rate

2.4

% per year

Real discount rate

8.4

%

Construction period

2

Years

Depreciation period

10

Years

Operation lifetime

25

Years

Site improvements

30(1)

Solar field

170

HTF system

70(1)

Storage

75(1)

Heat exchanger

USD/m2

(1)

USD/m2
USD/kWhth

217.12

(2)

(3)

O&M fixed costs by installed capacity

23.76

O&M variable costs by generated heat

0.18(4)

(1)

USD/m2

USD/kWth
USD/kWth
USD/MWhth

(2)

Taken from (Parthiv Kurup and Craig S. Turchi, 2015); Taken from (C. Perera et al.,

1998), case of counter flow heat exchanger; (3)Derived from (Parthiv Kurup and Craig S.
Turchi, 2015) based on thermal-to-electric efficiency of 36%; (4)Derived from (A. Aly et al.
2019) based on thermal-to-electric efficiency of 36%

The LCOH is calculated using the expression proposed by the International Renewable Energy Agency (IRENA,
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2012).
𝐿𝐶𝑂𝐻 = (

𝐼𝑛 +𝑂𝑀𝑛
∑𝑁
𝑛=1
𝑛
(1+𝑑)
𝑄𝑛
(1+𝑑)𝑛

∑𝑁
𝑛=1

)

(eq. 1)

Where: N is the lifetime of the solar thermal system, In is the investment costs in the year n, OMn is the operations
and maintenance costs in the year n, Qn is the heat generation in the year n, and d is the discount rate.
The results of the analysis are given in Table 5. The investment costs are 6.788 million USD, which results in a
capital cost per capacity of 3813 USD/kWth. As Figure 4 demonstrates, the most important investments are the
solar field (44%) and the storage system (42%). The O&M costs represent 25% of the total costs of the solar
thermal system. The real LCOH, which excludes the inflation is 5.21 cent USD/kWth while the nominal LCOH
(includes inflation) is 6.3 cent USD/kWth. These values are relatively lower than those obtained in Europe (IREA,
2015).
The LCOH from the solar thermal system is slightly higher than that from natural gas (the most used fuel in
industrial applications). The LCOH from natural gas depends on the global market and usefully varies from 3 to
5 €/kWh (Gabbrielli, 2014), which is equivalent to 3.3 to 5.5 USD/kWh. Therefore, the integration of solar thermal
energy to mining processes, particularly those located in arid regions, could be more competitive than the use of
fossil fuels, because in the arid regions, the transport of natural gas is very expensive and Diesel fuel is commonly
used. The latter is more expensive than natural gas, which results in a LCOH higher than 5.5 USD/kWh.
Table 5. Main economic indicators of the solar thermal system (reference: 2015 USD)

Economic indicators

Value

Unit

Investment costs

6.788

USD million

O&M costs

2.290

USD million

Real LCOH

5.21

Cent USD/kWhth

Nominal LCOH

6.03

Cent USD/kWhth

Capital cost per capacity

3813

USD/kWth

9%

5%

44%

42%

Site and civil engineering

Solar field

Thermal energy storage

hot-air heat exchanger

Figure 4. Costs breakdown of the solar thermal system.

4. Conclusion
A practical approach to the design and costs estimation of the solarized mining process is presented. It consists of
three phases: pre-design (to analysis the mining process), design (to size the components), and costs analysis (to
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determine the key economic indicators).
The proposed approach has been used to design a solar thermal system for a copper mining process located at
Calama, Chile. Based on the pre-design phase, the type of the collector is selected and the configuration of the
solar thermal system is defined. The sizing of the solar thermal system is then carried out based on a modular
modeling technique. Results show that the specific heat per solar field reflective area is about 7m2/kWth. The cost
analysis indicates a capital cost per capacity of 3813 USD/kWth. The real (nominal) levelized cost of heat is 5.21
(6.03) cent USD/kWth, which is relatively lower than those obtained in Europe. These values are slightly higher
than that obtained using natural gas, which varies from 3.3 to 5.5 USD/kWh. Nowadays, Diesel fuel is usually
used for heating purpose and it is more expensive than natural gas, which results in a LCOH higher than 5.5
USD/kWh. Therefore, the integration of a solar thermal process might an economical option, particularly for arid
mining processes.
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Abstract
The current multi-GW annual solar markets have brought a heightened focus on system reliability and sustained
performance. Many of these growing markets are situated in world climate zones that are most solar-rich, but
ironically co-located in geographies that are most soiling-prone. This paper documents the more than 7 decadehistory of the research invested into the science and solutions of soiling of solar components—highlighting the
motivation and milestones; the researchers and personalities, the R&D and commercial priorities, and the
associated progress. The presentation follows a historical timeline that begins starting with the 1940-1970s,
examines the changing emphases from solar thermal to solar electric, highlights the interesting contributions from
the requirements for space and in particular the first Mars-rover (Sojourner), and documents key contributions
through the recent growth in soiling R&D coincident with the PV market expansions attributed to China and its
manufacturing with associated precipitous (and fortunate) technology-price declines. This paper also highlights
key current and future research directions, speculates on short-term approaches preventing solar showstoppers,
and envisions some “holy-grail” schemes that might lead to the final solution(s).
Keywords: Soiling, dust, photovoltaics, concentrating solar power, solar thermal, history

1. Introduction
The growth in photovoltaic (PV) manufacturing and markets has been monumental over the past decade, reaching
about 0.5-terawatt of cumulative installed-PV capacity through 2018 (Fig. 1) (Mints 2019). In turn, this has increased
demands for reliable and sustained performance from this clean-energy source. Many of these growing, multi-GW
markets are situated in world climate-zones that are most solar-rich, but ironically co-located in geographies that are
most soiling-prone (e.g., northern Africa, the Middle East, India, as well as the desert areas of China, Australia, the
United States, and Chile). Unless addressed, these solar installations can lose 20%-50% of their generation capability
in monthly timeframes—along with the associated loss of monetary income. This paper documents the more than
seven-decades history of the research invested into the science and solutions of soiling of solar components—
highlighting the motivation and milestones; the researchers and personalities, the R&D and commercial priorities,
and the associated progress.
The overview follows an historical timeline that begins in the 1940-1970s, during which the early solar pioneers and
visionaries (all associated with ISES) first recognized the potential detrimental effects of soiling, primarily working on
solar-thermal collectors. With the Middle East oil embargo and resulting energy crisis in the 1973 timeframe, the
emphasis expanded to terrestrial electricity production. And the R&D investment in soiling grew primarily for
concentrating solar (thermal) power (CSP). During the 1980s, the collapse of oil prices and conservative political
influences severely limited government budgets with buildup of fossil-fuel energy sources. The 1990s presented a shift,
with solar-market experiments for CSP and PV driven by manufacturing interests and environmental concerns.
Coincidently, space-ventures turned toward Mars—and the “dust” issues with PV and the first Mars-rover (Sojourner)
provided investments in dust-mitigation research from NASA. Terrestrial soiling research extended into the early 2000s
with incentive programs (Germany, Japan, Europe). This soiling research focus was shared by CSP and PV. Then over
this past decade, the incredible PV market expansion because of China and its manufacturing with associated precipitous
(and fortunate) price declines, mandated serious attention to these soiling problems. Accompanying this about 75-year
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Fig. 1: Cumulative PV installations as function of year for various geographical areas

progression, the markets, technologies, R&D investments, and politics is mirrored by the volume of soiling journal and
conference publications—which have progressed from a handful in the first 2-decades to more than 300 in 2018 alone.
This paper examines this history and the key science and technology contributions associated with these periods. Much
of the material is covered in several reviews of soiling that have been published in the last decade (Mani and Pillai,
2010; Bakirci, 2012; Mekhilef et al., 2013; Bao et al., 2013; Midtdal and Jelle, 2013; Sharma and Chandal, 2013; Tarver
et al., 2013,; Butuza, 2014; Ghazi et al., 2014; Hernandez et al., 2014; Kazem et al., 2014; Sayyah et al., 2014; Darwish
et al. 2015; Maghami et al., 2016; Costa et al, 2016, 2018; Sainthiya and Beniwal, 2017; Pringle et al., 2017; Omara et
al., 2017; Jamil et al., 2017; Guerin, 2017; Fouad et al., 2017; Figgis et al., 2017; Zurita et al., 2018; Sun et al., 2018;
Sowden et al., 2018; Shaju and Chacko, 2018; Saravan and Darvekar, 2018; Said et al., 2018; Rao et al., 2018; Picotti
et al., 2018; Mussard and Amara, 2018; Mellit et al., 2018; Ilse et al., 2018; Hammad et al., 2018; Hadwan and Alkholidi,
2018; Deb and Brahmbhatt, 2018; Comerio et al., 2018; Bouaddi et al., 2018; Babatunde et al., 2018; Al-Thani et al.,
2018; Santhakumari and Sagar, 2019; Gulfam and Zhang, 2019; Dewi et al., 2019, Comerio et al., 2019; Al-Douri et
al., 2019). In addition, key current and future research directions are highlighted. We speculate on short-term approaches
preventing solar showstoppers and envision some “holy-grail” schemes that might lead to the ultimate solution(s).

2. Historical Analysis of the Evolution of Soiling R&D
The interests, investments, and level of critical interest in soiling issues are reflected by the publication history,
represented in the histogram of Fig. 2. Traditionally, the research output and funding levels are traditionally
manifested through the literature publications reporting on a technology’s needs, relevance, and improvements.
In this section, we identify particular periods, motivations, technologies, and external driving forces that have
been responsible for R&D progress..
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Fig. 2: Histogram showing soiling publications annually over the period 1942 through 2016

2.1 The early years (1940-1979): Solar pioneers
The initial serious attention to the effects of soiling on solar-component performances can be attributed to early solar
pioneers and visionaries. The contributions of Hottel, Woertz, Tomlinson, Sayigh, and Garg not only recognized the
debilitating effects that “dust” could have on the future adoption and use of solar collectors, but also established some
need for investigation the science underlying the soiling processes. This nascent work was centered on solar thermal
applications (solar water heaters, stills, concentrators, furnaces) which dominated the early technologies. We
provide some added details of this early work of those pioneers who were also ISES leaders.
The seminal 1942-publication by Hottel and Woertz (1942) is one that is attributed as initiating this researchinterest in soiling and solar energy. This paper first reported progress of the performance of solar-heat collectors,
primarily the collection of heat in a fluid and the utilization of that heat. In the conduct of this experiment for the
collectors on the first-solar house at Massachusetts Institute of Technology (MIT), the researchers evaluated of
the effects of dirt on the collector operation. Figure 3 shows Dr. Hoyt Hottel (1903-1998) and Dr. Maria Telkes
(1900-1995), two ISES pioneers, along with the MIT house that they had developed and served as the basis for
these first dust experiments. Dr. Byron B. Woertz is the figure on the room, working on the “heat traps.” The
“instrumentation” for quantifying the effects was that of visual inspection—in which the researcher estimated the
degree of “dirtiness” on 5-point grading scale (see except from paper in Fig. 4).
The critical nature of soiling was recognized by more focused research reports in the over the next two decades,
still concerned with solar thermal. Pioneering studies included reports by Dietz (1963), Bagnold (1965), Matsuda
and Aoyoma (1971), Hamberg and Tomlinson (1971), and Gilligan and Brzuskiewicz (1976). Special note are
those research investigations by ISES leaders: (1) H.P. Garg (1974) evaluated the changes in transmission of glass
solar-thermal cover sheets as a function of exposure time in India. This study noted the differences in vertical and
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horizontal mounted samples; and (2) A.A.S. Sayigh (1978) used flat-plate collector glass cover sheets to evaluate
the changes in collector performance in the more-harsh climates in Kuwait (comparing clean and soiled surfaces).
It is probably the first investigation of the effects of angle-of-inclination on the soil accumulation and the initial
investigation of early generation PV panels under these desert conditions.

Fig. 3: Early pioneers: (a) Dr. Hoyt C. Hottel (1903-1993); (b) Dr. Maria Telkes (1900-1995), co-designer of MIT house; (c)
MIT 1st Solar House (1939)-first “soiling laboratory,” with Dr. B.B. Woertz working on heat collector on the roof.

Historically, this period also heralded the major tipping point for PV technology, with the Bell Telephone
Laboratories “solar battery” discovery in 1954. This Si solar cell was the first to reach efficiencies beyond 6%,
making them interesting for real electricity generation applications. This also led in this period to the first solarpowered satellite, Vanguard I, in 1958, providing the first markets to test and use this new technology. These
events were key to the developments in the next periods of soiling research. This study also pioneered the
methodology used in many current soiling monitoring stations. Following Fig. 4, the effect of dirt on the collector
performances were obtained by comparing the mean of the west and center units (uncleaned collectors) with the
clean east collector. From these data, they obtained a measure (D) of the effect of soiling—essentially the
reduction in transmission through the glass cover sheet
2.2 Terrestrial energy programs (1973-1980): The first stages of soiling research
The 1973 oil-embargo and associated “energy crisis” sparked the heightened attention and serious consideration
of solar energy to replace these diminished fossil fuel sources. Government investments around the world swelled
in the early-to-late 1970s to accelerate the development and use of these “alternative energy” technologies. Major
laboratories (notably, the Solar Energy Research Institute–SERI, and the Florida Solar Energy Center-FSEC in
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the U.S. and Fraunhofer ISE in Germany) were established with focused missions on solar energy research,
development, and deployment. The scientific community grew, as did the volume of conferences, workshops, and
meetings.

Fig. 4: Excerpt from seminal paper by H.C. Hottel and B.B. Woertz (“The performance of flat plate solar heat collectors,”
ASME Transactions 64, 91-104 (1942) describing measurement of soiling.

The soiling related work in this initial period” mainly focused on effects on heliostats and mirrors used with
concentrating solar thermal power (CSP). These were considered the most advanced and least expensive in the
pathway to commercialization. These systems were deployed early for testing in areas having necessary high AMdirect solar irradiance component—mainly in desert regions. This brought the bothersome environmental
condition of “dust” that collected on the reflective surfaces—and the search for understanding the soiling process
and effects on performance. The annual publication volume (Figure 2) reflected the research funding growth.
The quality of the papers in this period were primarily aimed at establishing the effects of dust accumulation
reflection (for mirrors) and transmission (for lenses) of the concentrating components. The cleaning of these
surfaces started to receive attention, primarily using water for restoration. The major research was led by Sandia
National Laboratories and Jet Propulsion Laboratories in the U.S. Perhaps the seminal publication during this
period was that of Ed Cuddihy, which provided the earliest roadmap to the design and choice of coatings or
surfaces that resist soiling. The “Cuddihy rules” designed surfaces that are:
1. Hard (less susceptible to embedding particles or being damaged by them)
2. Smooth (less likely to trap particles)
3. Hydrophobic (less attractive to ionic species, adsorption of solids, and retention of water)
4. Low-surface energy (lower chemical reactions)
5. Chemically clean (especially of materials classified as potentially ‘‘sticky’’)
6. Chemically clean of water soluble salts (which are likely to link with other soiling agents)
Cuddihy investigated two primary techniques to achieve his desirable chemical characteristics—hydrophobicity
and low-surface energy—of low-soiling surfaces. The first technique for glass involves chemical coupling of
fluorinated compounds to the glass surface. The second technique involved chemical replacement on the surface
of all Group I ions (which are hydrophilic) with hydrophobic Group II and preferably Group III ions.
2.3 Political change (1981-1990): Uncertainty
Political change and the rapid increase of oil availability and decrease in fuel costs redirected energy priorities.
Conservative governments label solar advocates as “tree huggers”—and the budgets were cut severely. Although
this would have been the best time to invest in clean energy approaches, many research groups and beginning
commercial ventures had to cut back or abandon efforts. In the U.S., budgets were slashed by >75%. Remaining
investments turned toward fundamental research—and the more applied R&D in soiling mitigation was left to
linger. Figure 2 shows an accompanying and expected drop in the publications. But, though the CSP focus
continued, a subtle change occurred with an initiation of interest in soiling issues with PV.
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2.4 Market experiments (1990-2000): Roofs, space interests, R&D increases
The 1990s heralded some shifts in interest and rekindling of solar energy potential. First, the rise of market
experiments. The “1000-, 10,0000-, 100,000, and million roof programs” were born in Germany (1991), spread
to Japan (1994), bolstered by Germany (1999) and then fashioned in the U.S. (2001). Large central-station CSP
experiments were initiated. And, the successes of space exploration and the issues that arose from the PV-powered
NASA Mars Rover (Soujouner) with extreme dust conditions and remoteness on that planet—invigorated research
into prevention approaches. These included coatings, vibrations/ultra-sonics, electrostatics, and electrodynamic
screens. This reignited application and development of such high-tech remedies for earth-bound systems as well.
2.5 Incentives (2001-2007): Germany, Japan, Europe, reliability/certification
The new century was marked by a significant growth in PV, both research and sizeable market expansions. This
was driven by incentive programs such as the feed-in tariffs in Germany and European system buy-down
subsidies in Japan and the U.S. The research community started to become interested in soiling research because
of the rise in applications and country programs—and some realization by the developers that dirty modules
were money losers in their power systems.

Fig. 5: Expansion of data from Fig. 2 to inclde 2017 and 2018 publication data. Emphasis of the reporting continues to be
dominated by PV, but there is some increased interest in CSP due to added funding for this technology..

2.6 Beyond-the-tipping-point market growth (2008-present): China leads; solar is real
With the China dominance in manufacturing of PV (they showed the world how) starting in 2009/2010, a
beneficial collapse in PV prices took place. Following, a rise in new markets and investments in desert locations
(Saudi Arabia, Qatar, U.A.E. and other Gulf countries) and the U.S. Europe and Australia—as well as major
deployment programs in India and China, the publications addressing dust and soiling issues rose to the highest
annual levels. And these levels can be expected to continue to be significant in the literature because of the
economic and energy benefits of dust mitigation for these solar electric generators. During this period, PV has
been the primary attention of this massive publication rise. One of the disruptive consequences of the rapid and
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order-of-magnitude drop in PV prices has been that deployments of other solar electric approaches (e.g., CSP)
have slowed.

3. Current Soiling R&D Effort and Future Directions
The past two years continue to reflect the research interest and priority for mitigating the soiling issues (though
the annual PV shipments in these two year were about constant). The publications continue to center on PV—
though there is some uptake in those concerned with CSP, as represented in Fig. 5). This is due to some increase
in funding (e.g., in the U.S. DOE solar programs) and in southern Europe and northern Africa installations.
Soiling technical interests have shown some trends over the past decade. In the period 2010-2015, about 80% of
the publications mainly monitored and reported on the decrease in performances of components and systems. This
work was important in establishing the performance ratios and soiling rates in a particular location, with a variety
of purposes including determining the suitability for a potential installation and/or estimation of cleaning periods.
More recently with the expansion of the soiling-related research efforts, the research has become more
sophisticated, more directed toward understanding, and increasingly focuses on solving the soiling problem that
steals significant percentages of an installation’s output. There has been a rise and a refinement of laboratory
based soiling studies and the development of “dust simulators” to allow for evaluations under very controlled
conditions (including soiling rates, angles, humidity, temperature, and irradiance conditions). Associated with this
has been the used of “dust standards,” although there is some discussion on whether these materials standards are
generally translatable to real dust conditions encountered in various geographical conditions. This translates into
bankability issues, important for financial investments, insurance, and consumer acceptance.

Fig. 6: Research topic areas for publications over the period 2017 and 2018.
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Figure 6 presents the compilation of research reports from the years 2017 and 2018. The major focuses are on
cleaning methods and mitigation of the soiling problem, as well as the interrelated interpreting the severity of
the soiling in a particular geographical area or climate zone. A significant elevation to soiling research has been
the investment and development of modeling and simulation. These approaches have become quite sophisticated
and complex, with two major ones found in the literature: (1) Modeling of collected data from monitoring stations
or from installed arrays (systems). This is, in turn, used to understand seasonal variations, investigate
meteorological influences (wind, rain, snow, . . .), evaluate unusual occurrences such as dust or wind-storms, and
to establish cleaning cycles or monitor their effectiveness. This modeling is usually associated with an existing
installation. The second is (2) predictive modeling. This is more recent, and these simulations can be even more
complex. They try to utilize every available dataset for a target area, whether an existing weather station, a solar
resource monitoring unit, aerosol particle counters (PM2.5, PM10), satellite data, etc. to feed into the analysis to
predict the extent of the dust problem for a given location. This modeling is useful for either validating a location
for a planned installation—or finding an optimum location for a solar plant. A recent “revived” evaluation has
been the use of wind tunnel experiments for evaluation of soiling, especially for orientations and determination of
wind effects. One concept behind this overall modeling approach is that it does not call for the investment in
multiple dust monitoring systems—and could present a significant cost savings.
The remaining categories show a trend toward fundamental investigations that are primarily laboratory based. The
determinations of the dust physical and chemical properties are aimed many times at determining the adhesion
mechanisms holding the dust particles to the substrate surface. Part of this is also the understanding on how the
particles connect to each other and to that module or reflector surface— the “cementation” or solidification process
that plagues areas that have levels of moisture (e.g., heavy morning dews) that interact with the soiling particles
and become “bonded” to the surface and each other under high temperature and ultraviolet light conditions.
Removing the resulting layer tends to be difficult in many cases using conventional cleaning techniques. For PV,
the nature of the charge of the particles and the surfaces has begun to be explored in detail. This relates to both
the interest in the process of dust attaching to the module surface—as well as the increased interest in static and
dynamic screen to “repel” the dust. Controlled experiments are crucial—leading to the development of dust
simulators that can provide rapid, laboratory investigative systems. Likewise, the use of solar simulators and
reflectometers/spectrometers have accelerated the understanding of spectral effects and transmission/reflection
properties of the layers. Finally, primarily for PV, the costs of cleaning, costs of mitigation approaches, the cost
of electricity lost/gained under the environmental conditions, the related costs of system sizing, etc. are being
investigation and reported. And, because this is an issue that related to reliability, the development and evaluation
of standards are being addressed—especially standards relating to harsh climates where the dust issues can
dominate.
The future needs more research in this important area. This includes the development of standards that focus on
harsh climates, those that have higher temperatures and high degrees of soiling, in particular. Comprehensive,
user friendly (web based) design modeling tools will become available soon for determination of soiling rate/ratios
for all geographic areas for use by developers and installers for system sizing and O&M (cleaning cycles)
requirements affecting the maintenance costs. But the major question is, will the quest for the “holy grail” be
completed? Will we produce a cost-effective, durable, dual-purpose anti-soiling and anti-reflection coating for
module technologies and for CSP reflectors that have 10-20 year lifetime? This would certainly revolutionize
these aspects of solar technology.
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Abstract
This work attempts to fill in the gaps in the literature by providing a narrative of the development of solar
sciences and technologies in Chile during the XX and XXI centuries. It covers scientific activities related to
measuring solar irradiance and describes technological trajectories and capacity building. The study shows how
Chilean solar energy history has evolved in connection to the world, and as part of an international network of
scientists and engineers. It provides a perspective of technological trajectories and capability accumulation,
which shows discontinuities and gaps as well as some interesting experiences of success and failure with
technological experimentation and diffusion. This work proposes there is a connection between an early and
visionary period during the XX Century and the recent and disruptive developments of solar development in
Chile.
Keywords: Solar history, solar irradiance, technological trajectories

1. Introduction
Chile’s Atacama Desert has been shown to have the highest long-term solar irradiance of any place on Earth,
offering unique conditions for solar energy development. This has attracted worldwide attention since the 1900s
and several research groups, governmental agencies and private investors have taken various initiatives that
attempt to take advantage of this generous resource. However, there are important gaps in the historical
documentation of local solar measurements and technological development in the region.
This work summarizes a larger collective effort to recover Chilean history in a book (Osses et al. 2019). The
book and this paper attempt to fill in the gaps in the literature by providing a narrative of the development of
solar sciences and technologies in Chile during the XX and XXI centuries. It covers scientific activities related
to measuring solar irradiance and describes technological trajectories and capacity building. Relevant projects,
selected for their innovative approach or future potential, are used as examples. The work used as main sources
documents and visual material kept in the Technological University Federico Santa María archive, which
includes thesis, papers, projects and institutional reports. It also used interviews with the scientists and engineers
who worked in the field.
In the XXI century there are several visions of solar futures for Chile. The paper explores the perspectives for
solar science nowcasting and forecasting and the visions of Chile as a solar technology developer and as a solar
energy producer.

2. Solar measurements in Chile
Long-term solar measurements in Chile can be separated in three historical stages. The earliest one corresponds
to the period 1923-1947, when the Chilean Smithsonian Astrophysical Observatory collected data at Atacama
(Calama-Mount Montezuma station). The Observatory was one of three world stations set by the Simthsonian
Institute to collect data which was processed in the Unites States. A second period corresponds to the
development of a local network with 89 stations measuring along the Chilean territory between 1961 and 1983.
The National Solarimetric Archive consisted of surface observations of horizontal global irradiance and
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simulated data from atmospheric models for all the national territory. This information was shared with several
international organizations. The third and current stage includes hourly irradiance data collected from 2004 to
2016 at 90 m horizontal resolution over continental Chile. The results have been validated using 140 surface
solar irradiance stations throughout the country, providing a solar radiation database for Chile.
Chilean Smithsonian Astrophysical Observatory (1923-1947)
At the beginning of the 20th century, the Atacama region was already considered an optimal solar location.
Considering this characteristic, in 1918 the Smithsonian Astrophysical Observatory, led by Samuel Langley,
installed a solar observatory in northern Chile, specifically in Calama.
Abbott (1918) briefly comments on the vicissitudes that would conclude with the installation of the Calama
station, then Monte Montezuma, indicating that the decision to choose the Atacama region was not strictly
scientific, but also weighed reasons associated with international and logistics policy. The Calama-Monte
Montezuma station was the longest operating facility of the Smithsonian program, measuring continuously
between 1923 and 1947, that is, over a period of 25 years, under the direction of researcher Dr. C. G. Abbot.
The main objective of this observatory was to rigorously measure changes in the solar constant, with the least
possible disturbances of particles, clouds or water vapor. Through this study it was possible to establish the solar
constant of 1,945 cal/cm2 per minute that was universally accepted, and also testing the validity of a 273-month
periodicity in solar variation assumption. In 1949 a report was published with the conclusions of this
investigation (Abbot, 1949). The program ended in 1956, without being able to establish a conclusive
connection between solar variability and surface weather conditions (Rondanelli et al., 2015).
An interesting anecdotal fact reported in an interview conducted by Nelson Arellano to the engineer Carlos
Espinosa refers to the use of mirrors to transmit information. Comparing the different Smithsonian observatories
installed in different locations (United States, Africa, Chile), the data produced worldwide took weeks to months
to reach the offices of Washington D.C., with the exception of Chileans. Apparently, given the collaboration of
the copper mining company, owned by the Guggeinheim family, it was possible to use the telephone to call the
United States every day to give the report. However, the obstacle was to make the data arrive from the
Observatory to Calama. To solve this obstacle, mirrors would have been used to make morse code signals and,
thus, transmit results almost in real time (Osses et al., 2019).
National Solarimetric Archive (1961-1983)
The Solar Energy Laboratory was funded in 1961, under the initiative of Professor Julio Hirshmann Recht, a
pioneer researcher in the field of solar energy, who was its first Director until 1978. The Laboratory was located
on top of the Central House tower at the Technical University Federico Santa María (UTFSM) in Valparaiso,
Chile, where it had an available area of approximately 800 m2. Hirschmann was well aware of the unique
favourable solar radiation conditions in the north of Chile and had originally established contact with the
researchers working on solar measurements in the region. As mentioned earlier, particularly important was the
work reported by Charles Abbot, who had carried out radiative measurements from 1923 to 1947 in the interior
of Antofagasta, with the support of the Smithonian Institute, who contributed to spreading the solar potential of
the Atacama Desert (Abbot, 1951). Other systematic records were made from September 1957 until September
1958 by the Applied Sciences Research Department, DICA (University of Chile, 1967) in the town of
Baquedano at the Atacama Desert, being published by Francois Desvignes and German Frick (1959).
Nevertheless, despite acknowledging these two relevant initiatives, Hirschmann stated that “Up to ten years ago,
the solar radiation measurements in Chile had been sporadic, were carried out in diverse regions of the
country, and were not systematically related” (Hirschmann, 1973).
Hirschmann had early recognized that having the most accurate data possible was essential to develop
technological applications that could compete economically with conventional sources. Not only it was
important that the data were obtained with properly calibrated instruments, but also that the elaboration,
recording of maximum values, integration to obtain daily solar energy and the determination of monthly average
values were made with a common pattern, so that comparisons of data recorded at different stations and by
different organizations could be made (Roth, 1997).
Aiming at addressing the above issues, several initiatives were promoted by Hirschmann and his associates in
order to create a proper and organised solarimetric datacentre for the whole country. In 1965 the Solar Energy
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Laboratory already had 24 instruments for solar and atmospheric measurements, being considered the best
assembled in the country. As a result, in 1965 the Meteorological Bureau of Chile and UTFSM signed an
agreement to create the National Archive of Solar Evaluations at the Solar Energy Laboratory. On December 5,
1970, this National Solarimetric Archive was inaugurated in the presence of delegates of the Regional
Associations of the World Meteorological Organization of the United Nations (Hirschmann, 1973).
The Solar Energy Laboratory contacted all those Chilean institutions already carrying out solar measurements to
obtain their cooperation in providing a more complete vision of the solar radiation conditions of incidence or
incidental to all regions in Chile. According to Hirschmann (1973), these institutions were the Meteorological
Bureau of Chile, the Ministry of Public Works (Department of Hydrology), the national company of electricity
ENDESA (Department of Hydrology), University of Chile, Catholic University of Chile, University of
Concepcion, State Technical University and the Northern University. Nationwide data was sent to the Solar
Energy Laboratory at UTFSM, where it was evaluated and processed by a team of specially trained people with
standardized procedures, as requested by the World Meteorological Office. The results were sent back to the
organizations of origin.
The first article by Hirschmann reporting coordinated measurements of solar radiation of incidence in Chile was
issued in the Solar Energy Journal (Hirschmann, 1962). This publication compared the first measurements
carried out by pyranographs in the north of the country with the isopleths over the earth’s surface established by
J. N. Black (1956). Later on, Hirschmann published his work titled “Records on solar radiation in Chile” (1973),
including a summary of Chilean publications regarding this subject and calling attention to the phenomenon of
seasonal displacement of maximum solar radiation over the South American continent. Hirschmann mentions
the work by Sergio Cuevas Droguett (1963), published in the local journal Scientia, with measurements of solar
radiation recorded in 1962 in the northern and central zones of Chile. It is also mentioned the article published
by César Caviedes (1967) on solar radiation and temperatures in the center of the desert of the North of Chile.
However, Hirschmann states that “the problem with these first Chilean publications is that they have few
trustworthy results in the measurements of solar radiations of incidence (global)” (Hirschmann, 1973).
Original data sets reported by Bocic (1958), Hirschmann (1962), Dobosi and Ulriksen (1970), basically came
from two types of instruments used for solar radiation measurements in Chile. Sunshine duration was obtained
by Campbell-Stokes Heliographs and global radiation was measured by Robitsch bimetallic Pyranographs.
According to Dobosi and Ulriksen (1970), by 1965 there were 14 stations in the country which had
simultaneous measurements of global radiation and sunshine duration, 3 stations had global radiation
measurements only and the remaining 25 had sunshine duration measurements only. Radiation data covered the
period 1964-66. Available sunshine duration data extended mainly from 1948 to 1957 and from 1964 to 1966.
Hirschmann (1973) describes all available stations reporting to the National Solarimetric Archive in the period
1961-1970, going from Parinacota in the northest part of Chile, run by ENDESA, down to three stations located
in the Antartic, run by the Meteorological Bureau of Chile (Centro Meterológico Antártico, Base Pedro Aguirre
Cerda, Base Gabriel González Videla). An interesting case were the recordings from Mataveri, Easter Island,
taken by an old instrument of non-linear ordinates. In order to use this data, the personnel of the Solar Energy
Laboratory changed the diagrams, one by one, to a lineal scale using a specially designed integrator. A total of
81 stations were equipped with heliographs during this period and 54 of them also had pyranographs. Only two
of these stations kept continuous recordings during the whole period of 10 years for both instruments: Cerro
Moreno in Antofagasta and Quinta Normal in Santiago. The number of stations with available data from
heliographs/pyranographs started from 29/6 in 1961, reached a maximum of 61/40 in 1965 and ended up in
55/30 by 1970.
UTFSM also carried out comparative simultaneous measurements on different types of instruments for the
recording of solar radiation. These instruments were a Robitsch-Fuess bimetallic pyranograph, Kipp
thermocouple pyranograph with Kipp recorder and Eppley thermocouple pyranograph with Dynmaster recorder.
Small differences between these instruments, plotted on a common scale for a given day, have been reported by
Hirschman (1974), presenting the cosine function as a mathematical expression for the processes of solar
energy. Aiming at improving the periodic contrast or comparison of different equipment, German Frick built a
pyroheliometer of his own design.
In 1974, an Armstrong compensation pyheliometer was acquired, which was for many years the standard
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instrument for Chile's solarimetric measurements, as it was the most accurate instrument available in Chile and
Latin America. In 1997 it was replaced by a cavity radiometer acquired by the Chilean Meteorological
Directorate. Subsequently, when the computation was integrated into the procedures, it was recorded on Digital
Magnetic Tapes and currently on diskettes.
When the Chilean governmental fund for scientific and technological development (Fondo Nacional de
Desarrollo Científico y Tecnológico, FONDECYT) started in the 80s, several projects were presented to
modernize and improve the procedures for registering and presenting solar and wind data, adapting it to new
possibilities of data registration, proposing a uniform procedure to the national community and making results
compatible with what was done in Europe and the United States (Roth, 1997). Pedro Roth, from the Technical
University Federico Santa María, conducted two projects titled “Registration and Presentation of Solar and
Wind Data” (Fondecyt 0019, Fondecyt 476/82).
Current solar irradiance data (2004-2016)
The growing market of renewable energies in Chile and in the world requires an adequate estimation of natural
resources with renewable energy (water, wind and solar), in particular for planning variable operation of power
generation plants (wind and solar), with prediction horizons of hours and days. The precise prediction of
meteorological variables of the solar and wind resource is a problem that requires the interaction between realtime data (measurements), satellite images, computational models and applications of computational intelligence
techniques. The real-time predictions generated are a valuable asset for the operators of the generation systems.
The timely measurement of solar and wind resources is not in itself sufficient to predict the solar radiation
received by each collector (thermal, concentrator or photovoltaic) in a solar farm. The situation is similar in a
wind farm, since both often occupy several hectares. The solar resource is affected by cloudiness that is not
distributed evenly over the solar field. The wind resource is also affected by the topography of the place and the
wind conditions of the weather station at the place where each turbine is located are not necessarily replicable.
To predict the solar radiation that each panel receives on a solar farm, as well as the wind speed that each
turbine receives, sophisticated models with real-time feedback are required to predict resource availability and
thus accurately estimate energy production of the systems and thus reduce the financial risk associated with the
projects.
The solution for a solar resource prediction that addresses different time scales will combine measurements on
the ground, sky cameras, satellite images with forecasting algorithms and machine learning techniques. The
objective is that solar energy, which is characterized by being a renewable resource of a variable nature,
becomes a predictable and therefore manageable energy resource.
Estimates through satellite images require that methodologies be validated with precision measurements in the
field. Pyranometer-based measurements from ground stations typically have lower uncertainty levels that
satellite-derived data obtained by radiative transfer models. In Chile, there are currently not enough high-end
weather stations with state-of-the-art equipment. On the one hand, there are meteorological stations of different
characteristics and for different purposes, very few of them of high range and oriented to scientific research.
While some of the data from these stations can be acquired, their specifications do not allow the raw treatment,
necessary for calibration and validation of high precision models.
There are three public databases with solar radiation information in Chile. As mentioned earlier, the National
Solarimetric Archive collected data on 89 stations between 1961 and 1983, whose information has been made
available by Sarmiento (1995), several final year project publications at UTFSM (Cáceres, 1984; Lira, 1986;
Ortega, 1989; Guajardo, 1999) and the summary report “Solar irradiance in territories of the Republic of Chile”
(CNE/UNDP/UTFSM, 2008). There are claims of discrepancies between the Archive and other sources of
information. According to Ortega (2010), “the data from the Archive might have uncertainties as high as 15%
associated to the measurement period, plus the uncertainty which is inherent to the use of actinographs
(pyranographs)”. However, these claims have not been properly proven, but the argument has been helpful at
justifying fresh funding for modern measurement campaigns.
Since January 1988, the Chilean Meteorological Directorate run several pyranometers located at 18
meteorological stations along the country. However, half of them have been decommissioned due to
maintenance costs during 2001-2005, leaving only nine operating stations available on the website until 2010,
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when the global measurement was reported on a horizontal surface. The data was taken in 10 min intervals,
presented as hourly integrated irradiation (Wh/m2) and can be requested at www.meteochile.cl at a low fee that
covers processing costs.
The German Cooperation Agency (GTZ) together with the National Energy Commission (Comisión Nacional de
Energía CNE) started a measurement campaign in 2008 whose objective was to provide the general public with
integrated and comfortable access to the data obtained to date from a network of three ground stations located at
Pozo Almonte, San Pedro de Atacama and Crucero, northern part of Chile in the Atacama Desert (available at
http://walker.dgf.uchile.cl/Mediciones/). The measurement campaign comprised a wind and solar energy survey
in a wide area to better understand the characteristics of these resources in the country, it was not intended to
offer scientific precision, but reliable, consistent and comparable data. Many of the stations installed by GTZ
have stopped operating. In the case of wind, there are stations of the Meteorological Directorate of Chile and
stations installed by GTZ report wind resource measurements, which do not have online access. The only public
precision station in Chile, is installed in María Elena and has been operational since 2012. This station called
Crucero II is the only one that registers Direct Normal Radiation (DNI).
Two efforts have been made in the estimation of solar radiation from geostationary satellite images in Chile.
One of them is the Solar Explorer, developed by the Department of Geophysics of the University of Chile. The
Solar Explorer presents the estimation of solar resources in Chile and these data have been generated from
atmospheric models and satellite data, for the period between 2004 and 2016 at 90 m horizontal resolution over
continental Chile and the results have been validated using 140 surface solar irradiance stations throughout the
country (Molina et al., 2017). Another similar initiative was the Chile-SR model, developed by the Pontifical
Catholic University of Chile, specifically suited for the conditions of Chile by including updated altitudecorrected weather data (temperature, relative humidity, and atmospheric pressure), topography, and surface
albedo (Escobar et al., 2014). The output data from the Chile-SR model is composed of global horizontal
radiation and direct horizontal radiation in hourly basis. Both initiatives, solar explorer and Chile-SR model, are
currently discontinued. Although the solar explorer does not provide a real-time estimate of solar radiation, one
of the great values it has is that it is a tool that is available online and allows users to estimate the type
meteorological year (TMY) for each point in the country.

3. Solar technological development
Technological development in Chile shows richness in variety of applications and experimentation, such as
desalination, water heating, photovoltaic cells and solar energy storage systems. The projects used local
capacities together with international collaboration. The role of the Solar Laboratory of the Technological
University Federico Santa Maria was of particular relevance in this area. There was capability accumulation
through international collaboration, formal teaching, mentoring and research and development projects.
However, there are several discontinuities along time, which impacted capabilities development and technology
diffusion. There is scarce formal documentation of the projects undertaken, the available documentation is
dispersed on libraries and personal references throughout the world.
Solar desalination
At the beginning of the 19th century, the process of great economic acceleration incorporated the Atacama
Desert into its maps as part of the global nitrate supply network. In the first phase of nitrate expansion between
1864 and 1928, the problems of non-metallic mining operations found an important barrier in a demand for
water higher than that available. The use of coal machinery for distillation of seawater and inland waters was
one of the first measures, with high mineralization rates, so solar desalination rose as an alternative process.
In 1872 the desalination industry of Las Salinas was built and operated until 1910. One of the key actors of this
initiative is Charles Wilson, who was born in Stockholm, lived in Brooklyn and arrived in Chile along with the
construction of the Chañaral railways. Wilson would have devised a greenhouse system of wooden drawers
covered with glass and interconnected by pipes that distilled the underground water of the Sierra Gorda aquifer,
which was pumped thanks to windmills. However, it has not yet been credited how it came to this desalination
design (Arellano, 2019).
These drawers articulated an area of almost half a hectare, which was capable of producing about 18 thousand
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liters of distilled water on a summer day (Frick, 1973). This productivity was explained both by the solar
radiation harvested, and by the cold wind of the Atacama Desert, which managed to maintain the outside
temperature of the glass sufficiently cold. According to the testimony of the mining engineer Alejandro
Bertrand, the internal steam condensed and generated water that was accumulated in large underground ponds.
The existence of Las Salinas was known in the northern hemisphere since 1883, 11 years after it was built,
thanks to publications in London, New York, Oklahoma and Madrid. This experience was recovered in the
1950s by Dr. Maria Telkes in the United States, who gave information about its existence to the engineer Julio
Hirschmann, from the Technical University Federico Santa María at Valparaíso. From that moment on, Las
Salinas became an icon for those initiated in solar energy technologies. However, the existence of the other
industries of the nineteenth century - Sierra Gorda and Domeyko - was quite unknown.
Sierra Gorda desalination plant belonged to Juan Oliveira, located in the town of Sierra Gorda, 50 kilometers
east of Las Salinas. This second solar industry was active between 1886 and 1894. The distiller of Sierra Gorda
apparently had a supply of 40 thousand deciliters for every 24 hours. This would have made it twice as
productive as Las Salinas, but there is no detailed history of its operation that allows establishing a performance
(Arellano, 2019).
For about 80 years it was believed that a photograph of a solar desalination plant in the Atacama Desert dated
1908 corresponded to Las Salinas. However, the comparison of the description of 1883 elaborated by Harding
with the photograph of 1908 left in evidence differences that could only mean significant changes in the design
or that they were different installations. In 1907 and, probably in 1908, the solar desalination plant of Domeyko
Office was photographed in what appears to have been the process of starting operations. The publication of
these photographs in Antofagasta and London may have several interpretations; One of them is the interest of
the owners Ottorino and Nicolás Zanelli in selling all the facilities and exploitation rights to Casa Gibbs Ltd.
(Arellano, 2019).
No evidence of Domeyko’s closure has been found and it is not possible to indicate the operating time span. It
was reported that it had 20,000 square feet (approximately 2,000 square meters) of glass and was capable of
producing 950 British imperial gallons, just over 4,300 liters, of fresh water daily (Arellano, 2019).
All desalination plants built between 1872 and 1907 disappeared without knowing its design process or the
cessation of operations, which, due to their size, should have involved administrative procedures. There is no
evidence to establish whether there was any kind of connection or social agent that connected the three
experiences. However, its territorial location, in the Atacama Desert, speaks of the interest of engineering in
harvesting solar radiation and tame thermodynamic processes.
The sun and the salt industry
In the evolution of the uses of solar energy in the industry in Chile there were applications in several technical
lines, but in the mid-twentieth century one was incorporated that has definitely had a development of continuity
and expansion like no other: the solar evaporation ponds.
The Atacama Desert seems to have been the third site in the world where this technique was implemented. The
fractional crystallization process allowed the production of saltpeter by-products and this began to be studied in
the 1930s, apparently, by the engineer M. E. Martínez in the Los Dones Office. It was not until the end of the
1940s that the design of engineer Stanley Freed was finalized, who managed to see four of the first ten planned
solar evaporation pools built. Between 1948 - when the first four solar evaporation pools were built - and today,
the use of this technique increased in surface area and production on an exponential scale (Arellano, 2019).
The case of evaporation ponds is very interesting in relation to the elaboration of the history of technology in
Chile and the modes of memory management in the local culture. It should be noted that this technical
development was disclosed through the local press and that its existence was highlighted even by the candidate
for the presidency of the Republic Eduardo Frei Montalva in the 1958 campaign (Arellano, 2019).
However, the memory around this milestone was diluted to the point that the complexity of the technical
contribution has not obtained significant attention. Solar evaporation ponds are artifacts that require
sophisticated management in the Atacama Desert: they must deal with the astrophysical phenomena of solar
radiation, the atmospheric of large outdoor installations, the hydrogeology of the world's most arid place and the

2470

M. Osses et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

seismicity of the area. To this it should be added that the critical observation regarding the total thermodynamic
loss in the evaporation process, made by Julio Hirschmann in the 1960s, must be studied with a sustainability
perspective that in the 21st century has a different connotation in role of recent knowledge of anthropic effects
(Hirschmann, 1961a).
The 1950s were decisive for the emergence of solar energy as a field of exploration and development in the
world and, also, in Chile. Julio Hirschmann learned about Harold Heywood's research work at Imperial College
London and made the decision to focus his study on applied solar energy. That converged with the commission
of the rector of the USM of the time, Francisco Cereceda Cisternas, to investigate alternatives in the energy
supply for Chile (Arellano, 2018).
In 1958, Víctor Bocic Arzic graduated as a Mechanical Engineer at the Technical University Federico Santa
María, with the report “General background about solar energy and its use”. The 219 pages of Víctor Bocic’s
thesis materialize the evaluation that Julio Hirschmann had considered as optimal for the development of Chile.
This thesis is divided into three parts: general background about solar energy and its use; conversion of salt
water into fresh water; preliminary draft of a plant for the simultaneous obtaining of electrical energy and fresh
water from seawater, using solar energy. This work dominates in an integral way an engineering that provides a
forceful chapter of historical antecedents of solar energy technologies, and a study of evaluation of alternatives
for the simultaneous solution of two problems: energy and access to water.
Solar energy research at the UTFSM
In order to relate the history of solar energy in Chile with the worldwide development of the different
technologies linked to it, the thesis works found in the UTFSM library were analyzed, considering that they
partially reflect the interests at the country level on the development and integration of solar technologies. A
universe of 535 title and degree works related to solar energy were found, which are divided according to
professional level among technicians, engineers (execution and civilians), magister and doctorates. It is noted
that not only research in technology itself, but also in its implementation in our society, considering geography,
social challenges, government policies, economics, etc. The database includes 60 years of thesis work, from
1958 to 2018 (Roth, 2019).
An 11% of the thesis developed in the UTFSM correspond to the area of theoretical and general studies of solar
energy (TEO). Most relate to radiation measurements and solar trackers. This also includes maps and studies on
the intensity of solar radiation over the national territory and the appropriate measurement procedures. The most
studied areas in thesis works, however, are the use of photovoltaic energy (39%) (great boom since 2008) and
active thermal technology (35%) to use solar energy through solar collectors. There are three main areas:
collector technologies, applications and energy storage methods. Six jobs in this technology are related to solar
cooling. The use of passive solar thermal energy (10% of the total) has been of constant importance throughout
the years, where studies on desalination applications, greenhouses and architecture (thermal mass behavior)
stand out. In the 80s, works on the concentration of solar energy at high temperatures for the purpose of
electricity generation (CSP) appear, however, the great growth of this area has been appreciated since 2008
(Roth et al., 2019).
In addition to the thesis work, since 1964 the Department of Mechanical Engineering of the UTFSM includes
optional subjects related to solar energy in the curriculum of the career. The general course of Heliotechnics
began in 1978 and has been maintained since then, adding a laboratory applied since 1990. Laboratory activities
include the determination and study of characteristic curves of different solar technologies, for example for a
photovoltaic panel or a flat collector to heat water, as well as the determination of typical temperatures and the
thermal behavior of different applications, such as a Trombe wall or a greenhouse (Roth et al., 2019).

4. Institutional networking and capacity
building
The development of solar energy in Chile has been characterized by associative efforts and multidisciplinary
teams that worked in collaboration with other groups distributed throughout the country and abroad. The
creation of the National Solar Energy Committee in 1957 can be considered a milestone in the early stages of
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solar energy development in Chile. In the fifties there was already interest in the subject, as well as at the
University of Chile and the Universidad Católica del Norte (Román and Ibarra, 2019). In addition, the
favourable and exceptional solar radiation conditions of the north of the country were already known in Chile
and in the world. Abbot's measurements, referred to in Section 2, had contributed to spreading the solar potential
of the Atacama Desert.
The National Solar Energy Committee was established on September 14, 1957, at the Faculty of Engineering of
the University of Chile. The headquarters of the University of Chile in the north zone convened a scientific and
technological meeting of specialists in solar energy, attended by representatives of the University of Chile, the
UTFSM, the Catholic University of the North (at that time PUCV subsidiary), and of the Pontifical Catholic
University of Chile (Roman and Ibarra 2019).
At an international level, solar energy summoned various researchers and engineers who began to organize
around collaborative work. In 1954 - just three years before the creation of the Chilean Committee - in Arizona,
the United States, an association for applied solar energy was formed, which later gave rise to the International
Solar Energy Society, ISES, which is currently the most important society in the area. Since its inception, ISES
has welcomed researchers, engineers, industrialists and government agents from around the world and has
established biannual meetings that bring together its partners, also open to new participants. In 1957 ISES
published the first volume of its scientific journal, which today is called Solar Energy, which has become a
reference publication.
The United Nations promoted the development of solar energy, supported the formation of a network of
scientific collaboration in the area, and organized scientific meetings from which it published works. Within this
framework are the Solar and Wind Energy Symposium of New Delhi and the First World Congress of
Renewable Energies in Rome in 1961. This congress was the first to address the issue of renewable energy
worldwide. Hirschmann attended this Conference as Chairman (UN, 1962), where he met Maria Telkes and
Felix Trombe, among others.
In Chile, the National Solar Energy Committee met periodically to discuss technical aspects around publications
and trends in solar science and technology in the world and about the work being done in the country. This
Committee allowed for the establishment of lasting working relationships over time, which laid the foundations
for collaboration between universities, in particular UTFSM, the University of Chile and the Universidad
Católica del Norte. The collaboration was reinforced by the circulation of the engineers, among which it is
worth noting the trajectory of the engineer Germán Frick who began his work in the Committee as an IDIEM
official. The following year he moved as Director of the Applied Sciences Research Department -DICA(University of Chile, 1967) of the Northern Zone of the University of Chile in Antofagasta, where he worked
closely with Carlos Espinosa. Later, Frick moved to the UTFSM (1964 to 1978) where he joined Julio
Hirschmann, subsequently moved at the Catholic University of Valparaíso and then to the University of
Santiago, always working in research and development of solar technology (Román and Ibarra, 2019).
In July 1960, UTFSM was visited by Professor Farrington Daniels, Vice President of the United States
Academy of Sciences and recognized worldwide as a leading researcher in solar energy. Professor Hirschmann
accompanied Professor Daniels on a tour of the Antofagasta region, where the maximum terrestrial solar
radiation is located. The privileged conditions of the area for the industrial use of solar energy impressed
Professor Daniels, who offered the visit of other American researchers. Professors Duffie and Bliss returned to
Chile the following year and announced that Professor Hirschmann would be granted a scholarship by UNESCO
to conduct a study tour of the solar energy research centers in the United States, Israel and France, and also
attend the First World Conference on Energy Sources organized by the United Nations in August 1961 in Rome.
Professor Hirschmann, recommended by his American colleagues, was one of the five expositors who closed the
conference with presentations on the use of solar energy (Roth et al., 2019).
In its first decade, the Solar Energy Laboratory received leading international researchers who had participated
in the Rome Conference, including professors G.T. Ward of Canada, Ichimatsu Tanishita of Japan, Felix
Trombe of France, Zoltán Dobosi of Hungary, R. Sobotka of Israel and UNESCO expert Dr. Johannes Dannies.
Raquel Coo Wilson also visited the laboratory, granddaughter of Carlos Wilson, the engineer who developed the
world's first solar distillation plant in 1872 in northern Chile (Roth et al., 2019).
In December 1960, the rector of the UTFSM, Carlos Ceruti, authorized the funds for the creation of the Solar
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Energy Laboratory proposed by Professor Hirschmann. The Laboratory, founded in 1961, formed the largest
and most projected work team in the country. His work was developed in the area of solar radiation
measurement and the creation of the National Solarimetric Archive (see section 3), and in the development of
technological applications (see section 4). Professor Julio Hirschmann initiated the UTFSM laboratory together
with the engineers Germán Frick and Johan von Sommerfeld.
A working group on solar energy was also created at the Universidad Católica del Norte, led by Professor Carlos
Espinosa. There, researchers were trained, among which Orlayer Alcayaga, who did his doctorate in solar
energy in France in the 1960s. This team worked with the camanchacas (dense early morning fogs in Atacama)
and solar distillation, performed solarimetric measurements and experimented in various applications of solar
energy. In the fifties they worked on the development of photovoltaic cells and their adaptation to the particular
radiation conditions of northern Chile. This work was carried out in collaboration with international research
missions, instances in which the potential of the Atacama Desert was valued (Román and Ibarra, 2019).
At the University of Chile, work on solar energy managed to summon researchers from different departments in
the Faculty of Engineering (geothermal, geophysical and mechanical). Since its founding, the Department of
Mechanical Engineering worked closely with French researchers, who promoted solar energy research. Dr.
Jacques Fournier, Director of the Thermo-fluid area, obtained the concurrence of the General Water Directorate
and the Ministry of Public Works for desalination research programs. Fournier worked with Professor Sergio
Alvarado and colleagues from the Department of Mechanical Engineering (Román and Ibarra, 2019).
Later, research groups were formed in other universities in the country. At the beginning of the seventies,
Professor Aldo Moisan, from the Department of Mechanical Engineering of the University of Concepción,
began experimenting with the application of solar engineering to housing construction. Later, the University of
Magallanes formed a team dedicated to wind energy, which collaborated with the solar community, joining
forces in the promotion of renewable energy (Román and Ibarra, 2019).
University research centres maintained a permanent dialogue and exchange. The National Solar Energy
Committee resulted in a broader organization, created in tune with the various international organizations that
were grouped around ISES (International Solar Energy Society). Julio Hirschmann was the Director of the
Chilean Association of Applied Solar Energy, ACHESA, from its creation in 1963 until 1974. However,
ACHESA remained a de facto organization until the beginning of the 1990s, and had regional committees in
Santiago, Arica, Antofagasta, La Serena, Valparaíso and Concepción. ISES began as an American organization
that soon added international sections. Although there is no chapter dedicated to the Chilean section in
commemoration of the 50 years of ISES, Duffie and Tabor mention that the Chilean section, chaired by Julio
Hirschmann, was the second international group, after the joint section of Australia and New Zealand. The
international sections developed in a model in which their activities were independent, but with strong ties
between them (Román and Ibarra, 2019).
In the 1950s and 1960s, water was the problem that mobilized solar energy work, both internationally and in
Chile. The provision of fresh and clean water was an especially critical need in the north of the country, and
university research groups organized to work on this problem. There was a natural coordination, in which each
university team specialized in the research and development of a technological approach to the solution of the
water problem. Carlos Espinosa, at the Universidad Católica del Norte in Antofagasta, developed the fog trap
catcher by taking advantage of the “camanchaca” characteristic of the region (Arellano, 2019). The UTFSM
Solar Laboratory, led by Julio Hirschmann, specialized in evaporation desalination, which somehow continued
the work of Charles Wilson, which Hirschmann admired (Román and Ibarra, 2019).
Finally, the team from the University of Chile developed research into a purification technology by freezing
brackish water with terrestrial radiation (night cooling), a method known as natural freezing desalination. This
was an interdisciplinary work of several departments of the Faculty of Engineering. Jacques Fournier, led one of
the groups participating in the research, basing his work on the advances made previously by his department
colleague Sergio Alvarado and the publications of the French expert Felix Trombe. Roberto Román began his
career in the area as an undergraduate student, interested in renewable energy issues, and hired as a research
assistant by Fournier. The project managed to install a pilot desalination plant in Calama and supply the
irrigation for a vegetable greenhouse. The interest and collaboration generated by these projects convened
various organizations, often due to the enthusiasm of a professional who could provide support. For example,
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transfers to the Calama pilot plant were made in vans of the Ministry of Public Works and there was also some
relationship with CORFO (Román and Ibarra, 2019).
Later, the motivation for obtaining fresh water was combined with interest in solar furnaces and other
applications. The renowned French solar researcher, Felix Trombe, began his work in solar ovens in the mid1940s. According to Carlos Espinosa, in one of the interviews with Roberto Román, Trombe wanted to visit the
area towards the interior of Antofagasta, in which he had been interested in Abbot's writings. Trombe and
Espinoza visited Montezuma and Chiu-Chiu. Montezuma - the place of maximum solar radiation, as explained
in section 3-, was not suitable for Trombe furnaces, probably due to access difficulties. On the other hand, ChiuChiu was an ideal place both in terms of radiation and connectivity, and there were periliometric measurements
of direct radiation (Román and Ibarra, 2019).
At this time there was a discontinuity in solar records. This is stated in the World Radiation Data Center (year),
in which there is a gap in information from Chile between September 1973 and 1976. In addition, one of the
most immediate measures of the dictatorship was the prohibition of form associations of any kind, which
prevented ACHESA from formalizing its organization. In June 1974, the president of ACHESA, Germán Frick,
called to integrate new partners and strengthen the association, even considering that it was not a formal
organization. They had to spend some years to resume the dissemination and meeting activities of the Chilean
solar community (Román and Ibarra, 2019).
UNESCO continued its support work in the development of solar energy and, in 1974, together with the World
Astronomy Organization (IAU), conducted a course in San Miguel, Argentina, attended by engineers and
academics from all over Latin America and that gave rise to the formation of the Argentine Solar Energy
Association (ASADES). The course allowed to establish bonds between solar engineers in the region. Among
other Chileans, Roberto Román, Wilfredo Jimenez, Olayader Alcayaga, Eloísa Terrazas attended. There they
established ties not only with Argentine colleagues, but also with Peruvians Ricardo Zuleta and Roberto
Acevedo, as well as with the Spanish organization CYTED. Possibly, there was established some contact for the
visit to Chile of a UNESCO commission in 1976, in which the national solar installations were toured (Román
and Ibarra, 2019).
In 1978, under the direction of German Frick, ACHESA edited its first newsletter and organized the first Solar
and Wind Energy Seminar, SENESE. The board decided to prioritize the formalization of ACHESA as a
scientific society and continued work on the creation of statutes, initiated in 1974 during the presidency of Julio
Hirschmann and which continued in the Gastón de Goyeneche period (1976-1978). On July 3, 1980, they
obtained a document that was notarized and entered for the registration of the competent government authority.
The dictatorship did not encourage the creation of societies or community groups and the statutes never got
official. the absence of legal personality was a recurring theme in the minutes of the ACHESA board, because it
prevented the association from representing itself and the country before international organizations. However,
the Office of National Planning, ODEPLAN, sponsored the completion of the first SENESE, which was held at
the Lo Contador campus of the Pontifical Catholic University between July 31 and August 4, 1978. Architect
Ximena Ibáñez led the Event organization. Ibáñez had specialized in helioarchitecture in France in 1977, where
he coincided with Roberto Román and Olayader Alcayaga (Román and Ibarra 2019).
The SENESE became the meeting place of the academic community in the different venues of the participating
universities. ACHESA had more than one hundred members who participated in the SENESE along with other
solar professionals and academics. In those years, it was a mostly male community: in the list of partners from
1978 to 1980 only one woman appears, the architect Graciana Parodi of the University of Chile. Later, in a list
of researchers linked to solar energy carried out by ACHESA in 1980, which lists 164 researchers, in addition to
Graciana Parodi and Ximena Ibañez (from UC Architecture), María Elena Cuzmar of the Universidad del Norte
is registered, Marcela Jiliberto and Eleonor Carmendia of Food Technology of the University of La Serena,
Myriam Pérez de Endesa and Viviana Arce of the CADE-IDEPE consultancy (Román and Ibarra 2019)..
SENESE insisted on the need to strengthen collaboration between the different working groups. The solar
community promised to maintain and share outreach, research, teaching and development activities and to
attract the support of the state, for example in the realization of pilot projects in public buildings (schools,
hospitals, social housing, among others) and in the creation of regulatory standards.
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5. Conclusions
The study shows how Chilean solar energy history has evolved in connection to the world, and as part of an
international network of scientists and engineers. It provides a perspective of technological trajectories and
capability accumulation, which shows discontinuities and gaps as well as some interesting experiences of
success and failure with technological experimentation and diffusion. This work proposes there is a connection
between an early and visionary period during the XX Century and the recent and disruptive developments of
solar development in Chile.
The investigations carried out in Chile have used different approaches, using both experimental and
computational means, models and simulations. In addition, investigations and applications were often carried
out in collaboration or alliance with other institutions, including public and private organizations. Capacity
building was also addressed with awareness of its importance for technological diffusion.
The journey through the potential applications of solar energy and the history of the developments carried out at
the UTFSM, which are a sample of everything that has been done in Chile, leads to conclude that there has been
no lack of talent, nor the ability to interact as peers with other technology centers in the world. Nor has the
researchers and developers lacked vision, and new generations of solar engineers have been prepared. So, what
can explain the slow and humble development of the Chilean solar industry? We return to the conclusion of the
IPCC (2011) on the dependence of the diffusion of solar energy on energy policies, the contribution of the state,
the stability of public policies and technological improvements. We would have to add that technological
improvements also include the development of local capacities, knowledge of the country's own conditions and
the behavior of solar radiation in its geography, as well as the ability to develop and adapt technology. Learning
from the past should be useful to better understand and further develop this natural and generous resource of
energy, history matters.
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Abstract
Absorption chillers provide an alternative to conventional compression refrigeration systems as they can run on
renewable energy sources and waste heat. However, in the low-capacity range, these systems are more expensive
and bulkier when compared with vapor compression systems. Adiabatic exchangers possess a high potential for size
reduction in the most limiting components (the absorber and the desorber) through the externalization of the heat
transfer in a conventional and compact plate heat exchanger, allowing to perform and enhance the mass transfer in a
separate component. The present study proposes a single-stage H2O-LiBr solar absorption system with an innovative
bi-adiabatic configuration, which allows for a wide range of possibilities to enhance the mass transfer, leading to
efficient and compact systems. Moreover, only mass-produced standard components would be required. The work is
divided into three parts: the first section presents the system’s geometry and functioning. The second section includes
the dynamic model of the system and its hypothesis. Finally, the third section uses the dynamic model to define the
system’s operating conditions and evaluates the system coupled to an evacuated tube collector and a simple model
of a single-family house under a typical sunny day in the Monterrey (MEX) climate conditions.
Keywords: Absorption chiller, system design, single-stage, dynamic model, adiabatic exchangers

1. Introduction
The global energy demand is expected to increase of 77% from 2000 to 2040 in the New Policies scenario of the
International Energy Agency (IEA, 2018a). Considering that 74% of this demand will still be covered by fossil fuels
(IEA, 2018a) and other aspects like economic and demographic growth (especially in hot countries), a great challenge
is expected for the largest contributor to the world energy consumption and greenhouse emissions: the building sector
(Allouhi et al., 2015), whose need for cooling also raises due to the increase in the global average temperature (Aliane
et al., 2016). In the building sector, the need for space cooling has more than tripled from 1990 to 2016, and it is still
expected to triple by 2050 (IEA, 2018b). Nowadays, in some countries and regions of the Middle East and the United
States, space cooling might represent over 70% of peak residential electrical demand during hot days (IEA, 2018b).
Therefore, urgent action is needed; especially from governments of countries with a large or potentially large need
of cooling, like emerging economies with hot climates, to foresee this problem and avoid important economic and
environmental problems (IEA, 2018b).
Absorption chillers provide an alternative to conventional systems and reduce the reliance on fossil fuels (Wu et al.,
2014) as they can run on renewable energy sources and waste heat (Dube et al., 2017). These systems replace the
standard mechanical compression by a chemical compression and possess different advantages like low operating
costs (Wu et al., 2014), higher performance compared with other heat-driven cooling technologies (Hassan and
Mohamad, 2012), and operate with natural refrigerants that replace the commonly used hydrofluorocarbons (HFCs)
that will be progressively banned under the 2016 Kigali Amendment to the Montreal Protocol (IEA, 2018b).
Moreover, when solar-driven, the need for cooling coincides with high irradiance levels (Zhu and Gu, 2010).
Nevertheless, in the small-capacity range, these systems present some inconveniences as a high initial investment
cost and bulky components, which are both important factors that are directly correlated (Mugnier et al., 2017).
Furthermore, special attention is required for small-capacity systems as 70% of the increase in the need for space
cooling by 2050 will come from the residential sector (IEA, 2018b).
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Nomenclature
A
solar thermal collector area (m2)
B
solar gain factor (unitless)
a1
linear coefficient of the solar thermal
collector
a2
quadratic coefficient of the solar
thermal collector
Cth
thermal capacitance (Wh/K)
COP
coefficient of performance
G*
global horizontal solar irradiance
(Wm-2)
h
specific enthalpy (kJ kg−1)
k(θ)
solar thermal collector tilt angle factor
M
stored mass (kg)
ṁ
mass flow rate (kg s-1)
̇Q
exchanged heat (kW)
Rth
thermal resistance (K/W)
T
temperature (K)
Tm
average temperature of the fluid in the
solar collector (K)
Ẇ
mechanical work transfer to or from
the component (kW)
x
absorbent solution mass fraction

Greek letters
ƞ0
solar thermal collector optical efficiency
ƞcol
solar thermal collector efficiency
θ
inclination angle of the solar thermal panel (°)
Subscripts and superscripts
a
absorber
abs
absorption
ad
adiabatic
amb
ambient
c
condenser
col
collector
e
evaporator
g
generator
htf
heat transfer fluid
i
in
m
mass
max
maximum
o
out
p
pump
sol
solution
sorp
sorption
th
thermal

Therefore, there is a need to reduce the cost and increase the compactness of small-capacity absorption systems. At
the machine level, the main cost reduction potential is considered to be in the manufacturing costs reduction and
mass-scale production (IEA, 2018b; Mugnier et al., 2017). The last option can be hardly assessed as it depends on
the demand, which cannot increase unless some economic, demographic, governmental, and manufacturing aspects
are gathered together. As for the first option, the heat and mass exchangers have been pointed out as the limiting
components in terms of size, performance, and cost; especially for the absorber (Beutler et al., 1996; Kays and
London, 1984). On this direction, adiabatic exchangers have gained attention in recent years as they could lead to
compact, low-weight, and low-cost systems, through the separation of heat and mass transfers into two steps
(Gutiérrez-Urueta et al., 2012; Venegas et al., 2003; Ventas et al., 2010). Usually, a conventional plate heat exchanger
is used for the heat transfer owing to its high compactness (Wang et al., 2007) and the mass transfer is performed in
a different chamber where the solution can be distributed or dispersed in different forms to absorb or desorb
refrigerant vapor. This allows for an immense number of possibilities to enhance the exchange area and generate
flow instabilities, leading to high performance and compactness.
For the reasons exposed before, a new geometry of a single-stage H2O-LiBr absorption cooling system with a biadiabatic configuration is proposed. H2O-LiBr was selected as the working pair since it is until now the most efficient
and reliable working fluid for positive cooling. This new architecture would not only lead to high compactness but
also to avoid on-demand production by selecting only mass-produced standard heat exchangers. The present study
is divided into three parts. In the first section, the proposed machine architecture is presented and discussed. In the
second section, the description of the dynamic model based on the mass and energy balances of the components and
with a definition of the mass effectiveness is presented. Finally, in the last section, the dynamic model is used to
identify the optimum operating conditions of the system and evaluate its operation for a typical summer day using
real data from 2018 of the Monterrey (MEX) city. The typical day operation was performed by coupling the system
with the model of an evacuated tube collector and a single-family house.

2. System description
An absorption chiller in its simple form comprises an evaporator, a condenser, a non-adiabatic absorber, a nonadiabatic generator (also called desorber), a solution pump, a solution heat exchanger, and two expansion valves.
However, the present paper studies a new configuration of H 2O-LiBr absorption heat pump whose main innovation
can be found in the fully adiabatic sorption process (absorption and desorption, see Figure 1). In this case, the heat
transfer is performed in a conventional single-phase heat exchanger (HXg for the generator, and HXa for the absorber)
and the mass transfer is performed in a separate adiabatic mass exchanger (MXg and MXa) that allows innovative
distribution methods or surface geometries to enhance the mass transfer.
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In the proposed configuration, the diluted solution at the HXg is superheated by the heat transfer fluid (HTF) and then
sent to the adiabatic generator (MXg), where the adiabatic desorption of refrigerant vapor happens. The desorbed
refrigerant vapor goes through the condenser and once in the liquid phase it goes through the refrigerant expansion
valve (REV) before being evaporated at low pressure in the evaporator, where the cooling effect takes place. A
refrigerant recirculation in the evaporator is generated by means of a pump (P3). The vapor generated is then sent to
the adiabatic absorber (MXa) where it is absorbed by the concentrated solution (that has already been pre-cooled in
the HXa). The resulting solution goes to the solution storage tank and the mixed solution is pumped by P1 to the
generator, where the cycle starts again. To increase the efficiency of the system with internal heat recovery, a solution
heat exchanger (SHX) is placed between the absorber and the generator. Moreover, two recirculation pumps are
added (P2 and P4) to increase the system’s performance.

Fig. 1: H2O-LiBr single effect bi-adiabatic absorption chiller.

3. Dynamic model
The study of the dynamic behavior of absorption chillers is of great importance owing to their high response time
compared with conventional compression chillers of a similar capacity. This is in part due to the thermal inertia of
their components and the liquid accumulation in them (Evola et al., 2013; Kohlenbach and Ziegler, 2008; Ochoa et
al., 2016). In the present case, the state points represented in Figure 1 show the different internal thermodynamic
conditions of the H2O-LiBr solution (1-14), the water vapor (15 and 21), and the liquid water (16-20). Moreover, the
green numbers represent the external thermodynamic states of the heat source (31 and 32), the cooling source (3336), and the chilled source (37 and 38). The developed model is based on the mass and energy balances of each
component. The thermodynamic properties of the H2O-LiBr working pair were obtained from Yuan and Herold
(2005). Finally, the simplifying assumptions taken into account in the model are as follows:
•

There are no heat transfers with the ambient temperature.

•

The refrigerant and solution in the storage tanks are fully mixed.

•

The expansion valves are isenthalpic and the pumps are isentropic.

• The vapor at the output of the adiabatic generator is in equilibrium with the concentration of the solution at
point 5 [T15 = Teq(Ph, x5)].
•

The refrigerant is at saturation state at the output of the condenser and the evaporator.

• The characteristic time of the components is neglected with regards to the characteristic time of the storage
tanks and the transport delay between them.
•

The thermal inertia of the system’s components is neglected.

Different dynamic simulations are present in the literature. In most of the cases, the performance of the heat and mass
transfer exchangers is characterized by a thermal effectiveness and the solution is considered in equilibrium with the
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outlet temperature and the operating pressure (Aiane et al., 2017); however, this is never the case in real operating
systems. For this reason, in the present model, the exchangers’ performance is defined by their thermal or mass
effectiveness (Ɛth or Ɛm, respectively). The thermal effectiveness of the heat exchangers (condenser, evaporator, SHX,
HXg, and HXa) is the same as the one of conventional single-phase and phase change exchangers defined as the ratio
of the real transferred heat to the maximum theoretical transferable heat with the same input conditions (equation 1).
On the other hand, for the adiabatic exchangers (MXa and MXg), the mass effectiveness is defined as the ratio of the
actual exchanged mass (absorbed or desorbed mass) to the maximum theoretical transferable mass of sorption under
the same input conditions (equation 2) (Patnaik and Perez-Blanco, 1994; Islam et al., 2006). The procedure used for
calculating the mass effectiveness in the case of the absorber was described in (Michel et al., 2017). For the present
study, as both sorption processes are of adiabatic type, the mass effectiveness in the absorption mode is calculated
by solving equations (2-6), and a similar procedure is applied in the case of the generator.
𝜀𝑡ℎ =

𝑄̇
𝑄̇𝑚𝑎𝑥

(eq. 1)

𝑚̇𝑠𝑜𝑟𝑝

𝜀𝑚 =

(eq. 2)

𝑚𝑎𝑥
𝑚̇𝑠𝑜𝑟𝑝

𝑚𝑎𝑥
𝑚̇𝑠𝑜𝑙,𝑖 + 𝑚̇𝑎𝑏𝑠,𝑎𝑑
− 𝑚̇𝑠𝑜𝑙,𝑜 = 0

(eq. 3)

𝑚̇𝑠𝑜𝑙,𝑖 𝑥𝑠𝑜𝑙,𝑖 − 𝑚̇𝑠𝑜𝑙,𝑜 𝑥𝑠𝑜𝑙,𝑜 = 0

(eq. 4)

𝑚𝑎𝑥
𝑚̇𝑠𝑜𝑙,𝑖 ℎ𝑠𝑜𝑙,𝑖 + 𝑚̇𝑎𝑏𝑠,𝑎𝑑
ℎ𝑣𝑎𝑝 − 𝑚̇𝑠𝑜𝑙,𝑜 ℎ𝑠𝑜𝑙,𝑜 = 0

(eq. 5)

𝑎𝑑
𝑇𝑠𝑜𝑙,𝑜
= 𝑇𝑠𝑜𝑙,𝑜 (ℎ𝑠𝑜𝑙,𝑜 ; 𝑃𝑎𝑏𝑠 ; 𝑥𝑠𝑜𝑙,𝑜 ) = 𝑇𝑠𝑜𝑙,𝑒𝑞 (𝑃𝑎𝑏𝑠 ; 𝑥𝑠𝑜𝑙,𝑜 )

(eq. 6)

A constant transport delay (t) of the solution and refrigerant was considered between every state point so that the
properties at the output of each component were calculated with the outputs of the precedent component at a time –
t. Moreover, the equilibrium condition in the desorbed/condensed (ṁdes = ṁcond) and evaporated/absorbed (ṁev = ṁabs)
vapor is always fulfilled. The mass and energy balances of each component are described by equations (7-9).
∑ 𝑚̇𝑖 = ∑ 𝑚̇𝑜

(eq. 7)

∑(𝑚̇𝑖 𝑥𝑖 ) = ∑(𝑚̇𝑜 𝑥𝑜 )

(eq. 8)

∑((𝑚̇𝑖 ℎ𝑖 ) − (𝑚̇𝑜 ℎ𝑜 )) + ∑(𝑄̇𝑖 − 𝑄̇𝑜 ) + 𝑊̇ = 0

(eq. 9)

As mentioned before, absorption systems usually have a higher response time compared with conventional vapor
compression systems; however, for small-capacity systems, the thermal inertia of the components and the liquid mass
stored in them have a much lower impact. Therefore, in these conditions, the transport delay and the liquid mass
content in the storage tanks are the elements that most impact the response time. The storage tanks’ behavior is
described by equations (10-12).
𝑑(𝑀𝑠𝑡 )
𝑑𝑡

= ∑ 𝑚̇𝑖 − ∑ 𝑚̇𝑜

𝑑(𝑀𝑠𝑡 𝑥𝑠𝑡 )
𝑑𝑡
𝑑(𝑀𝑠𝑡 ℎ𝑠𝑡 )
𝑑𝑡

(eq. 10)

= ∑(𝑚̇𝑖 𝑥𝑖 ) − ∑(𝑚̇𝑜 𝑥𝑜 )

(eq. 11)

= ∑(𝑚̇𝑖 ℎ𝑖 ) − ∑(𝑚̇𝑜 ℎ𝑜 )

(eq. 12)

A recirculation rate was defined at the generator and the absorber which defines ṁp2 and ṁp4 as functions of ṁp1, as
shown in equation (13). Another important parameter is the thermal COP, which is defined by equation 14.
𝑅=

𝑚̇𝑝2
𝑚̇𝑝1

𝐶𝑂𝑃𝑡ℎ =

=

𝑚̇𝑝4
𝑚̇𝑝1

𝑄̇𝑒
𝑄̇𝑔

(eq. 13)
(eq. 14)

Finally, a second law analysis was performed to identify the most exergy destructive components. The exergy,
defined as the maximum work potential of a material or an energy stream compared to its surrounding environment,
is defined by equation (15) (KOTAS, 1985), in which h and s are the enthalpy and entropy of the fluid and h0 and s0
are the enthalpy and entropy of the same fluid at the ambient temperature and pressure. The exergy destruction (ED)
by component is given by equation (16). Therefore, the total system exergy destruction is the sum of the exergy
destruction in all its components.
𝜓 = (ℎ − ℎ0 ) − 𝑇0 (𝑠 − 𝑠0 )
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Δ𝜓 = ∑(𝑚̇𝑖 𝜓𝑖 ) − ∑(𝑚̇𝑜 𝜓𝑜 )

(eq. 16)

4. Results and discussion
4.1 System’s optimum operating conditions
The aim of the present section is to determine the optimum operating conditions of the proposed system with a
nominal cooling capacity of 5 kW. The HTF in the different heat exchangers is assumed to be water. Therefore,
considering a ΔT = 5°C for the HTF in the evaporator, a ṁ37 = 0.24 kg/s was calculated. The same value was attributed
to ṁ35 as the condenser would operate at similar capacities. ṁp3 was calculated according to the need of a minimum
flow rate required to have an acceptable performance on a helical falling film heat exchanger with a coil diameter of
30 cm. A minimum flow rate of 1 l/min was considered per meter of coil perimeter, which led to a ṁp3 = 0.016 kg/s.
Finally, for the purposes of the study, constant HTF inlet temperatures at the evaporator and the condenser were
defined at T35 = 15°C and T37 = 30°C, respectively. Regarding the heat exchangers, a constant thermal efficiency of
0.8 was selected for the condenser, the evaporator, and the SHX. In the case of the HXg and HXa, as their capacities
would vary depending on the operating conditions at steady-state, it is more practical at this stage to define a pinch
of 3°C between the output of the solution and the inlet of the HTF (Pinchg = T31 – T5 = 90 – 87°C and Pincha = T13
– T33 = 33 – 30°C).
A parametric study was performed to identify the optimum operating conditions of the system. This procedure was
mainly based on two different parameters: the ṁp1 and R. For every ṁp1, the program would start at a very low R and
run until the stabilization condition is achieved (ṁev = ṁcond), R was iteratively increased until reaching the 5 kW set
point capacity at the evaporator. Two scenarios were studied: one with Ɛm = 0.4 for both adiabatic exchangers and
another one with Ɛm = 0.6. Results can be observed in Figure 2. From this Figure, two acceptable COPth,min were
considered (0.7 and 0.75). For a COPth,min = 0.7, ṁp1 = 0.075 kg/s and R = 10 would be required with Ɛm = 0.4, while
R = 6.25 is required with Ɛm = 0.6. On the other hand, for COPth,min = 0.75, ṁp1 of around 0.05 kg/s is required with
R = 17.3 and Ɛm = 0.4, and R = 11 with Ɛm = 0.6. It’s worth mentioning that in none of those conditions there was a
risk of crystallization.

(a)

(b)
Fig. 2: Thermal COP and R vs ṁp1 for a (a) Ɛm = 0.4 and (b) Ɛm = 0.6 in the mass exchangers ( nominal conditions).

Taking into consideration the system stability and electric consumption limitation due to the pumps work, an R close
to 10 or less is preferable. Under these conditions, a Ɛm = 0.4 would only be accepted by reducing the COPth,min to
0.7, while a Ɛm = 0.6 would be preferable to obtain a thermal COP of 0.75; therefore, this last condition was selected
as the nominal operating state of the machine (COPth = 0.75 // ṁp1 = 0.05 kg/s // Ɛm = 0.6 // R = 11). Once this
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condition selected, a calculation of the HXg and HXa thermal effectiveness was performed (equations (17-18)) with
the rest of the parameters of the simulated results (Q̇g = 6.67 kW // Q̇a = 6.64 kW // T4/T5/T31 = 81.47/87/90°C //
T12/T13/T33 = 38.37/33/30°C).
𝜀𝑡ℎ,𝑔 =
𝜀𝑡ℎ,𝑎 =

𝑇5−𝑇4
𝑇31−𝑇4

= 0.65

𝑇12−𝑇13
𝑇12−𝑇33

(eq. 17)

= 0.64

(eq. 18)

The thermal efficiencies are acceptable considering that for the other heat exchangers a Ɛth = 0.8 was taken into
account. Finally, the required HTF flow rates are calculated (equations (19-20)) for both heat exchangers assuming
a ΔT = 5°C for the HTF in both exchangers, a water Cp at 88.5°C for the HXg, and a Cp at 28.5°C for the HXa, which
corresponds to 4202.81 and 4177.35 Jkg -1K-1, respectively.
𝑄𝑔

𝑚̇ℎ𝑡𝑓,𝑔 =

𝐶𝑝∗∆𝑇

𝑚̇ℎ𝑡𝑓,𝑎 =

𝐶𝑝∗∆𝑇

𝑄𝑎

=
=

6670
4202.81∗5
6640
4177.35∗5

= 0.31725
= 0.3065

𝑘𝑔

(eq. 19)

𝑠

𝑘𝑔

(eq. 20)

𝑠

Therefore, the nominal external parameters were defined as follows: ṁhtf,g = 0.32 kg⁄s; Thtf,g = 90°C; ṁhtf,a = 0.31 kg⁄s;
Thtf,a = Thtf,c = 30°C; ṁhtf,c = ṁhtf,e = 0.24 kg⁄s, Thtf,e =15°C, and the internal parameters were defined as: ṁp1 = 0.05
kg⁄s; ṁp2 = ṁp4 = R*ṁp1 = 0.55 kg⁄s; ṁp3 = 0.015 kg/s. These parameters with the selected and calculated thermal
efficiencies (Ɛth,e/Ɛth,c/Ɛth,shx=0.8 and Ɛth,g=0.65/Ɛth,g=0.64) provide 5 kW of cooling with a thermal COP of 0.75.
However, considering the implementation of PHE in all the thermal components and that this type of exchanger can
easily achieve efficiencies of 0.8, a nominal thermal efficiency of 0.8 for all the components was selected. With this
improved efficiency in the HXa and the HXg, the chiller would provide a cooling power of 5.4 kW with a COP of
0.751.
4.2 Typical day operation
Once the nominal conditions defined, the system was studied under real simulated conditions coupled to an evacuated
tube collector as the high-temperature source, a single-family house in the Monterrey (MEX) climate conditions as
the low-temperature source, and a helical geothermal heat exchanger (GHX) as the intermediate-temperature source
(Figure 3a). The Monterrey’s Integral System of Environmental Monitoring provided data of the global solar
horizontal irradiance and the ambient temperature of the Monterrey city (SIMA, 2019). Data from the 23 July 2018
were used as it is a representative summer day in Monterrey (Figure 3b). From this data, the selected evaluation
period was from 6 A.M. to 8 P.M. as outside this period there is no irradiance.

(a)

(b)

Fig. 3: (a) Diagram of the integrated solar-geothermal absorption cooling system (adapted from (Altamirano et al., 2018) and (b)
Monterrey city climate conditions of the 23 July 2018 (SIMA, 2019).

The simulated collector corresponds to the Thermomax-Mazdom vacuum tube collector, whose performance is
defined by equations (21-23) and with the following properties: ƞ0 = 0.804, a1 = 1.15 °C∙m2kW-1 and a2 = 0.0064
°C∙m2kW-1 (Vargas Bautista et al., 2011). Moreover, the collector was considered to have a tilt angle of 25°, south
orientation (recommended for Monterrey’s 25° 4’ north latitude) (Vargas Bautista et al., 2011), and an area of 10.5
m2.
𝑄𝑔̇ = 𝐴 ∙ 𝐺 ∗ ∙ ƞ𝑐𝑜𝑙
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ƞ𝑐𝑜𝑙 = 𝑘(𝜃) ∙ ƞ0 − 𝑎1
𝑘(𝜃) = 1 − 0.239 (

𝑇𝑚− 𝑇𝑎𝑚𝑏

1
𝑐𝑜𝑠𝜃

𝐺∗

− 𝑎2

(𝑇𝑚 − 𝑇𝑎𝑚𝑏 )2
𝐺∗

− 1)

(eq. 22)
(eq. 23)

Considering that the intermediate temperature source is composed by helical GHXs and assuming that the variation
of the ground temperature is negligible in the simulated period of time (14 h), a parallel flow was considered for the
absorber and the condenser with a constant HTF inlet temperature of 30°C, which is reasonable for the Monterrey
climate conditions (Altamirano et al., 2018). Finally, the house was simulated through a simple model based on an
equivalent thermal resistance, capacitance, and solar gain factor (1R1C + solar gain, see Figure 4c and eq. (24))
whose parameters (Rth = 0.01282 K/W, Cth = 5380 Wh/K, and B = 5, respectively) were obtained after a
characterization study based on experimental temperatures and irradiance measurements obtained from a singlefamily house with a wooden structure (see Figure 4a and b), good insulation and good thermal inertia (Domain et al.,
2015). The house is a two-floor house with 218 m2 of wall surface, 60 m2 of ground surface, 18 m2 of windows’
surface, and a total volume of around 240 m 3. Only the irradiance on the south side of the house was taken into
account as it contains the largest windows area (15 m2) and the east and west side irradiances are mostly blocked by
trees.

(b)

(a)

(c)
Fig. 4: Studied single-family house. (a) Ground floor and (b) first floor plans, and (c) 1R1C thermal model considering the cooling
power and irradiance on the south face.
𝑑(𝑇ℎ𝑜𝑚𝑒 (𝑡))
𝑑𝑡

=

∗
𝐵∙𝐺𝑣𝑒𝑟𝑡,𝑠𝑜𝑢𝑡ℎ
(𝑡)+[(𝑇𝑎𝑚𝑏 (𝑡) − 𝑇ℎ𝑜𝑚𝑒 (𝑡))⁄𝑅𝑡ℎ]− 𝑄̇𝑐𝑜𝑜𝑙𝑖𝑛𝑔 (𝑡)

𝐶𝑡ℎ

(eq. 24)

The chiller was considered to operate at steady-state at the beginning of the simulation (6:00 A.M.) with the
parameters defined in section 4.1 except for the external inlet temperatures, which were defined as follows: an
intermediate temperature (T33 = T35) of 30°C coming from a geothermal source, an initial low-temperature (T37) equal
to the ambient temperature (25.2°C), and a driving temperature (T31) equal to the cut-off temperature (temperature
necessary for the system to generate a cooling effect) of those conditions (33.5°C). The initial home ambient
temperature was that of the ambient temperature (25.2°C). Figure 5 shows the evolution of the absorption system’s
external temperatures, the ambient temperature, and the home temperature with (Thome1) and without (Thome2) the
effect of the chiller’s cooling power. As there are no external thermal storage tanks to absorb the temperature
variations of the hot and cold sources, their temperatures follow the sources’ conditions achieving around 86°C at
the hot transfer fluid and 6.2 kW of cooling capacity (Figure 6). At the beginning there was not enough cooling
power to compensate for the heat exchange with the ambient temperature and the solar gain; therefore, the home
temperature slowly increased by up to 1°C until 9:00 A.M. After that, the house is effectively cooled by the
absorption chiller achieving a temperature as low as 21.5°C until 17:30 hours, and maintaining a temperature lower
than 22°C until the end of the day. Without the cooling power, the internal home temperature is highly affected by
the ambient temperature and the solar gain, achieving a temperature of 30.6°C by the end of the day, which makes a
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temperature difference of almost 9°C compared with the cooled case. Using the absorption chiller, temperature
conditions in the thermal comfort range according to the ANSI/ASHRAE Standard 55-2004 (ASHRAE, 2004) are
always achieved, which is not the case for the non-cooled case. Finally, the system provided 46.5 kWh of cooling
for 61.3 kWh at the generator and 108.5 kWh at the intermediate source, leading to a cumulative COP (integrated
cooling capacity by the integrated heat input (Lazzarin, 1980)) of 0.765.

Fig. 5: Evolution of the absorption chiller's external temperatures, the ambient temperature, and home temperature with and without
the cooling power.

The inlet-outlet temperature differences in Figure 5 represent the exchanged heat for each component in the system,
which is better represented in Figure 6. This figure shows that at full irradiation, the absorber and generator heat
exchangers are the ones with the higher values, followed by the condenser and the evaporator. At the end of the day,
when the solar irradiation decreases, the heat exchanged at the generator and the condenser drops lower than that of
the absorber and the evaporator, respectively, at around 15:30 hours. This is because, at the low-pressure stage, the
thermal inertia in the solution and refrigerant storage tanks play an important role in the cooling generation. This is
even more accentuated at around 18:00 hours, when clouds arrive over the zone and there is a sudden drop in the
solar irradiance (Figure 3b), drastically decreasing the generator temperature and increasing the exchanged heat
difference between the two stages. The heat exchanged at the SHX is low at full operating conditions owing to the
recirculation implemented in the absorber and the generator. However, as the solar irradiance decreases, this
exchanged heat becomes predominant as the temperature difference between the intermediate and hot temperature
sources is still considerable while the low cooling production regime (low absorption and desorption rates) leads to
a low heat exchange in the rest of the exchangers.

Fig. 6: Evolution of the heat exchanged in the different components of the absorption system for the studied period.

Figure 7 shows the evolution of the content in the storage tanks and the concentrations at the inlet and outlet of the
absorber and the generator. A short stabilization period is observed before 7:00 hours, in which the irradiance is not
sufficient to provide a temperature high enough to generate a desorption effect. Therefore, an absorption process
happens, and the condenser evaporates for a short period. This can also be observed in Figure 8, with a small period
of negative condensed mass (ṁ15). As the driving temperature source increases, the solution circuits increase in
concentration to follow the new equilibrium conditions. This is better observed by the decrease in the content of the
solution storage tank and the increase in water content in the refrigerant storage tank between 7:00 and 14:00 hours
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(Figure 7). As the generator temperature increases, the equilibrium concentration also increases and therefore, the
difference in concentration between the absorber and the generator also increases, achieving a maximum
concentration at the generator of 0.55, which does not imply a risk of crystallization.

Fig. 7: Evolution of the (a) mass contained in the solution and refrigerant storage tanks and the (b) inlet-outlet solution concentrations
at the absorber and desorber.

As mentioned before, the sudden drop in the solar irradiance of around 18:00 hours drastically affects the machine
behavior decreasing the generator and condenser heat exchanges, and therefore affecting the condensed vapor, as
observed in Figure 8. After 19:00, the provided generator temperature is not sufficient anymore to desorb water
vapor. However, the cooling generation continues thanks to the thermal inertia of the storage tanks, and this can be
observed in the positive evaporated mass (ṁ21).

Fig. 8: Condensed (ṁ15) and evaporated (ṁ21) mass flow rates for the studied period.

Another figure of interest is the high and low pressures in the absorption system, which are shown in Figure 9. An
important influence of the generator (directly related to the solar irradiance) and evaporator temperatures can be
observed, achieving a maximum high pressure of around 6.75 kPa and a minimum low pressure of around 1.59 kPa.
The impact of the solar irradiance on the operating pressures can also be observed in the sudden pressure drop that
happens when the available solar irradiance decreases at around 18:00 hours.
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Fig. 9: Operating pressures in the system for the studied period.

Finally, Figure 10 shows the exergy destruction in the main components and the total system’s exergy destruction.
At the beginning of the studied period, the components that destruct the most exergy are the condenser and the
evaporator. This is because the enthalpy of vaporization/condensation plays an important role in these operating
conditions compared with the single-phase exchangers and the enthalpy of mixing in the adiabatic sorption processes,
especially for the condenser that, as described by the model, receives superheated vapor. However, as the generator
temperature increases, the circulated refrigerant vapor increases and the concentration difference in the adiabatic
absorber/generator becomes higher. In these conditions, the heat of mixing and the low mass efficiency in the
adiabatic absorber/desorber become the predominant factor for the exergy destruction, especially for the generator
that operates at higher temperatures. At full operation, the adiabatic generator is the component that destructs the
most exergy, followed by the adiabatic absorber, the condenser, the evaporator, the SHX, the HXa, and the HXg.

Fig. 10: Exergy destruction in the main components and total exergy destruction.

5. Conclusions and perspectives
A first and second law dynamic model of a bi-adiabatic small-capacity absorption chiller based on its components’
thermal and mass efficiencies was developed and used to identify its nominal conditions and to study its behavior
coupled to a solar thermal collector as the high temperature source, a helical geothermal heat exchanger as the
intermediate temperature source, and a single-family house.
A configuration like the one presented here can deliver cooling capacities to a single-family house that would lead
to comfortable room temperatures and with a temperature difference of around 9°C compared with a non-cooled
home. In the present study, the system provided up to 6.2 kW of cooling and a cumulative COP of 0.77. Moreover,
there was no risk of crystallization in the studied conditions.
The dimensioning of the solution and refrigerant storage tanks are of great importance to reduce the response time
of the system but at the same time, a compromise must be found to give some thermal inertia to the system to smooth
the variations of the external conditions.
Finally, the exergetic study showed that the components that lead to the highest exergy destruction are the adiabatic
desorber and absorber, respectively. This is due to the low mass efficiencies that were selected for these components
and to the impact of the enthalpy of mixing. Therefore, special attention has to be paid to design adiabatic absorbers
and desorbers with an elevated mass efficiency. The next step will be the design, construction, and experimental
characterization of new adiabatic exchangers that would provide at least the nominal mass efficiencies presented in
this study.

6. Acknowledgements
The authors would like to thank the Mexican sectorial fund “CONACYT-SENER-SUSTENTABILIDAD
ENERGÉTICA” and the PACs-CAD project for their support to this research. "PACs-CAD" is a cross-border
project supported by Interreg France-Switzerland, a European territorial cooperation program. It has received
463,185 € through the European regional development fund (ERDF) and 150,000 CHF through the Swiss Federal
Interreg funds.

7. References

2488

A. Altamirano et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Aiane, M., Ramousse, J., Bouyaud, M., Boudard, E., Stutz, B., 2017. Modélisation dynamique d’un système de
climatisation par absorption, in: Congrès Société Française de Thermique, 30 May - 2 Juin. Marseille,
France.
Aliane, A., Abboudi, S., Seladji, C., Guendouz, B., 2016. An illustrated review on solar absorption cooling
experimental studies. Renew. Sustain. Energy Rev. 65, 443–458. https://doi.org/10.1016/j.rser.2016.07.012
Allouhi, A., Fouih, Y. El, Kousksou, T., Jamil, A., Zeraouli, Y., Mourad, Y., 2015. Energy consumption and
efficiency in buildings : current status and future trends. J. Clean. Prod. 109, 118–130.
https://doi.org/10.1016/j.jclepro.2015.05.139
Altamirano, A., Stutz, B., Le Pierrès, N., 2018. Selection of High-Performance Working Fluid for a SolarGeothermal Absorption Cooling System and Techno-Economic Study in the Northern Mexican Conditions,
in: 12th International Conference on Solar Energy for Buildings and Industry, September 10-13. Rapperswil,
Switzerland.
ASHRAE, 2004. ANSI/ASHRAE Standard 55-2004: Thermal Environmental Conditions for Human Occupancy.
Beutler, A., Hoffmann, L., Ziegler, F., Alefeld, G., Gommed, K., Grossman, G., Shavit, A., 1996. Experimental
Investigation of Heat and Mass Transfer on Horizontal and Vertical Tubes, in: Proceedings of the
International Absorption Heat Pump Conference, September 17-20. Montreal, Canada, pp. 409–419.
Domain, F., Brabant, A., Souyri, B., Stutz, B., 2015. Estimation du comportement du bâti par analogie électrique
RC - Application au délestage électrique, in: JNES. Perpignan, France.
Dube, E., Cha, A., Agboola, O.P., Or, J., Fakeeha, A.H., Al-fatesh, A.S., 2017. Energetic and exergetic analysis of
solar-powered lithium bromide- water absorption cooling system. J. Clean. Prod. 151, 60–73.
https://doi.org/10.1016/j.jclepro.2017.03.060
Evola, G., Le Pierrès, N., Boudehenn, F., Papillon, P., 2013. Proposal and validation of a model for the dynamic
simulation of a solar-assisted single-stage LiBr/water absorption chiller. Int. J. Refrig. 36, 1015–1028.
https://doi.org/10.1016/j.ijrefrig.2012.10.013
Gutiérrez-Urueta, G., Rodríguez, P., Ziegler, F., Lecuona, A., Rodríguez-Hidalgo, M.C., 2012. Extension of the
characteristic equation to absorption chillers with adiabatic absorbers. Int. J. Refrig. 35, 709–718.
https://doi.org/10.1016/j.ijrefrig.2011.10.010
Hassan, H.Z., Mohamad, A.A., 2012. A review on solar cold production through absorption technology. Renew.
Sustain. Energy Rev. 16, 5331–5348. https://doi.org/10.1016/j.rser.2012.04.049
IEA, 2018a. World energy outlook.
IEA, 2018b. The Future of Cooling.
Islam, M.R., Wijeysundera, N.E., Ho, J.C., 2006. Heat and mass transfer effectiveness and correlations for counterflow absorbers. Int. J. Heat Mass Transf. 49, 4171–4182.
https://doi.org/10.1016/j.ijheatmasstransfer.2006.04.002
Kays, W.M., London, A.L., 1984. Compact heat exchanger. New York: McGraw-Hill.
Kohlenbach, P., Ziegler, F., 2008. A dynamic simulation model for transient absorption chiller performance. Part I:
The model. Int. J. Refrig. 31, 217–225. https://doi.org/10.1016/j.ijrefrig.2007.06.009
KOTAS, T., 1985. The exergy method of thermal plant analysis. Great Britain: Anchor Brendon Ltd.
Lazzarin, R., 1980. Steady and transient behaviour of LiBr absorption chillers of low capacity. Rev. Int. du Froid 3,
213–218.
Michel, B., Le Pierrès, N., Stutz, B., 2017. Performances of grooved plates falling film absorber. Energy 138, 103–
117. https://doi.org/10.1016/j.energy.2017.07.026
Mugnier, D., Neyer, D., White, S., 2017. The Solar Cooling Design Guide: Case Studies of Successful Solar Air
Conditioning Design. Ernst & Sohn.
Ochoa, A.A. V, Dutra, J.C.C., Henríquez, J.R.G., Santos, C.A.C., 2016. Dynamic study of a single effect
absorption chiller using the pair LiBr/H2O. Energy Convers. Manag. 108, 30–42.
https://doi.org/10.1016/j.enconman.2015.11.009
Patnaik, V., Perez-Blanco, H., 1994. Counter flow heat-exchanger analysis for the design of falling film absorbers,
in: International Absorption Heat Pump Conference, January 19-21. ASME, pp. 209–216.
SIMA, 2019. Monterrey climatic conditions of the 23 July 2018 (personal contact).
Vargas Bautista, J.P., García Cuéllar, A.J., Rivera Solorio, C.I., 2011. Design and economic analysis of a solar airconditioning system: case of study in Monterrey, Mexico, in: EUROSUN 2011.

2489

A. Altamirano et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Venegas, M., Arzoz, D., Rodríguez, P., Izquierdo, M., 2003. Heat and mass transfer in LiNO 3-NH3 spray
absorption system. Int. Commun. Heat Mass Transf. 30, 805–815. https://doi.org/10.1016/S07351933(03)00128-3
Ventas, R., Lecuona, A., Legrand, M., Rodríguez-Hidalgo, M.C., 2010. On the recirculation of ammonia-lithium
nitrate in adiabatic absorbers for chillers. Appl. Therm. Eng. 30, 2770–2777.
https://doi.org/10.1016/j.applthermaleng.2010.08.001
Wang, L., Sundén, B., Manglik, R.M., 2007. Plate Heat Exchangers. Design, Applications and Performance. Wit
Press. https://doi.org/10.1081/E-EAFE
Wu, W., Wang, B., Shi, W., Li, X., 2014. An overview of ammonia-based absorption chillers and heat pumps.
Renew. Sustain. Energy Rev. 31, 681–707. https://doi.org/10.1016/j.rser.2013.12.021
Yuan, Z., Herold, K.E., 2005. Thermodynamic properties of aqueous lithium bromide using a multiproperty free
energy correlation. HVAC R Res. 11, 377–393. https://doi.org/10.1080/10789669.2005.10391144
Zhu, L., Gu, J., 2010. Second law-based thermodynamic analysis of ammonia/sodium thiocyanate absorption
system. Renew. Energy 35, 1940–1946. https://doi.org/10.1016/j.renene.2010.01.022

2490

ISES Solar World Congress 2019

IEA SHC International Conference on
Solar Heating and Cooling for Buildings and Industry 2019

FREESCOO facade 3.0, a compact DEC thermally driven airconditioning system for apartments
Marco Beccali1, Rossano Scoccia2, Pietro Finocchiaro3 ,Ettore Zanetti2, Mario Motta2
1
2

Università degli Studi di Palermo, Palermo (Italy)

Department of Energy, Politecnico di Milano (Italy)
3

SolarInvent srl, Mascalucia CT (Italy)

Abstract
FREESCOO is an innovative Desiccant Evaporative Cooling air conditioning system designed for ventilation,
cooling, dehumidification and heating of buildings in residential and tertiary sectors. This paper presents the third
generation of the façade version, which will be tested on field in Milan (Italy) within the Merezzate+ project
supported by Climate-KIC. The adsorption bed used by the system is a finned heat exchanger packed with silica
gel grains, which allows simultaneous dehumidification and cooling of the process air. The direct evaporative
cooling process, operated downstream to the dehumidification, is realized using a rotary plate humidifier. The
regeneration of the adsorption bed is done through low-grade heat around 60 °C and the only electrical
consumption is for the fans and water recirculation. The unit has been designed in order to be integrated in the
loggia of small apartments of roughly 47 m2. The result is a Seasonal Energy Efficiency Ratio around 10.7. From
the primary energy savings perspective with respect to a conventional air conditioning, they can be up to 36% if
the electricity generation is not renewable heavy or the district heating has a renewable energy quota.
Desiccant Evaporative Cooling, air-conditioning, adsorption, thermal driven

1. Introduction
Building air conditioning represents a large contribution on the overall building sector energy consumption, in
particular in Mediterranean countries (European Environment Agency 2016, European Environment Agency
2016b).
Historically, Desiccant Evaporative Cooling (DEC) systems based on an open thermodynamic cycle (Daou et al.,
2006) were studied coupled with available solar thermal energy, thus the name “solar cooling”. The DEC name
derives from the two processes at the basis of the thermodynamic cycle. The first one is the air dehumidification
process without reaching the dew point temperature, but by means of moisture sorption. The second type of process
is the direct and/or indirect evaporative cooling. Thermodynamic cycles of this type can be implemented in
refrigeration units based on desiccant wheels or solid or liquid beds.
These refrigeration units require as inputs: water for the evaporative cooling, electricity to run the air fans and
thermal energy for the sorption material regeneration. The regeneration energy is used to release the trapped water
vapor, allowing the restart of the sorption cycle. The required temperature for the regeneration process changes
wildly with the specific material chosen. In the case of DEC systems for solar cooling, one of the most used
sorption materials is Silica-Gel, which can be regenerated even with relatively low-grade heat (60°C).
This work presents the analysis of an innovative air-conditioning system based on a DEC cycle. Specifically, in
the case study here presented is coupled with a 4th generation district heating system (Lake et al.,2017 e Lund et
al. 2014), but it could work also by being coupled with a solar thermal field. The system is compact, so suitable
for being installed on a building façade. The nominal cooling power is around 2.2 kW. Therefore, it can be used
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for the air conditioning of small apartments, like the 47 m2 two rooms apartment here considered as case study.
One of the key aspects of this concept is the design of the adsorption beds, which allow to increase the amount of
sorption material, while reducing the regeneration temperature (Finocchiaro et al., 2016). The main features of the
system are: use of water as refrigerant; use of a cooled adsorption bed; use of high efficiency evaporative cooling;
use of low grade heat (60°C); overall high electrical efficiency (EER>9); being compact and plug & play.
The work here presented is linked to the project “Merezzate+: a living lab for the integration of clean energy and
sustainable mobility” financed by EIT Climate-KIC. The project aims at developing a new city model, based on
the concept of “smart urban environment”. The proposed approach focuses on the city as a district, dealing with
sustainability issues from a social, environmental and economic point of view in a comprehensive way taking
actions on energy, mobility and circular economy, which are among the most impactful sectors on climate change.
The approach will be demonstrated in the new district “REDO Smart District” in Cascina Merezzate Street (Milan,
Italy). This site will become a “living lab” for the development, the feasibility and the implementation of an
inclusive district that will be based on circular economy and low CO 2 emissions. The project will include the
construction of 800 apartments, 600 of which provided by the project partner InvestiRE SGR.
In aforementioned project, among the proposed solutions for clean heating and cooling, three FREESCOO façade
3.0 prototype units are designed, prototyped and monitored on field. FREESCOO façade is synergistic with the
adoption of a low temperature 4th generation district heating system, which allows the integration of renewable
energy sources like solar thermal fields thanks to the low temperature required.
The manuscript is composed by two main sections, at first the analysis of the cooling energy required by the case
study apartment is presented and then the coupling of the apartment with an ad hoc dynamic TRNSYS model of
the FREESCOO façade 3.0 is discussed.

2. Apartment energy needs assessment
In this section the input and output results from the dynamic simulation using TRNSYS 18 are reported.
2.1 Climate analysis
The weather file used for the simulation is a Typical Meteorological Year Type 2 and is based on the available
Meteonorm data for Milano Linate (id 160800). In Figure 1 and 2 the temperature and absolute humidity frequency
and cumulated frequency are shown for the period between May and September. The figures show that for 30%
of the considered period the external temperature is above 22 °C and the external humidity is above 12 g/kg. The
weather analysis highlights the need for cooling and dehumidification.

Fig. 1: External dry bulb temperature, monthly frequency (bars) and cumulative frequency (line) for the period May-September
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Fig. 2: Absolute humidity, monthly frequency (bars) and cumulated frequency (line) for the period May-September

2.2 Apartment simulation model
The case study apartment is a two rooms apartment at the fourth floor of the apartment building labeled E06. The
apartment has only one façade towards the external environment with a Southeast orientation. The apartment
adjoins two other apartments on the Southwest and Northeast sides and with the common area on the North-West
side, where the stairs and elevators are located.
The apartment was modeled using the dynamic simulation software TRNSYS 18. Figure 3 shows the modelled
thermal zones and their boundary conditions. The apartment has a total area of 46.9 m2, which is divided in living
room (23.4 m2) and bedroom (23.5 m2). Furthermore, a balcony (loggia) is present and considered as a solar
shading by the model. The boundaries with the other apartments are assumed adiabatic, since the air temperature
can be assumed similar.

Fig. 3: Thermal zones scheme and boundary conditions

The apartment building E07 in the surrounding of E06 was also modeled to account for the shading on the
apartment under analysis.
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The U-Value (U) of the building envelope components are reported in Table 1. They derive from the “REDO
Smart District Milano” actual project.
Tab. 1: Thermal transmittance (U) of the building envelope components

Layer

U (W/m2/K)

External wall

0.215

Common area wall

0.623

Apartments dividing wall

0.254

Apartment dividing wall

0.470

Ceiling between apartments

0.443

Common area floor

0.307

Window 80x125+110

1.360

Window 250x235

1.360

60 W/person were considered for the internal gains due to people present in the apartment (33% convective and
60% radiative heat transfer) and 40 W/person of latent heat gain. Two occupation profiles were identified, one for
the living room and one for the bedroom according to (Dott et al., 2013).
The internal gains due to appliances were also considered with a peak rate of 4.39 W/m2 according to (Dott et al.,
2013), 2/3 of the appliances gains were considered in the living room and 1/3 in the bedroom. Therefore, the final
peak heat gains are respectively 5.87 W/m2 for the living room and 2.92 W/m2 for the bedroom. The profile trend
between the two thermal zones is similar, therefore only the living room time series is shown in Figure 4.

Fig. 4: Living room internal gain profile

The model also accounts for air infiltration and natural ventilation. The air infiltration is set constantly at 0.05
vol/h (volume air change per hour), while the natural ventilation is set at 0.25 vol/h at the external temperature
and humidity condition.
To assess the energy needs of the apartment and idealized heating and cooling system was setup. It is able to track
the temperature and humidity set-points in the apartment.
The Italian heating season is defined by DPR 26/08/1993 n. 412, depending on the climate area. Milan is located
in the Climatic zone E, meaning that the heating season starts on the 15th of October and ends on the 15th of April.
The remaining part of the year is considered as cooling season.
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For the heating season, the temperature set-point is 20 °C from 7 a.m. to 9 p.m. and a setback temperature of 16
°C in the remaining hours. For the cooling season, the temperature set-point is kept constant at 26 °C for the whole
day, while the relative humidity set-point is 50%.
2.3 Results
The overall sensible heating demand resulting from the simulation of the apartment is 570 kWh (12.15 kWh/m 2),
the monthly distribution is shown in Figure 5 in orange color (Qsens,heat_25). The overall sensible cooling
demand is 845 kWh (18 kWh/m2) shown in color blue in Figure 5 (Qsens,cool_25), while the latent cooling
demand due to dehumidification is 273 kWh (5.83 kWh/m 2) shown in color grey in Figure 5 (Qdehum_25). In
Figure 6 and 7 are reported the heating and cooling demands frequency (bars) and cumulated frequency (lines).

Fig. 5: Apartment monthly energy needs

Fig. 6: Sensible heating load (Q_sens,heat_25) frequency (bars) and cumulative frequency (line)
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Fig. 7: Overall cooling load (Q_tot,cool_25), sensible and latent, frequency (bar) and cumulative frequency (line)

3. Overall system description and TRNSYS model
From the technological point of view, the new concept FREESCOO façade 3.0 improves on the older version
(Finocchiaro et al., 2016b e Beccali et al. 2018), because it can also work in closed-loop mode, recirculating all
the process air, similarly to a conventional split air conditioning system. This allows the transfer of all the cooling
power produced to the internal environment, reducing or neglecting the energy necessary for the fresh air
treatment. Indeed, the fresh airflow rate can be adjusted and it is not coupled with the operation of the
thermodynamic cycle, while in traditional DEC systems due to the open cycle approach, this is not the case.
The system is ductable and characterized by a limited footprint, allowing it to be installed also on small balconies.
In Figure 8, a visual rendering of the installation is shown.

Fig. 8: 3D rendering of the FREESCOO façade 3.0 for vertical wall installation in the Merezzate+ case study

About the processes inside the machine, Figure 8 and the following sentences describe it.
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Fig. 9: Freescoo 3.0 summer cycle

The process air passes in the cooled adsorption bed for its dehumidification and direct evaporative cooling process
(points 3-4 in Fig.8). Thanks to the exchange of heat with the outside air, cooled as well by a direct evaporative
cooling process, the adsorption heat can be rejected to the external ambient (points 0-7 in Fig.9).
The coupling of dehumidification and cooling steps allows increasing the energy performance of the whole process
in comparison to standard desiccant rotor based DEC cycles.
When the adsorbent material is saturated with moisture, this must be "reactivated" by means of an heat input. For
the regeneration of the adsorption material, the cycle is now open to the ambient. A flow rate of ambient air (point
0 in the right box of Fig.8) is drawn through a heating coil (point 8) and then through the adsorption beds for its
regeneration.
Two adsorbent beds are included in the Freescoo unit to ensure continuous operation of the system. While the first
one is working to dehumidify the air, the other one is regenerated using heat from the heat distribution system. A
network of air dumpers provides the automatic commutation between the two adsorption beds to guarantee a
continuous process.
In case of need of ventilation, an adequate air change can be guaranteed opening an air damper that permits to take
part of the air form the ambient, which follows the dehumidification process and then enters the conditioned room.
This additional small flow rate (50-70 m3/h) exfiltrates through windows and doors of the building.
The nominal heating power of the system is 2 kW, while the nominal cooling power is 2.2 kW, the airflow rate
range is between 0 and 700 m3/h. The maximum thermal power need is 2.7 kW for regeneration purposes and 2
kW for heating, while the maximum electric power consumption is around 200 W. The ventilation flow rate can
also be adjusted between 0 and 150 m3/h.
In order to assess the seasonal performance of FREESCOO, a dynamic simulation model of the concept was
realized through TRNSYS by coupling it with the apartment model. The overall system model is composed by the
following blocks:
•

Weather data reader and solar geometry calculator;

•

District heating network;

•

Apartment model;

•

FREESCOO façade 3.0 (adsorption cooled beds and indirect evaporative cooler, fans, water circulators);

•

PID control of cooling power via air flow rate regulation.

For the models of the adsorption cooled beds and the direct evaporative cooling process, semi-empirical based
models have been derived starting from experimental data taken from prototypes tested in lab. In Table 2, the main
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parameters that characterize the simulations are shown. In particular, the model used to simulate the adsorption
bed is based on iso-thermal lines typical for regular density silica gel and other empirical parameters taking into
account the thermal and moisture exchange effectiveness.
Tab. 2: TRNSYS simulation parameters and hypothesis

Description
Weather file
Time step
Cooling season
FREESCOO on/off
Apartment cooling set-point
Fresh air flow rate
Volume of handled air
Cooling power modulation

Value
Milano Linate .tm2
0.25 h
1st May to 30th September
24 h/g
26 °C
120 m3/h
1 vol/h
variable air flow rate

4. Results
4.1 Energy performance
In the next section, the simulation results are reported for two weeks starting in mid-July. In Figure 10 is shown
that the apartment internal temperatures always stay in between the upper and lower boundaries of the cooling setpoint temperature. Furthermore, the modulation factor of the FREESCOO refrigeration unit, which is proportional
to the airflow rate, stays in between the minimum value to allow for the ventilation flow rate and at maximum
around 70%. This means that the machine has still 30% cooling power to spare concerning the peak demand of
the apartment.

Fig. 10: Results shown for the period between mid-July and the end of July (x-axis), external air temperature (‘Text’, red, left yaxis), internal air temperature (‘Tbui’, blue, left y-axis), external and internal absolute humidity (‘x_ext’, light blue, yellow, left yaxis), modulation factor (‘Modul’, green, right y-axis), On-Off of the device (‘On’, dark green, right y-axis).

In Figure 10, it is also shown that the refrigeration unit is also able to keep the absolute humidity below the
maximum value via dehumidification.
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Fig. 11: time horizon between mid-July to the end of July (x-axis), cooling power provided to the apartment (‘Qbui’, light blue, left
y-axis), overall cooling power required for air conditioning (‘Qac’, green, left y-axis), heating power provided by the district
heating (‘Qdh’, red, left y-axis)

For the same two weeks in July the cooling power provided by the refrigeration unit and the heating power required
are shown in Figure 11. One remark can be made on the cooling power required for air conditioning, which is
similar to the required heating power by the machine, and only slightly lower, meaning that the thermal COP of
the refrigeration unit is around 1. Furthermore, in some cases, FREESCOO is able to provide cooling power even
without any direct heat consumption. This kind of performance is obtained thanks to the indirect evaporative
cooling, which allows the reduction of the apartment air temperature by exchanging heat with the external air
while in presence of water evaporation. This operation mode is activated every time the wet bulb temperature of
the external air is below 20 °C.

Fig. 12: time horizon between mid-July to the end of July (x-axis), electrical EER referred to the provided cooling power
(‘EERbui’, blue, right y-axis), electrical EER referred to the air conditioning cooling power (‘EERac’, green, right y-axis), thermal
COP (‘COPth’, light blue, right y-axis).

Fig. 12 shows the global electric performance of the unit due to the air handling process of outside air (EER ac)
and the performance related only to the cooling power delivered to the building (EER bui) which can benefit also
from the free cooling and the indirect cooling process. The monthly energy performance of the system is reported
in Figure 13. As an example, in July (Fig.13) the monthly electrical EER is around 11.2, while the thermal COP
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is 1.3. In May the thermal COP increases considerably, this is due because in May the machine operates mostly in
indirect evaporative cooling, requiring little to no heat from the district heating system.

Fig. 13: Monthly energy performance of FREESCOO façade 3.0

Tab. 3: Seasonal performance summary FREESCOO façade 3.0
Qc,ac

kWh

1099

Qc,bui

kWh

1521

Qdh

kWh

715

Eele

kWh

142

EERac

-

7.7

EERbui

-

10.7

COPth,bui

-

2.13

water consumption

l

2136

4.2 Operational costs
In order to quantify the economic and energy savings of the proposed concept, Table 4 summarizes the calculations
relative to the primary energy savings due to nonrenewable energy sources and economic savings. The new
concept was compared with a traditional air conditioning system, based on a vapor compression cycle, and having
a SEER (Seasonal Energy Efficiency Ratio) equal to 3, same fresh air change rate and a ventilation consumption
equal to 75% with respect to the FREESCOO system. In Table 4, three specific cases are reported. In reference
Case 1, the primary energy conversion factors for nonrenewable energy were (fP,nren) 1.07 for district heating and
1.95 for electricity. In reference Case 2, the electricity factor was chosen as 2.5 according to the typical number
used for the EU. In reference Case 3 the hypothesis of introducing a 30% renewable quota to the district heating
generation for example produced by solar thermal leading to a primary energy conversion factor of 0.75.In terms
of money savings, for all cases the use of freescoo permits to save 44% of the total costs due to the operation of
the conventional air conditioning system. The results show that the convenience in terms of primary energy savings
is strongly related to the renewable quota of the heat used to drive the freescoo unit and the specific characteristics
of the grid.

Tab. 4: Operational energy and economic savings
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Cooling energy provided
Electricity used
District heating heat used

kWh
kWh
kWh

Primary energy factor district heating
Primary energy factor electricity
District heating renewable quota
Thermal energy cost
Electricity price

kWh/kWh
kWh/kWh

Energy savings section
Traditional air conditioning system
SEER
Total electrical consumption
Total Primary energy consumption
FREESCOO façade 3.0
District heating Primary Energy
Electricity Primary energy
Total Primary energy consumption
Primary energy savings
Primary energy savings
Economic savings section
Traditonal air conditioning system
Heating and cooling cost
Ventilation cost
Total cost
FREESCOO façade 3.0
District heating cost
Electricity cost
Total cost
Savings

1521
142
715

€/kWh
€/kWh

case 1
1.07
1.95
0%
0.076
0.25

case 2
1.07
2.5
0%

case 3
0.75
1.95
30%

kWh
kWh

3
649
1 266

1 623

1 266

kWh
kWh
kWh
kWh
%

765
277
1043
223
18%

765
356
1121
502
31%

536
277
814
452
36%

€
€
€

127
36
162

127
36
162

127
36
162

€
€
€
€

55
36
90
72
44%

55
36
90
72
44%

55
36
90
72
44%

5. Conclusions
In the project Merezzate+ sponsored by Climate-KIC, an innovative high-efficiency air conditioning system,
named FREESCO façade 3.0 is being developed, realized, installed, monitored and optimized. FREESCOO façade
3.0 is based on a DEC (Desiccant Evaporative Cooling) thermodynamic cycle. The system uses mainly low-grade
heat to work (60°C), with a smaller contribution of electricity for ventilation and water for the humidification
process. One of the crucial aspects of the system are the new adsorbent beds developed, which allow the packaging
of a large amount of adsorption material, while also reducing the regeneration temperature. The other main features
of the system are use of water as a refrigerant; use of high efficiency evaporative cooling; high electrical Energy
Efficiency Ratio (EER > 10); lastly, it is compact and plug & play. In this manuscript, the advantages of this new
concept were proven in a simulation case study located in Milan. The system will be coupled with a 4th generation
low-temperature district heating system, which allows the introduction of renewable energies, such as solar
thermal fields. The results of the simulation prove that the design of the refrigeration unit being developed agrees
with the energy needs of the case study apartment. From the primary energy savings perspective for a conventional
air conditioning system, they can be up to 36% if the electricity generation is not renewable heavy or the district
heating has a renewable energy quota. From the economic perspective, the new concept allows up to 44%
economic savings with compared to a traditional system.
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Abstract
The growing prosperity of the world population in combination with climate change mitigation measures as
Near Zero Energy Buildings causes an increase in the cooling demand. A significant growth of the cooling
demand will take place in warmer climates, such as South Europe, Latin America and South Asia. Furthermore,
the cooling demand in moderate climates will also have a significant growth due to the need for more comfort
and the rising outdoor temperatures. These climates are challenging for full adoption of adsorption chillers.
Adsorption chillers are activated by adding heat to the adsorption material. This heat can be delivered by solar
thermal energy and or waste heat (for instance district heating in summer time). This paper describes the
ongoing technology development of the adsorption reactor and evaporator/condenser as well as the reduced
production costs. These developments combined have led to a price competitive compact adsorption chiller
from the company SolabCool B.V. This chiller delivers about 8 kW of environmentally friendly cooling power
in moderate climates. For the warmer climates this cooling output is based on this development now at least 5
kW.
Keywords: adsorption cooling, silica gel, solar cooling, waste-heat driven cooling

1 Introduction
An important aspect in the policy for CO2 reduction is energy reduction in the built environment. Therefore
building regulations are becoming stricter, resulting in the direction towards energy neutral or even energy
positive buildings in the near future. Today, the energy performance of new dwellings and renovated buildings
must be better and better, resulting in Near Zero Energy Buildings. Even for the Northern climate zones, little
heat is needed for space heating, but consequently, these well insulated houses will suffer overheating during
the summer. Furthermore, the end-users are demanding a higher level of comfort also in their dwellings. Also
for this reason, cooling is almost a requirement and therefore introduced in dwellings, even in the colder
climates of Northern Europe.
Next, the growing prosperity of the world population in combination with climate change causes an increasing
cooling demand. In 2010 it is estimated that the total global heating and cooling demand will be responsible
for at least 12 % of the carbon dioxide (CO2) emission from the total CO2 emission to foresee in the energy
requirements. As a consequence of climate change and better building regulations, the energy use for heating
will decrease, where the energy use for cooling will increase rapidly, with the strongest expected growth in
South Asia (Isaac and Vuuren ,2009; Eisentraut and Brown , 2014). This cooling demand can easily be
answered by the well-known compression cooling machines. However, these cooling machines use coolants
which have a Global Warming Potential (GWP). Moreover, due to the peak load of electricity usage of the
cooling machines during the (hot) day a higher probability of net instability is foreseen. Currently the
hydrofluorocarbons coolants are rapidly phased out, due to their high GWP. These coolants are replaced by
natural coolants, such as CO2, ammonia and propane. However, these coolants have still a GWP of at least 1
(Bivens, 2000). To decrease the impact of cooling on global warming, a coolant with zero GWP is necessary,
e.g. water. An adsorption chiller uses water as coolant fluid and uses heat as energy source for driving the
adsorption cycle. The heat needed for making the cooling can be produced by solar energy and or is waste
heat.
During summer time the need for heat in the build environment is reduced to hot tap water. In the case of
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district heating systems this leads to low demand of (waste) heat in summer time. The waste heat from
cogeneration units of electricity is in the summertime widely available. For economic and environmental
reasons, it would be very beneficial if the waste heat from district heating systems could have another
application during the summer time. Cooling with waste heat would be a very interesting option. Adsorption
cooling systems can make use of this waste heat (or solar heat in the situation no district heating system is
available).
In figure 1 the energy demand for district heating over the year is given, for The Netherlands. In The
Netherlands over 400.000 dwellings are connected to district heating. For Europe the number of buildings
connected to district heating is much higher. District heating is seen as good option for effective use of energy
(for instance by using waste heat of industrial processes) and therefor lowering the CO2 emissions and for this
reason the market growing. Therefore, an attractive market will be opened for cooling systems working on the
waste heat from district heating systems.
Furthermore, cooling is needed during warmer periods where the solar irradiation can be quite intensive. In
most countries with a high demand for cooling, also the solar irradiation will be high. Therefore, the use of
thermal solar energy technologies for producing heat will be in these locations very beneficial for cooling with
heat. The here above-mentioned analysis shows that producing cooling with heat can be very effective for both
the environment and the costs.

Energy consumption Dutch one family dwelling using
district heating
Heating
GJ -->

0,0

Cooling

0,0
0,0
0,0
0,0
0,0
0,0
0,0

Fig. 1.: Heat demand per month for district heating in The Netherlands

2 The adsorption technology
Adsorption chillers, such as the SolabCool® uses water as coolant fluid. In the SolabCool® chiller water is
evaporated under low pressure conditions in order to provide useful cooling for the use in the built
environment. In figure 2 the working process of the SolabCool® chiller is displayed. The chiller works with
an intermittent cycle of charging and discharging and is thereby equipped, in order to provide continuous
cooling, with 2 modules. The modules are under low pressure (typically lower than 10kPa) and filled with a
of the vessel. While one tank is loading by using the (waste) heat, the other tank is discharging whereby cooling
is produced by the evaporation process in the evaporator. The loading/unloading process typically takes about
15 minutes. So, after about 15 minutes, the reverse process takes place in the tanks.
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Fig.2: SolabCool® principle of cooling with heat

The discharging process delivers the final cooling power by evaporation of water. The evaporated water is
adsorbed into the silica-gel, this is an exothermic process and the environment is used to extract the heat of
adsorption. The other module is thermally regenerated (>60ᵒC) by evaporating the water out of the silica-gel
with e.g. low cost waste heat or solar energy.
For minimizing the external thermal heat losses and efficient hydraulic switching between the loading and
discharging module a dedicated compact eight-way valve is developed by SolabCool B.V.(See figure 3).

Fig.3: The dedicated eight way valve

For optimizing the functioning of the adsorption chiller a dedicated control unit was developed. The so-called
SolabControl contains a hydraulic switching system with two 4-way valves, which alternately connect the HT
flow (high temperature for regenerating the silica gel), MT flow (medium temperature to get rid of the heat
of adsorption and condensation) and LT flow (to deliver the desired cold water) circuits to each of the
modules.

Fig.4: The solabcontrol unit
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With the use of excess or free heat from a process at a temperature level above 60°C, cooling can be produced
with a reasonable efficiency at a temperature level of 18 to 21°C. In the next chapter the testing results for the
first generation of the SolabCool® is presented and discussed.
Due to the fact that the adsorption process is thermally driven, the performance of adsorption chillers lowers
with increasing outdoor temperature. Another issue for the massive deployment of adsorption chillers in
warmer climates is to become price and performance competitive with compression cooling machines.

3 First Test Results
A protype of the first generation of the SolabCool® from the pre-pilot plant was tested at the test rig of TNO
(Schiphouwer, 2014). Since there are no standard tests yet for this kind of machines, the test procedure was
specially developed for the SolabCool®. A series of tests have been performed by a temperature of the high
temperature circuit of 65, 72 and 81 0C. The medium temperature circuit with 27, 33 and 36 0C and the low
temperature circuit of 15, 18 and 21 0C. This has led to 15 different test conditions for the SolabCool®.
Testing the SolabCool® is not straight forward. In the test report (Schiphouwer, 2014) the test set-up, procedure
and the detailed results are described.
The cooling efficiencies (Refrigeration factor) were calculated from the thermal energy flows of the high
temperature circuit and the low temperature circuit, without taking any electric energy consumption into
account. In figure 5 the measured refrigeration factor is given as function of the temperature difference between
the absorber and evaporator. The measured factor of 0.55 was close to the design value of 0.6.

refrigeration factor (-)

Solabcool Refrigeration factor

Tabs-Tevap (C)
Fig. 5: The so-called refrigeration factor of the SolabCool®
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It was shown that further improvement of the performance can be reached by better packing of the silica gel
in the heat exchanger and partly immersion of the heat exchanger in the lower part of the vessel. During
research at the Technical University of Eindhoven by Rindt et al. (2014) the functioning of the heat exchanger
is studied with among other a camera mounted in the storage tank under low pressure. This, to visualize the
evaporation and condensing process for the lower heat exchangers.

Fig. 6: Droplets on the evaporation/condensing heat exchanger

Based on the analysis of both the test results, a series of improvements in the design and manufacturing
were suggested. The design and construction of the evaporator/condenser was adapted by applying a dedicated
coating. The fixation of the silica gel at the heat exchanger was improved by using special means for getting
the silica gel well packed and in a higher density in the heat exchanger. In the recent period these improvements
have been further elaborated by the Dutch SME company in their production process in order to achieve a
higher power output and a lower cost price.

4

Adsorption technology development

For multiple years a Dutch SME company is heavily active in doing research, development & demonstrating
the possibilities of thermochemical energy storage devices. Challenges which are found in the development of
thermochemical energy storage devices are comparable for the development of adsorption technologies.
Therefore, the same company developed the SolabCool® technology. Adsorption cooling technologies has
nowadays not reached its full potential. Multiple challenges such as cooling performances in warm climates,
product costs & market adoption strategies are still in a premature phase. Within the KIC-Innoenergy an
innovation project was carried out in the period 2011 to 2015. After completion of this project the Solabcool®
as product was ready to be manufactured. However, the cooling market required more cooling capacity for the
same volume of the system. For this reason, the development of a higher performance of the Solabcool®
continued. The goal is to develop a market ready adsorption cooling system with the working principle based
on adsorption and using waste heat as energy source with a capacity of 8 kW and with dimensions which are
the same as the first system.
Current product prices are 4 times higher than desired which lowers the rate of market adoption. In the
following sections the technological development for increasing the performance of the SolabCool® chiller in
warmer climates, such as South Asia and reducing the price per kW is presented. Both developments lead to
an affordable, competitive and environmentally friendly cooling. The heart of the system is the heat exchanger
packed with silica gel. The technology for making this heat exchanger with silica gel, the right recipe for the
silica gel and the newly developed valves are the core elements of the IP of the SolabCool bv. The goal is to
develop a market ready compact adsorption cooling system with the working principle based on.
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Optimization of the adsorbent reactor
Since the heart of the adsorption technology is working in a low pressure environment, the transport of thermal
energy towards and from the adsorbent is only due to conduction. Adsorption materials, like Silica-gel, have a
low thermal conductivity in the range of 0.2 – 0.6 [W/mk]. In order to maximize the reactor power, the heat of
adsorption has to be extracted as efficient as possible. Therefore, the amount of thermal contact resistances
and conductivity characteristics are directly determining the overall performance and COP of the adsorption
system. Based on these limitations SolabCool® developed a new adsorbent coating methodology to maximize
the contact area between the adsorption material and the heat exchanger (see figure 7). In order to sustain the
desired capacity high coverage densities were achieved up to 500 grams of adsorption material per square
meter of heat exchanger surface. By this new adsorbent coating technology, the specific cooling power tripled
with respect to a packed-bed configuration.

Fig. 7: Coated adsorption reactor

Optimizing of low pressure evaporation & condensation processes
The evaporation and condensation process under low pressure conditions is a phenomenon that is currently
highly investigated by multiple studies (Giraud F. et al. 2015), but is key in order to maximize the cooling
potential and increase the overall COP. The condensation process in a low pressure environment is more
sensible for the presence of non-condensable gasses. These undesired gasses can block the condensing surface
area around the condenser during charging. Trough withdrawing in the evacuation process all the noncondensable gasses and enhancing the condensation surface, the condensation performance increases with at
least 10%. In the compact adsorption cooling system the condenser heat exchanger also functions as evaporator
during the discharging process. The condensate from the charging process is evaporated at a temperature of at
least 20°C and provides thereby a return temperature of 10°C till 18°C which can be used for all different types
of cooling purposes. Research has been performed by SolabCool B.V. in order to improve the dynamics of low
pressure evaporation (< 2kPa). Multiple tests and research results in a unique heat exchanger design whereby
the process of bubble growth in small optimized non disturbed cavities and extracting these bubbles from the
surface area is enhanced. This results in an increase in evaporation of 16%. By combining the test results of
enhanced condensation and evaporation a unique new heat exchanger design was developed which leads to
significant higher cooling powers.
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System design improvements
With a new unique heat exchanger which improves the condensation and evaporation under low pressure
conditions (<2kPa) the first prototypes have been made. Figure 8 shows the first compact prototype where
8kW of cooling power was achieved (COP of 0.6) while driving the system with 70°C and using a dry cooler
with a MT circuit return temperature of 27°C. In warmer climates the return temperature of the dry cooler is
typically higher since the environmental temperature is higher than (northern) European climates. This reduces
the cooling power to 5kW. The left product is a stand-alone SolabChiller which contains two adsorption
modules and an integrated dry cooler in order to get rid of the heat of condensation and adsorption. The product
on the right is the SolabPump which can be placed inside buildings. This product is used to couple multiple
SolabPumps in order to scale up the cooling output. In case of the SolabPump the dry cooler is externally
placed.

Fig. 8: SolabChiller (left) and a SolabPump (right).

5 Market prospects & industrialization
The current developments lead to an increased cooling power output by combining the improved adsorption
reactor and evaporator/condenser. For a large number of adsorption chiller applied in the built environment a
price reduction per kW is necessary. The technology developments have led to a more economical production
process for the SolabCool® chiller. The sales price of the Solabcool® per kW cooling for The Netherlands
came down from €1900/kW in 2017 to €1150 kW in 2019. This new improved production process leads to a
price/performance ratio, which is close to be competitive with compression cooling systems (about €800/kW).
The technical developments lead to a cooling power output of at least 5 kW in for adsorption chiller challenging
climates, such as South Europe, Latin America, South Asia. Combined is the SolabCool® chiller able to deliver
environmentally friendly cooling for the cooling market in warmer climates against competitive costs.
Since the operating temperature of the Solabcool® is in the order of 60 °C, a good performing solar collector
can be used for generating the needed heat for driving this cooling system. Therefore, chances for the
SolabCool® are not only seen in the market of Northern Europe but also in Mid and Southern Europe, United
States and China. There is a high demand for cooling and solar energy is widely available.
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Application and system integration
The SolabCool® is being demonstrated at field tests as single stage system in a one family dwelling (see figure
9) and as a cascade system of 4 SolabCool® units in a small office. During these tests the hot water was
consumed from the local district heating system which temperature was kept at 70°C. Inside the family
dwelling the cold water was distributed through the conventional radiator system and was easily integrated.
By adding a four-way valve between the hot water system and the SolabChiller, the software switches the
system to provide cooling or heating.

Fig. 9: SolabChiller placed near a family dwelling

Industrialization
In September 2013 the first pilot plant of the SolabCool® was opened in Duiven, The Netherlands. Here the
first steps where made for the setup of a complete and efficient production process. This year (2019) the
production process will start for the second generation SolabCool® products equipped with higher
performances. Also upscaling of the production process is foreseen in order to deliver also products outside
Europe.

6 Conclusion & Outlook
The SolabCool® is an air-conditioning unit for one family dwellings and or small offices. The system is heat
driven. Heat from for instance district heating enables a better performance for the district heating system in
summer time. But also other sources of waste heat or solar heat can be used. The SolabCool® system consist
of 2 tanks. The process is intermittent, so 2 tanks with silica gel at reduced pressures are used. A first prototype
from the pre-production was tested. For this kind of intermittent adsorption system no standard testing method
is yet available. The tests in the laboratory were carried out under various testing temperatures. The so-called
refrigeration factor is 0.55 and decreases slightly with the increase of the temperature difference between the
evaporator and condenser. This was a very good result which also showed ways to improve the efficiency and
capacity. Results found in literature and by experimental research on the performance of the
evaporator/condenser and the adsorption reactor have resulted in an improved cooling power output. The
production process for these components have led to a strong decrease of the production cost. These
developments combined resulting in a second generation of SolabCool® Chiller, which is price competitive
with compression cooling, environmentally friendly and is able to deliver at least 5 kW of cooling power in
for adsorption chiller challenging climates, such as South Europe, Latin America, South Asia. In the near future
the production process and upscaling of the second improved generation adsorption chillers is foreseen.
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Abstract
Parabolic concentrating solar collectors PTCs represent an alternative to fossil fuel as a medium temperature
heat source for a variety of applications, either in medium and small scale facilities. This work presents an
innovative solution using PTCs for driving an absorption machine AM. In the novel layout proposed, the
working pair of the AM circulates into the solar receiver tube, allowing refrigerant evaporation without the
need of a heat transfer fluid HTF, neither a heat exchanger HX. An experimental installation has been
developed and tested using Ammonia/Lithium Nitrate as the AM working pair. The preliminary results
reported confirm the feasibility of the direct refrigerant vapor generation inside a PTC, encouraging further
investigation to lower complexity and cost.
Parabolic Trough Collector, Absorption Machine, Ammonia/Lithium Nitrate, Solar Heating and Cooling

1. Introduction
Absorption machines (AMs) are receiving growing attention for solar heating and cooling applications
(Mauthner & Weiss, 2013) due to their capability of producing heat or cold while consuming medium
temperature heat instead of mechanical power (consumed as electricity), as done by a conventional inverse
Rankine cycle heat pump. In fact, a thermochemical compressor replaces the mechanical vapor compressor
(Herold, Radermacher, & Klein., 2016): the refrigerant vapor coming from the evaporator is absorbed at low
pressure by a liquid solution, then it is pumped to the desorber/generator where the refrigerant is again
separated from the solution, consuming heat from an external source. The refrigerant vapor generated goes to
the condenser to close the cycle.
Heat to drive the generator can be provided by a variety of sources including natural gas combustion, waste
heat from upstream thermal processes, or solar thermal energy. Various systems have been investigated to
supply solar thermal energy to an AM, such as flat plate collectors FPCs and evacuated tube collectors ETCs,
which allow relatively low driving temperatures, typically below 100 °C, thus limiting the 𝐶𝑂𝑃 of the AM.
Higher COP can be reached using a double effect AM (Ventas, Lecuona, Vereda, & Rodriguez-Hidalgo, 2017)
which requires a higher driving temperature at the generator (100 °C to 250 °C). For this purpose concentrating
solar collectors can be used, either of the linear Fresnel or the Parabolic trough type since they are able to
provide medium temperature heat. More information on solar driven absorption machines and advanced cycles
can be found in (Wu, Wang, Shi, & Li, 2014). The availability of small and medium-scale commercial
concentrating collectors encourage this possibility, also considering that their the unitary price (cost per watt
peak) has reached a level that is comparable to flat plate and evacuated tube collectors (~250 €/Wp), thanks to
concentrated solar power technology development ( National Renewable Energy Laboratories (NREL), 2015).
In a solar-driven AM facility, a heat transfer fluid HTF is typically used to receive and carry solar heat to the
AM vapor generator, which is transferred to the evaporating dissolution through a heat exchanger HX (Best &
Rivera, 2015). This layout increases the complexity and the costs of the overall installation besides to introduce
several critical issues as HTF thermal degradation, risk of leakages, and corrosion, which complicates the
competition with the attractive PV-HP technology.
(Lecuona, Famiglietti, & Legrand, 2019) proposed a simpler layout to the one described above. In order to
reduce complexity and cost, the HTF and the HX are eliminated by directly evaporating the working AM
dissolution inside the receiver tube of the solar collector, see Fig.1, as described in the following section. They
also provide wide information on solar driven absorption solutions.
This paper describes the layout and offers information on its performances. For the layout description and
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information on the flow phenomena, Section 2 is provided. It prepares to understand the results of an
experimental campaign on a prototype, which has been previously numerically modeled.

2. Direct vapor generation
Fig. 1 shows the proposed concept of a direct vapor generation using a PTC collector for driving a single effect
air-cooled absorption machine.

Thermochemical.
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sv
Receiver tube

c

Air
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rv

shx
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Concentrating mirror

Absorption

ab

chiller

scp

Air
Fig. 1 Proposed layout of single effect absorption machine (AM) using a PTC as a vapor generator.

The liquid solution, rich in refrigerant, is fed to the receiver tube, which holds some degree of tilt over the
horizontal line. Liquid flow does not fill the overall cross-section but only the bottom of the tube, flowing
driven by gravity, at free-falling speed ~ 1 m s-1. The liquid solution is heated along the tube length so that
refrigerant evaporates under saturation conditions at constant pressure. This vapor fills the upper part of the
tube cross-section. The tube lower outlet is closed for the vapor flow so that the produced refrigerant goes
upward exiting the receiver tube from its upper end. A stratified two-phase countercurrent flow takes place
inside the tube, separating liquid from vapor by gravity. Although the concept is extensible to several working
fluids, it has been applied to Ammonia-Lithium Nitrate solution. This is in order to benefit from the advantages
of the excellent properties of ammonia as refrigerant, at the same time eliminating the drawbacks of the
expensive rectification tower needed with ammonia/water solution. Freezing problems and corrosion issues
are also much reduced, which are typically found with the much-used Ammonia-Water dissolution (Ventas,
Lecuona, Vereda, & Rodriguez-Hidalgo, 2017).
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Fig. 2 Stratified two-phase flow, driven and separated by gravity, inside the solar receiver tube.
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(Lecuona, Famiglietti, & Legrand, 2019) offers a detailed numerical model of the stratified two-phase flow
inside the receiver tube. They developed a steady-state one-dimensional discretized mathematical model,
including vapor ammonia and Ammonia/Lithium Nitrate solution properties in order to investigate the direct
generator performances.
As indicated in Fig. 2, the incoming solar flux is supposed to be transferred to the liquid phase, due to much
higher wall-to-liquid heat transfer compared with wall-to-gas heat transfer. The ammonia/lithium nitrate
solution is fed to the receiver tube at a specific inlet temperature 𝑇𝑙,𝑖𝑛 close to the saturation temperature
𝑇𝑠 〈𝑥𝑖𝑛 , 𝑝𝑖𝑛 〉, although in general terms it can hold some degree of subcooling ∆𝑇𝑠𝑢𝑏,𝑖𝑛 = 𝑇𝑠 〈𝑥𝑖𝑛 , 𝑝𝑖𝑛 〉 − 𝑇𝑙,𝑖𝑛 .
Saturation temperature depends on the working pressure 𝑝𝑖𝑛 as well as ammonia mass fraction in the liquid
dissolution 𝑥𝑖𝑛 . Either 𝑝𝑖𝑛 than 𝑥𝑖𝑛 depend on the AM working conditions. For ∆𝑇𝑠𝑢𝑏,𝑖𝑛 > 0 a subcooled region
establish for a certain length downstream the receiver entrance, where the solution is heated without any
ammonia evaporation until the saturation temperature is reached. Here, the incoming heat flux goes to the
solution as sensible heat. In reality, subcooled boiling takes place a few degrees below the saturation
temperature when the wall temperature locally exceeds the saturation temperature (Hsu, 1962). Besides
increasing the heat transfer coefficient, as a consequence of bubbles formation and collapse at the surface,
subcooled boiling can produce moderate subcooled refrigerant evaporation, when bubbles are large enough to
reach the vapor-liquid interphase (Dorra, Lee, & Bankoff, 1993). Once the solution saturation temperature is
reached, a saturated region begins. Ammonia boiling and evaporation is intense, driven by the solar heat flux.
Ammonia mass fraction in the solution decreases along the tube length as consequence of evaporation. At
constant pressure, under the hypothesis of saturation condition, this corresponds to an increase in solution
saturation temperature, 𝑇𝑙 = 𝑇𝑠 〈𝑥, 𝑝〉. As common in falling film evaporation, during saturated evaporation the
incoming heat flux is then split into two component, one goes as latent heat to evaporate ammonia from the
solution, while the second goes as sensible heat, increasing the liquid flow temperature up to 𝑇𝑙 = 𝑇𝑠 〈𝑥, 𝑝〉.
(Lecuona, Famiglietti, & Legrand, 2019)discuss this issue in details. They simulated the liquid flow evolution
along the tube length 𝐿𝑡 including the subcooled region. Fig. 3 shows the liquid temperature 𝑇𝑙 and 𝑇𝑠 for 𝑝 =
13.5 bar and 𝑥𝑖𝑛 = 0.49. The receiver tube wall temperature 𝑇𝑤 is assumed uniform at each tube crosssection, for a given tube local thermal efficiency. Coherently with the expected operating conditions, the liquid
solution is supposed to enter the generator with a few degrees of subcooling, set to ∆𝑇𝑠𝑢𝑏,𝑖𝑛 = 15 K for the
reference case.
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Fig. 3 Temperature of a numerical simulation considering a 6 m long parabolic trough collector with an aperture width 𝑳𝒂 =
𝟐. 𝟑 𝐦, an optical efficiency 𝜼𝒐 = 𝟎. 𝟕𝟏 and a tilt angle on the horizontal 𝜽 = 𝟐𝟓°, standard conditions for ambient air and
irradiation over the collector surface of 𝑮𝒃𝑻 = 𝟖𝟎𝟎 𝐖 𝐦−𝟐 . Inlet liquid mass flow rate 𝒎̇𝒍,𝒊𝒏 = 𝟎. 𝟎𝟓 𝐤𝐠 𝐬−𝟏
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Fig.4 reveals the variation of ammonia mass fraction 𝑥 along the axial coordinate 𝑧 as a consequence of
evaporation, while 𝑥𝑠 corresponds to saturation mass fraction a the solution temperature 𝑇𝑙 . As introduced
above, a vapor flow arises from the low tube entrance up to the liquid entrance, countercurrent to liquid flow,
occupying the upper part of the tube cross-section as in Fig. 2. In Fig. 4 the resulting vapor mass flow rate
increases from zero at the lower end up to 𝑚̇𝑣,𝑜𝑢𝑡 . Vapor temperature 𝑇𝑣 is reported in Fig. 3.
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Fig. 4. Ammonia mass fraction and mass flow rate simulation considering a 6 m long parabolic trough collector with an
aperture width 𝑳𝒂 = 𝟐. 𝟑 𝐦, an optical efficiency 𝜼𝒐 = 𝟎. 𝟕𝟏 and a tilt angle on the horizontal 𝜽 = 𝟐𝟓°, standard conditions for
ambient air and irradiation over the collector surface of 𝑮𝒃𝑻 = 𝟖𝟎𝟎 𝐖 𝐦−𝟐 . Inlet liquid mass flow rate 𝒎̇𝒍,𝒊𝒏 = 𝟎. 𝟎𝟓 𝐤𝐠 𝐬 −𝟏

Heat flux partitioning between latent heat contribution to ammonia evaporation 𝑞𝑒𝑣 and sensible solution
heating 𝑞𝑙 has been numerically simulated by (Lecuona, Famiglietti, & Legrand, 2019) as reported in Fig. 5.
𝐿

The overall thermal power delivered to liquid 𝑄𝑤 = ∫0 𝑡 𝑞𝑤 〈𝑧〉d𝑧 is represented by the area below the incoming
heat flux curve 𝑞𝑤 = 𝑞𝑒𝑣 + 𝑞𝑙 .
𝐿

The thermal power that produces ammonia evaporation is 𝑄𝑒𝑣 = ∫0 𝑡 𝑞𝑒𝑣 〈𝑧〉d𝑧. It corresponds to the area below
the 𝑞𝑒𝑣 curve, while 𝑄𝑙 = 𝑄𝑤 − 𝑄𝑒𝑣 is responsible for dissolution heating. The variation of wall-to-liquid heat
transfer coefficient ℎ𝑒𝑞 from the non-boiling entrance region to subcooled and saturated boiling regions can be
observed on the second axis in Fig. 5.
Further theoretical simulation of the direct solar generator performances considering a variety of air-cooled
single-stage AM working conditions can be found in (Famiglietti, Lecuona-Neumann, Nogueira, & Celik,
2018).
The following paragraphs offer an experimental study of the proposed layout.
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Fig. 5. Heat flux partitioning simulation considering a 6 m long parabolic trough collector with an aperture width 𝑳𝒂 = 𝟐. 𝟑 𝐦,
an optical efficiency 𝜼𝒐 = 𝟎. 𝟕𝟏 and a tilt angle on the horizontal 𝜽 = 𝟐𝟓°, standard conditions for ambient air and irradiation
over the collector surface of 𝑮𝒃𝑻 = 𝟖𝟎𝟎 𝐖 𝐦−𝟐 . Inlet liquid mass flow rate 𝒎̇𝒍,𝒊𝒏 = 𝟎. 𝟎𝟓 𝐤𝐠 𝐬 −𝟏

3. Experimental setup
A prototype has been designed and installed at the Carlos III University of Madrid. A commercial parabolic
trough collector (SMIRRO™) is used as a direct generator, having an aperture width 𝐿𝑎 = 1.3 m and a length
𝐿𝑡 = 3 m. The manufacturer gives an optical efficiency of 𝜂0 = 0.7. The receiver tube has the same length 𝐿𝑡 ,
and an internal diameter 𝐷 = 30 mm, with 2 mm stainless steel wall thickness. A low emissivity selective
coating covers the external tube surface. A glass tube, coaxial to the receiver, limits thermal losses to ambient
although no vacuum condition is kept in the gap, which is filled by air at atmospheric pressure. The collector
is oriented N-S and it is equipped with a single-axis sun tracking system. In order to investigate the effect of
collector tilt angle on the generator performances, a dedicated elevation system allows adjusting the tilt angle
between 0° and 45°.
Fig.6 displays the experimental layout. The complete AM layout shown in Fig. 1 has been simplified, excluding
the evaporator and the condenser; thus, only the thermochemical compressor has been implemented. The
present setup enables to test the direct solar generator approaching identical operating conditions as in a full
single-effect AM. The solution pump is equipped with a frequency converter enabling to regulate the mass
flow rate 𝑚̇𝑙𝑖𝑛 and the pressure 𝑝𝑖𝑛 at the receiver tube inlet. An electrical heater is used to adjust the solution
inlet temperature 𝑇𝑙𝑖𝑛 . A separator tank is installed at the receiver tube outlet in order to evacuate residual
vapor ammonia bubbles from the liquid solution and to avoid tube flooding. Being the separator partially filled
by liquid solution, ammonia vapor can be evacuated only from the upper end. The evaporated ammonia mass
flow rate 𝑚̇𝑣 goes to the absorber through an automatic refrigerant valve, which contributes to regulate the
pressure level in the generator, together with the automatic solution valve. Three Coriolis-type Micromotion®
flowmeters are used to measure mass flow rate, density, and temperature. Inlet ammonia mass fraction in the
liquid solution 𝑥𝑖𝑛 is calculated from density measurement using proper correlations (Libotean, Salavera,
Valles, Esteve, & Coronas, 2007). Pressure and temperature are measured in several reference points of the
circuit. Global and diffuse solar irradiance are measured using two pyranometers.
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Fig. 6 Experimental setup

4. Results
A first set of data has been obtained during different days under a wide range of operating conditions. The
solar generator operated with a mass flow rate 𝑚̇𝑙𝑖𝑛 varying from 0.008 to 0.026 kg s-1 at different pressures
𝑝𝑖𝑛 , going from 10 to 20 bar. Inlet ammonia mass fraction slightly and smoothly oscillated around 𝑥𝑖𝑛 ~0.5.
The direct solar irradiance on the collector surface 𝐺𝑏𝑇 , with a tilt angle of 40°, varied from 480 to 900 W m−2 .
Among the large set of data continuously recorded by the SCADA, only data referred to quasi-steady-state
operation are considered for the present analysis. Representative operating points are obtained from selected
data by a time-average over intervals of 2 minutes, in order to limit spurious effects. The ammonia vapor mass
flow rate 𝑚̇𝑣 as well as the liquid solution temperature difference between tube inlet and outlet ∆𝑇𝑙 = 𝑇𝑙,𝑜𝑢𝑡 −
𝑇𝑙,𝑖𝑛 , are considered as main outputs to characterize the solar generator performances. In order to present the
results in a compact way, two parameters are defined to accounts for input conditions (Eq. 1). 𝐿𝑠𝑢𝑏 indicates
the approximated length of the eventual subcooled region downstream the tube entrance. In fact, the liquid
solution can enter the receiver tube under subcooled conditions 𝑇𝑙,𝑖𝑛 <𝑇𝑠 ⟨𝑥𝑖𝑛 , 𝑝⟩ requiring to be heated up to the
saturation temperature 𝑇𝑠 ⟨𝑥𝑖𝑛 , 𝑝⟩ before the evaporation begins. The effective collector length where ammonia
generation takes place is then estimated as 𝐿𝑡 − 𝐿𝑠𝑢𝑏 . A non-dimensional load parameter 𝛬 is defined
accounting for liquid solution mass flow rate over the solar power available.
𝐿𝑠𝑢𝑏 =

(𝑇𝑠 ⟨𝑥𝑖𝑛 , 𝑝⟩ − 𝑇𝑙,𝑖𝑛 )𝑚̇𝑙,𝑖𝑛 𝑐𝑝𝑙𝑠
𝐺𝑏𝑇 𝐿𝑎 𝜂0

𝛬=

𝑚̇𝑙,𝑖𝑛 𝑐𝑝𝑙 〈𝑇𝑠 , 𝑥𝑖𝑛 〉𝑇𝑠 ⟨𝑥𝑖𝑛 , 𝑝⟩
;
𝐺𝑏𝑇 𝐿𝑎 (𝐿𝑡 − 𝐿𝑠𝑢𝑏 )

(eq.1)

Fig. 7 shows the ammonia generation in terms of percentage of liquid solution mass flow rate evaporated
𝑚̇𝑣𝑅 = 100 𝑚̇𝑣 /𝑚̇𝑙𝑖𝑛 . Ammonia evaporation goes from 1.2% up to 5.6% of the inlet liquid solution mass flow
rate. Higher evaporation rates are obtained for low load parameter values, corresponding to high solar
irradiance and/or low liquid mass flow rate.
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Fig. 7. Relative ammonia mass flow rate vs. load parameter.

Since ammonia mass fraction 𝑥 in the liquid solution decreases downstream, as a result of evaporation, the
saturation temperature increases accordingly for near-constant pressure conditions 𝑇𝑠 ⟨𝑥, 𝑝⟩. As a consequence,
a nonnegligible part of incoming thermal energy goes as sensible heat to the liquid solution, increasing its
temperature under saturation conditions. ∆𝑇𝑙 decreases for higher 𝛬 as more liquid solution is heated for a
given solar power, as shown in Fig.8. The experimental results are coherent with the numerical simulation and
the theoretical analysis previously developed and cited above.
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Fig. 8. Liquid dissolution temperature difference vs. load parameter.

5. Conclusions
The innovative concept of direct solar vapor generator proposed reduces the complexity and the cost of solardriven absorption machines, eliminating the need of the heat transfer fluid as well as a heat exchanger,
commonly need for this type of installations.
The presented layout has been applied to Ammonia/Lithium Nitrate working pair in order to benefit from the

2518

A. Famiglietti et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

promising performance of this type of AM. In this work, an experimental study of the proposal has been carried
out using a simplified prototype approaching the working condition of a real air-cooled single effect AM.
The results demonstrate the practical feasibility of the proposed layout and encourage further investigation.
Ammonia evaporation rates going from 1% to 6% of the circulating solution mass flow rate have been obtained
using a parabolic trough collector of holding 3 m length and 1.3 m aperture width under various irradiance
conditions and tilting angles.
A downstream increase of liquid solution temperature has been measured and theoretically anticipated, which
can be beneficial for preheating the incoming liquid flow to the generator when a recovery heat exchanger
would be installed.
The results obtained and presented in this work have been useful for verifying and tuning the 1D numerical
model developed. With their joint application, it is possible a full optimization of innovative direct refrigerant
generators using solar collectors for absorption machines.
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Abstract
The aim of this work is to present the improvement of the operation of the solar building cooling system by using
ventilation with heat recovery, and thus reducing required cooling power of air conditioning system. The heat
recovery system is divided into zones with counter-flow plate heat exchangers (laboratories, required system
tightness, no air recirculation) and counter-flow spiral heat exchangers (office and conference rooms). The analysis
was carried out for the real indoor conditions, measured on the site and climatic data of a typical meteorological year.
Keywords: heat recovery, solar cooling, TMY

1. Introduction
Energy has become a key issue in our daily lives. Civilization development and population growth mean
that the demand for energy is constantly growing. Its production, processing and consumption can have a devastating
impact on the environment. Awareness of this threat has created in developed countries the pursuit of energy
conservation and abandoning the use of its forms that lead to the greatest pollution of the environment. The use of
renewable energy sources is becoming more and more popular all over the world. In 2017, renewable energy
accounted for around 18% of total final energy consumption (REN21, 2019). Progress in renewable energies remains
concentrated in the power sector, while much less growth has been recorded in heating and cooling. Despite this,
solar building cooling systems are being developed and are getting the attention of both researchers and potential
users (Ge et al., 2018; Lazzarin and Noro, 2018).
Modern architecture is characterized by high tightness of external partitions and windows. Providing the
necessary amount of fresh air to users of rooms in insulated and almost hermetic buildings is a basic condition for
maintaining their well-being and health. The purpose of the work undertaken and described in the article is to
determine the possibility of reducing the building's cooling demand by applying heat recovery associated with a
ventilation system. This analysis focuses on the integration of solar-assisted cooling system with heat recovery in a
Solar Research Energy Center (CIESOL) located in South Spain. A detailed description of the building and solarassisted air-conditioning system is provided in (Rosiek, 2018; Rosiek and Batlles, 2013, 2012). The solar-assisted
air-conditioning system presently installed in CIESOL consists of a flat-plate collector array facing due south and
titled at an angle of 30° to the horizontal plane, with a total surface area of 160 m2, a hot water driven single-effect
LiBr-H2O absorption chiller, a cooling tower, a shallow geothermal heat dissipation system, two hot water storage
tanks, each with a 5,000 L capacity, two chilled water storage tanks of 2,000 L and 300 L, respectively; along with
an auxiliary gas boiler, a plate heat exchanger and peripheral equipment such as valves and pumps. Due to Almeria’s
particular meteorological conditions, the solar-assisted air-conditioning system makes a huge contribution to
CIESOL’s cooling for 5 months (from May to September) of the year. In summer mode, the building's water
temperature supply is between 7°C and 12°C, to cover CIESOL's cooling load. Figure 1 illustrates the system’s
general layout with each component’s minimum and maximum temperature range, operating in the summer. To
produce chilled water in the desired temperature range, it is necessary to supply the absorption chiller with hot water
between 70°C and 95°C; this is mainly obtained from the solar collector array. When the solar hot water temperature
is too low, the warm water from the hot water storage tanks can be used; otherwise the auxiliary heater is used to
drive the absorption chiller. A conventional HVAC system was also installed to provide thermal comfort conditions
in case of solar-assisted air-conditioning system failure.
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Fig. 1. The general layout of the solar-assisted air-conditioning system installed at CIESOL working in the summer season

Based on the previously performed thermal balance of the building (Gil et al., 2019), it was shown that the
maximum annual demand for cooling capacity is 61.4 kW. Analyzes have also shown that as much as 35% of the
heat gains come from the treatment of ventilation air necessary for people staying inside the building. The summary
of the balance and the key conclusion was that the dominating problem of the CIESOL building is the lack of
mechanical ventilation with heat recovery, which directly translates into a greater demand for cooling power,
resulting in energy wastage and inefficiencies. Very few design strategies can be adopted in an overcrowded building,
since the solar-assisted air-conditioning system is working to handle the total expected cooling demand. It was
demonstrated that over 20 kW of cooling power is lost through ventilation with the maximum thermal load of the
building (Figure 2). Therefore, the use of the simplest recuperative heat exchanger would result in a significant
decrease in the demand for cooling power during the summer. Consequently, it was decided to analyze the potential
benefits resulting from the use of heat recovery combined with mechanical ventilation of the building.

Fig. 2: Heat gains/losses by the ventilation in CIESOL building (calculated using TMY data)
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The efficiency of heat recovery depends on the size of the exchanger's active surface and the parameters of the supply
and exhaust air streams. During the actual operation of the device, these parameters are variable, so it is reasonable
to examine the consequences of their changes. In addition, according to EN 308:1997 Heat exchangers. Test
procedures for establishing the performance of air to air and flue gases heat recovery devices, heat transfer efficiency
should be determined under nominal operating conditions, which are as follows:
 Dry bulb temperature of the extract and intake air are 25℃ and 5℃, respectively;
 Wet bulb temperature of the extract air is below 14℃, which corresponds to approximately 30% of relative
humidity; when measuring this temperature the air velocity should be in the range of 3.5 ÷ 10 m/s, (the
recommended value is 5 m/s).
 Air density in the range: 1.16 ÷ 1.24 kg/m3.

Fig. 3: Real value of temperature (monthly average) and relative humidity of the ambient air in Almeria, Spain

Due to the location of the analyzed building in the Hot-summer Mediterranean climatic zone (Csa) the operating
conditions of the system differ significantly from the normative values - the course of annual temperatures and
relative humidity are shown in Figure 3. The data presented are actual values (monthly average) collected from the
annual observation carried out with sensors mounted on the site. In addition, the efficiency of heat recovery devices
is tested in conditions corresponding to winter (heat recovery), while the purpose of their application in this work is
cold recovery. Therefore, the heat transfer efficiency specified in the technical documentation of the devices was not
adopted for the calculation, but it was determined experimentally for the corresponding climatic conditions.

2. Research methodology and description
The research was based on two types of heat exchangers (Figure 4). For office and conference rooms, the
use of a spiral counter-flow heat exchanger, ensuring low energy consumption with high heat exchange efficiency,
was assumed. This type of heat exchanger is based on the patent (Walczak and Mościcki, 2013), and its construction
is distinguished by the use of partial ribbing of the space between the membranes separating the processed air streams.
The exchanger has the shape of a cylinder with a circular cross-section and consists of two flat plates, rolled around
one axis, forming a double helix and contains two slotted channels (with sealing elements) for air flow. These panels
are made of aluminum sheet with a thickness of 0.085 mm and tightly separate the exhaust and supply air ducts. The
unit is enclosed in a polyvinyl chloride housing and is insulated with a 30 mm thick polyurethane foam and
additionally padded from the inside with a 10 mm rubber mat, designed to thermally insulate and dampen the noise
that constantly accompanies the device.
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Fig. 4: View of the test bench with heat recovery units

In the laboratories, counter-flow plate heat exchangers, which is based on the opposite principle of the cross-flow
heat exchanger, were used to ensure complete separation (tightness) of air streams. However, construction of counterflow plate heat exchangers features a parallel section, giving it a larger contact surface than the cross-flow plate heat
exchanger, which results in higher efficiency of heat recovery. The supply air and extract air flow in completely
separate ducts, meaning that any pollution in the extract air cannot return to the supply air. Both recovery units used
in the tests have similar overall dimensions and are dedicated to ensuring air exchange in small buildings. The air
flow during the tests for both devices was 200 m3/h. Manufacturers of both devices state that temperature transfer
efficiency can reach up to 95%. At first glance, the devices are therefore identical, unfortunately none of the
manufacturers provides information about area of heat exchange. The variability of operating conditions, as well as
the lack of accurate technical data are the premises for experimental studies of the heat recovery efficiency of both
devices.
In addition to the heat exchangers mentioned above, the test bench included an air heater and a humidifier
mounted on the intake air duct, which served to establish air conditions in accordance with the external air data.
Similarly, an air cooler was installed on the extract air duct to simulate air conditions in the room corresponding to
spring and autumn periods. Temperature sensors (K-type thermocouples, class 1) and humidity sensors (P18L
transducers) have been mounted on each duct. Signals from these sensors were collected by the data acquisition
system. Due to the inertia of the humidity transducers, the data was recorded with a step of 10 seconds. On the basis
of measurements taken, the temperature efficiency of heat recovery was determined. The layout of the test bench
with the measuring points is shown in Figure 5. The test results allowed to determine the real values of heat recovery
efficiency, determined by the following formula:
𝑇

−𝑇

𝜂 𝑇 = 𝑇 𝑖𝑛𝑡𝑎𝑘𝑒−𝑇 𝑠𝑢𝑝𝑝𝑙𝑦
𝑖𝑛𝑡𝑎𝑘𝑒

(Eq. 1)

𝑒𝑥𝑡𝑟𝑎𝑐𝑡

Using the law of propagation of uncertainties as a geometric sum of partial differentials (Eq. 2), standard uncertainty
of heat recovery efficiency was also determined; values are given in Table 1.
𝑢𝑐 (𝑦) = √∑𝑘𝑗=1 [

𝜕𝑓

𝜕𝑋𝑗

2524

2

2 ̅
̅̅̅̅
̅̅̅̅̅ ̅̅̅̅
(𝑋
1 , 𝑋2 , … , 𝑋𝑘 , )] 𝑢 (𝑋𝑗 )

(Eq. 2)

B. Gil et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Heat recovery efficiency values were determined for the period from May to September, which corresponds to the
chiller's operating period for the needs of building air conditioning. Determination of the average monthly
psychrometric properties of the ambient air and indoor conditions based on real measurement data allowed to state
that the dew point of the intake air is always below the temperature of the air removed from the rooms.

Fig. 5: Scheme of the test bench with heat recovery units

Thus, moisture recovery is not possible and the system can only recover sensible heat contained in the extract air
stream. Lack of moisture condensation allows to apply Eq. (3) to determine the amount of recuperated heat and thus
to determine the reduction of cooling power demand.

𝑄𝑟 = 𝑚̇ ∙ 𝑐𝑝 ∙ (𝑇𝑖𝑛𝑡𝑎𝑘𝑒 − 𝑇𝑠𝑢𝑝𝑝𝑙𝑦 )

(Eq. 3)

3. Results
In order to determine the reduction in the demand for cooling power, resulting from the use of heat recovery
in a building, it is necessary to determine the effectiveness of the system in particular seasons. For each of the
analyzed months, the efficiency of heat recovery was determined by simulating outdoor and indoor air conditions,
based on data obtained from sensors mounted on the building (see Figure 3). Due to similar conditions in some
months, 3 points were finally simulated, corresponding to the following months: May, June/July, and
August/September. An example diagram of the simulation of air conditions on the heat exchanger for August and
September is presented in Figure 6. The graph shows a sample (five minutes) of tests for the set temperature and
humidity as well as adequate heat recovery efficiency. The average efficiency value from each cycle was taken for
further calculations. The comparison of heat recovery efficiency in individual months for both heat exchangers used
in the tests is presented in Table 1.
Tab. 1: Heat recovery efficiency

Month

Heat recovery efficiency
- counter-flow spiral heat exchanger

Heat recovery efficiency
- counter-flow plate heat exchanger

May

0.824 ± 0.094

0.424 ± 0.117

June

0.853 ± 0.062

0.490 ± 0.134

July

0.853 ± 0.062

0.490 ± 0.134

August

0.604 ± 0.078

0.320 ± 0.108

September

0.604 ± 0.078

0.320 ± 0.108

Experimental studies have shown that counter-flow spiral heat exchanger achieves almost twice as high heat recovery
efficiency as counter-flow plate heat exchanger. This is due to the longer contact of the air stream with the heat
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exchange surface, obtained by additional winding the exchanger into a spiral. For both exchangers, the highest
efficiency were obtained for June/July, 0.853 and 0.490. Moreover, the efficiency of the counter-flow plate heat
exchanger in the whole range of tests did not exceed 0.5. It should be noted that the uncertainties in determining the
heat recovery efficiency for the counter-flow plate heat exchanger are definitely higher due to the worse heat
exchange and larger temperature differences. The obtained results meant that heat recovery from ventilation air using
plate heat exchangers is considered only in chemical laboratories located on the ground floor of the building, in order
to avoid potential pollution of the supply air. Higher efficiency spiral heat exchangers are assumed for the remaining
rooms.

Fig. 6: Simulation of intake and extract air parameters and achieved heat recovery efficiency

In order to compare energy consumption with and without a heat recovery system, the previously made
thermal balance of the building (Gil et al., 2019) was used. To calculate the necessary amount of fresh air and
ventilation rate in each room, the parameters specified in (Rosiek and Batlles, 2013) were adopted.

Fig. 7: Building heat gains (cooling demand); variant without heat recovery (black line) and with heat recovery (red line)
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The ventilation air flow was determined both by the number of air changes and the amount of fresh air per one person.
According to the Standard (PN-B-03430:1983/Az3:2000, 2000), the value of 30 m3 per hour per person was assumed.
Energy reduction was calculated by applying heat recovery efficiency values for individual months to the building's
thermal balance model. The analysis showed that heat recovery system can significantly reduce the need for cooling
and heating. This translates into an increase in the efficiency of the solar air conditioning system by extending the
system's operating time. The use of heat recovery from the building's ventilation system significantly reduces the
maximum annual cooling demand (Figure 7). It can be seen that the maximum cooling consumption shifts to August,
which is an additional advantage, due to the specificity of the building's work, holiday period, partial shutdown of
the facility and incomplete demand for air conditioning. The maximum daily reduction of cooling capacity is 27.4%
(June 20, reduction from 61.4 kW to 44.6 kW). The greatest benefits from the use of heat recovery system are in
July, where it allows reduce the cooling demand by almost 1/3. Total consumption of cold in the reporting period
decreased by about 24,000 kWh, 30% of which is in July. The demonstrated reduction in the use of cooling capacity,
when provided by a conventional HVAC system, translates into a reduction in electricity consumption of around
9,000 kWhe.

4. Impact of heat recovery on the operation of the short-term energy storage
system
Both the solar-assisted air-conditioning system and the conventional HVAC system installed in the CIESOL
building have the option of sending chilled water directly to receivers or feeding a short-term energy storage system
(STES). This system consists of two tanks of 2,000 liters each, filled with phase change materials (PCM) S10 and
S46 in 88/12 proportions. In addition, there is approximately 1,250 liters of water in each tank. The STES can
accumulate an excess of cold during the operation of the solar-assisted AC system and to use it to cover the heat gain
during the absence of sufficient solar radiation to drive absorption chiller or at night.
Figure 8 shows how the discharge time of both tanks changes with the thermal load of the building. In the
absence of heat recovery and a maximum heat load of 61.4 kW assumed, the tanks are able to provide thermal comfort
for 18 minutes, providing chilled water for fan coil units at a temperature between 13 and 14.5°C. The use of cold
recovery from the building's ventilation air stream extends this time to 26 minutes and 20 seconds, which is an
increase of 46%. The benefit of using heat recovery system is even more pronounced during spring and autumn, as
well as at night, when the accumulated energy is able to cover the heat demand of the building for several hours.

Fig. 8: Cooling capacity released from STES system filled with PCM

2527

B. Gil et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

5. Conclusions
The paper presents the impact of ventilation heat recovery system on the reduction of CIESOL building heat gains
and the operation of the STES system. The tests were carried out using two types of heat exchangers for which
climatic conditions in Almeria were simulated. Using the experimentally determined heat recovery efficiency, the
potential reduction in building cooling demand from May to September was calculated. The maximum demand for
cooling capacity was reduced by 27.4%, from 61.4 kW to 49.8 kW. The results of the simulation showed that during
the period of the strongest thermal load of the building, the use of heat recovery from the ventilation system can
result in a significant reduction in cooling demand by 27.0%, 32.0% and 25.3%, respectively for June, July and
August. This allows to significantly extend the discharge time of storage tanks filled with phase-change materials
and water.
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Abstract
This study investigates the performance of a novel solar desiccant cooling and heating cycle, that uses ground
water as the cooling source and photovoltaic thermal (PV/T) collectors as the heating source, to provide annual
space air conditioning (fresh air ventilation, dehumidification, cooling and heating) for an office building in a
humid subtropical climate of Sydney, Australia.
In the dehumidification and cooling mode, the hot and humid outdoor air is pre-cooled, dehumidified and cooled
by the ground coupled PV/T desiccant cooling and heating (GPVTDCH) system before it is supplied to indoor.
This process enables the desiccants to be regenerated by a low grade heat source (temperatures less than 60°C).
In the heating mode, the cold outdoor air is pre-heated by the heat exchanger, and then been further heated by
the flat plate PV/T collectors before passing directly to indoor.
To analyse the performance of the GPVTDCH system, a simulation model of the system and the office building
was developed in TRNSYS. In addition, the energy consumption of fans and pumps were also sized and
included in the TRNSYS model. This is an improvement to the previous work presented by the authors (Guo et
al. 2014). Therefore, the performance of the GPVTDCH system can be better estimated for air ventilation,
dehumidification, cooling and heating for an office building.
The GPVTDCH system annual system coefficient of performance (COP) and the reduction in the required
heating and cooling energy consumption (sensible and latent) of the office building was evaluated for
maintaining the indoor air conditions within the 20-26°C and 4-12 g kg-1 specific humidity for 95% of the
operating time in a year (Standards Australia 2016). The simulation results show that the GPVTDCH system can
supply satisfied air conditions with a peak annual system cooling COP of 10.1 and system heating COP of 14.9,
and up to 70% reduction in the required heating and cooling energy consumption for the building.
Keywords: cooling, solar energy, photovoltaic thermal (PV/T) collectors, desiccant dehumidification and
cooling, ground cooling, low temperature desiccants

1. Introduction
The energy consumption of air conditioning systems accounts for 40% of the total energy consumption of a
building with an increasing trend globally (Perez-Lombard et al. 2008). This becomes a global concern as the
majority of the current commercially available air conditioning systems are powered by fossil fuel generated
electricity.
Utilising solar energy as the main energy source to drive an air conditioning system is a long-term goal in the
search for an alternative air conditioning solution (IEA 2016). Recently, some researchers investigated the
utilisation of photovoltaic thermal technology for desiccant air conditioning systems. This further improves the
system functionality in producing both air conditioning and electricity generation by the PV modules.
Ultimately, a PV/T driven desiccant air conditioning system could provide space air conditioning (ventilation,
heating and cooling, humidity control) and electricity generation to meet the building energy demand.
One of such an example is reported by Mei et al. (2006) and Eicker et al. (2010) on an installation of an air type
PV/T desiccant air conditioning system in a library in Mataro (Spain). The system produced supply air
temperatures between 15-17°C with an average of 5 g kg-1 in dehumidification. It demonstrated the possibility
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of utilising solar energy to provide 84% of the system energy consumption. From a simulation analysis in
TRNSYS, Beccali et al. (2009) showed that for two different occupant spaces (an office and a lecture room), a
PV/T desiccant air conditioning system supplied air with temperatures of 21-24°C and an average moisture
removal of 6-7 g kg-1 with primary energy saving of 43%-55%. In the above studies, the regeneration
temperatures were above 70°C from the use of solar thermal collectors. When PV/T collectors were used as the
main heat source, low dehumidification performance was found. This was due to insufficient regeneration of the
desiccants with heat source temperatures between 40-50°C from the PV/T collectors alone. Therefore, matching
heat source temperatures from PV/T collectors to the desiccant regeneration process is critical to maximising the
contribution of PV/T collectors as the main energy source in a solar desiccant air conditioning system. In
addition, the space heating function was not described in detail in all of the above studies to show the overall
benefits of utilising PV/T collectors in a desiccant air conditioning system.
For the full air conditioning function of a solar desiccant air conditioning system driven by solar thermal
collectors, Hand et al. (2016) provided more insight on the heating performance. It was shown that the system
can provide air ventilation, air-conditioning and domestic hot water heating. However, it was found that the
system only saved 21% of the gas consumption for water heating and reduced 34% of the energy needed for
cooling. Even though this study demonstrated the practical application of a solar water heating system with a
desiccant air conditioning system (with direct evaporative cooling) to supply hot water and air conditioning to a
building, further improvement is needed to increase the energy saving.
Recently, a study on a residential scale solar PV/T driven desiccant cooling prototype was reported by
Finocchiaro et al. (2016). This prototype consisted of a desiccant packed bed of silica gel and an indirect
evaporative cooling (IEC) unit. In summer, the system achieved satisfied dehumidification and cooling
performance with a high energy efficiency ratio (EER) of 12.8. The integrated PV/T and solar thermal air
collector was able to provide all the thermal energy required and 75% of the electrical energy during the cooling
operation. In winter, the air from the PV/T collector was directly used for space heating. This system has much
higher EER of 36.9 in which, the PV/T collector provided all the required thermal energy and 94% of the
electrical energy for the building. This study highlighted the benefits of utilising PV/T driven desiccant air
conditioning to achieve high performance in space cooling and heating.
From previous demonstrations, the feasibility of utilising PV/T technology in a desiccant air conditioning
system in space heating and cooling application is shown. Further work is needed to assess the benefits and
limitations of system performance of such a system in a building, in particular, the space heating function. In
this study, a ground coupled PV/T desiccant air conditioning (GPVTDCH) system is investigated theoretically.
The ambient air is pre-treated to enhance the desiccant air conditioning performance and allowing the use of
PV/T collectors as the main heat source at low heat source temperatures. In addition, all required thermal and
electrical energy for the system operation is provided by the flat plate PV/T collectors (refer to as "PV/T
collector" from now on).

2. System Modeling and Method
3.1.

GPVTDCH system description

The schematic diagram of the GPVTDCH system shown in Fig 1 outlines the air flow path for a) cooling and b)
heating operations. As shown in Fig 1a. it consists of three sub-systems, including: (i) a PV/T water heating
system (solid red line), (ii) a desiccant cooling and heating system (blue and red dash lines), and (iii) an openloop ground water cooling and heating system (blue solid line).
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Fig 1 - Air flow path on the schematic diagram of the GPVTDCH system a) for air dehumidification and cooling and b) for air
heating operation

During the cooling and dehumidification operation (shown in Fig 1a), the outdoor air in the process air stream
(blue dash line) is pre-cooled via a ground water cooling system with a fin tube heat exchanger (1-2). The precooled air is then dehumidified by a rotary solid desiccant wheel (2-3). After which the dehumidified air is
cooled by a air to air heat exchanger (3-4) with the return air and then by the ground water cooling system (4-5).
The cool and dry air is delivered to the space to condition the indoor air. On the other hand, in the return air
stream (red dash line), the indoor air is heated by the air to air heat exchanger (6-7) and then the PV/T water
heating system via the fin tube heat exchanger (7-8). The hot air (desiccant regeneration air) passes through the
desiccant wheel to regenerate the desiccants (8-9).
During heating operation (show in Fig 1b), the outdoor air in the process air stream (red dash line) is pre-heated
by the heat exchangers (1-4). It is further heated by the PV/T collector (4-5) for the space heating. The desiccant
wheel is bypassed if no dehumidification is required.

2531

J.Y. Guo et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

3.2.

System and building modelling

The GPVTDCH system was modelled in TRNSYS to evaluate its annual performance. A validated water type
PV/T collector model from Bilbao and Sproul (2012), called Type 850, was used. For the desiccant wheel, the
numerical model developed and validated by Goldsworthy and White (2011) was used. Both of the above
component models have been validated against experiment measurements to represent the physical performance
of the key components. For other components, the heat exchanger was modelled in Type 5, the ground water
temperature was modelled by Type 501, the pump was computed in Type 110 and the fan was represented by
Type 111 in TRNSYS.
The size of the GPVTDCH system components are outlined in Tab 1. The PV/T collector was designed to
operate at a low mass flow rate per unit collector area, to deliver temperature water above 40°C for the desiccant
regeneration process. For the sizing of the PV/T collector, a sensitivity analysis by Beccali et al. (2009) shows
that the heating and cooling performance of a solar desiccant heating and cooling system increases with the
increase in the collector area while the system energy consumption decreases. Therefore, a relative large PVT
collector area was sized for the commercial office building which is similar to the size of the solar collector and
building area studied by Beccali et al. (2009). Furthermore, the rotational speed of the desiccant wheel was
designed at 10 RPH for the given desiccant wheel thickness of 0.2 m.
Tab 1 - Summary of main system parameters

Component

Parameter

Values

Flat plate PV/T
collector

Collector area (m2)

51

Tilt angle

15
-1

-2

Mass flow rate per unit collector area (kg s m )

0.01

Wheel thickness (m)

0.20

Rotational speed (RPH)

10

Desiccant

Silica gel

Characteristics

Fin tube type

Dimension L x W x H (m)

1x1x1

Hot water pump

Type

Groundfos MAGNA

Bore water pump

Type

Groundfos SQE

Air fan

Type

PowerLine EC

Hot water storage
tank

Capacity (L)

7,000

Tank loss coefficient (W m-2 K-1) from Cruickshank and
Harrison (2010)

1.26

Depth of the ground water (m)

30

Desiccant wheel

Heat exchanger

Other

To control the GPVTDCH system operation, the PV/T water heating system and the ground coupled desiccant
cooling system have independent controls. The PV/T water heating system has simple control logic. It operates
when the inlet fluid temperature is 5°C lower than outlet fluid temperature and it turns off when the tank water
temperature is 5°C higher than the outlet fluid temperature of the PV/T collector.
The GPVTDCH system has four operation modes as following:
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•

Cooling and dehumidification mode - air dehumidification and cooling

•

Sensible cooling mode - air cooling only

•

Veniltation mode - air ventilation via the heat exchanger
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•

Sensible heating mode - air heating only

The operation of each mode is controlled by both outdoor and indoor conditions. The sensible cooling mode is
ON when either outdoor temperatures or indoor temperatures are greater than the upper temperature set point
(Tset,up) and outdoor specific humidity and indoor specific humidity are lower than the upper specific humidity
set point (ωset,up). The dehumidification and cooling mode is ON when either outdoor temperatures or indoor
temperatures are greater than Tset,up and the outdoor specific humidity and indoor specific humidity are greater
than ωset,up. The sensible heating mode is ON when either outdoor temperatures or indoor temperatures are lower
than the lower temperature set point (Tset,low) and outdoor specific humidity and indoor specific humidity are
higher than the lower specific humidity set point (ωset,low). Tab 2 summarizes the operation and control.

Tab 2 - Summary of GPVTDCH system operation and control

Mode

Ground
loop

Heat
exchanger

Desiccant
wheel

PV/T

Condition

Cooling and
dehumidification

On

On

On

On

T > Tset,up

Cooling

On

ω > ωset,up
On

Off

Off

T > Tset,up
ω < ωset,up

Ventilation

Off

On

Off

Off

Tset,low < T < Tset,up
ωset,low < ω < ωset,up

Heating

On

On

Off

On

T < Tset,low

To evaluate the feasibility of the GPVTDCH system as an HVAC system for a building, it is necessary to link it
to a building model. A well-shaded office with 10 occupants and building was used. Following the requirements
of the AS/NZS 1668.2:2012 (Standards Australia 2012), a minimum 100 m2 floor area was thus calculated for
the 10 occupants and it was assumed a ceiling height of 3 meters, for a total internal volume of 300 m3. The
office was assumed to operate from 8 am to 6 pm on Monday to Friday, excluding eleven public holidays in
Australia, for a total of 249 days in a year. This schedule was applied to the building operation when calculating
internal heat and moisture gains.
To model this simple office building in TRNSYS, Type 660a was considered. This modelled a simple lumped
capacitance single zone structure subject to internal gains. It neglected solar gains and assumed an overall U
value for the entire structure. The U-value and capacitance value of the building in Tab 3 was input to the Type
660a to present the performance of the modelled office space. Key parameters including building characteristics,
internal heat gain due to infiltration, lighting, equipment and occupants, as well as moisture gain are summarised
in Tab 3. For this model, the energy consumption to maintain the building at indoor temperatures between 2026°C and specific humidity between 4-12 g/kg during operational hours was 62 kWh/m2.annum. Note that using
the National Australian Built Environment Rating System (NABERS), the modelled building corresponds to a
5-5.5 NABERS star, a rating that corresponds to the minimum design benchmark requirement for a new office
building in Sydney. The building model was linked to the GPVTDCH system model in TRNSYS.

Tab 3 - Summary of the simple building model for an office (all terms are defined in the Appendix)

Building
characteristics

Floor area (m2)

100

Height (m)

Surface (m2)

320

Volume (m3)

-1

Building capacitance (kJ K )

45780

-2

3

-1

Ueff (W m K )

300
0.5
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Infiltration rate (ACH) (Egan)

Infiltration

0.7

ṁ infil (kg hr-1)

253.1

Lighting

q̇ light (W m-2) (ASHRAE 2013)

10.6

Q̇ light (W)

1056

Equipment

q̇ equip (W m-2) (ASHRAE 2013)

6.5

Q̇ equip (W)

1001

People

q̇ people (W person-1) (ASHRAE 2013)

75

Q̇ people (W)

750

q̇ latent (W person-1) (ASHRAE 2013)

55

Q̇ latent (W)

550

ω̇ gain.person (kg hr-1 person-1)

0.088

ω̇ gain (kg hr-1)

0.88

Humidity gain

Sydney (latitude 33.9°S) with humid subtropical climate classified by Köppen climate classification was
selected to evaluate the annual performance of the GPVTDCH system. According to the Meteonorm TMY2 data
files from TRNSYS library, Sydney has an annual average temperature of 17.9°C and specific humidity of 9.2 g
kg-1. The TRNSYS model of the GPVTDCH system was simulated to provide air ventilation, dehumidification
and cooling, heating in a year. The GPVTDCH system COP and the reduction in the thermal to maintain the the
simulated office space 20-26°C and specific humidity between 4.3-12.1 g kg-1, for more than 95% of the
operating time, as specified in the AS5389:2016 (Standards Australia 2016) were analysed. The thermal
(sensible and latent) load was calculated by Type 660a in TRNSYS.

3. Results and Discussion
3.1.

Performance indicators

To evaluate performance of the GPVTDCH system, several different performance indicators were used. All
terms are defined in the Appendix.
The annual system COPs for cooling and heating were defined by equation 1.
COP cool =
COPheat =

Total cooling aenergy provided in a year
Total auxiliary energy consumed in a year
Total heating energy provided in a year
Total auxiliary energy consumed in a year

=
=

̇
∑!
" Qcool ∆'
!
∑" Q̇ aux,total ∆'

(eq. 1a)

! ̇
̇
∑!
" Qcool ∆', ∑" Q%&'( ∆'

̇
∑!
" Qaux,total ∆'

(eq. 1b)

where
The cooling capacity (Q̇ cool ) presents the cooling power of the system, expressed as:
Q̇ cool = ṁ sa (ham - hsa )

(eq. 2)

The heating capacity (Q̇ heat ) presents the heating power of the system, expressed as:
Q̇ -./0 = ṁ sa (hsa - ham )

(eq. 3)

The total auxiliary power was calculated as:
Q̇ aux,total = Ẇ pumps + Ẇ fans + Q̇ 2.3./56

(eq. 4)

In the study, the auxiliary heating energy Q̇ reg,aux for the desiccant regeneration process was assumed to be
provided by a resistance heater with electrical COP of 1. Δt is the hour where the GPVTDCH system is
operating.
The reduction in the thermal (heating and cooling) load of the office space by the GPVTDCH system is
calculated as:
∑!
" Q̇

∆' + ∑!
" Q̇

∆'

Thermal load reduction = ∑! Q̇ office,sen,GPVTDCH,on ∆' + ∑! Q̇ office,lat,GPVTDCH,on ∆'
"

2534

office,sen,GPVTDCH,off

"

office,lat,GPVTDCH,off

(eq. 5)
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where Q̇ office,sen,GPVTDCH,off and Q̇ office,lat,GPVTDCH,off were calculated by Type 660a in TRNSYS. This type
calculates the energy required to maintain the indoor conditions within the range of 20-26°C for indoor
temperatures and 4.3-12.1 g kg-1 for indoor specific humidity as been specified by the AS5389:2016 (Standards
Australia 2016). The office building model was simulated with and without the operation of the GPVTDCH
system to compare the reduction in the heating and cooling energy consumption required in a year.

3.2.

Air heating, dehumidification and cooling process by the GPVTDCH system

To understand the air conditioning process of the GPVTDCH system in air cooling and heating operation, the
air conditions (dry bulb temperatures and specific humidity) after various components are shown on the
psychrometric diagram.
Fig 2 shows the air conditions conditioned by the GPVTDCH system at an air flow rate of 3,000 kg hr-1 during
the air dehumidification and cooling mode on a psychrometric diagram. The blue line represents the process air
stream and the red line represents the return or desiccant regeneration air stream. The black line is the boundary
where the office indoor air condition is required to be kept between 20-26°C and 4.3-12.1 g kg-1 at 95% of the
time during the occupancy according to AS5389:2016 (Standards Australia 2016). The detail air conditions after
each process are listed in air conditions in Tab 4.
As shown in Fig 2, the ambient air (1) with a temperature of 31.1°C is pre-cooled by the ground water to a
temperature of 20.8°C. This increases the relative humidity of the inlet air to the desiccant wheel, which allows
the desiccants to be regenerated at low heat source temperature of 47.2°C heated by the PV/T water circulation
at (8). In comparison to a conventional desiccant dehumidification process, the pre-cooling of the entry air to the
desiccant wheel can reduce the temperatures in the dehumidification process. This enhances the
dehumidification performance. In addition, it also increases the relative humidity of the dehumidified air from
the desiccant wheel. Since the partial pressure difference between the process air stream and the regeneration
air stream need to be balanced between the dehumidification and the regeneration process, thus, lower heat
source temperatures can be used for the regeneration process. Therefore, in the GPVTDCH system, the entry air
to the desiccant wheel is pre-cooled by the ground water, thus low regeneration temperatures can be used in
comparison to a conventional desiccant dehumidification process (Jeong et al 2011, Zhang and Niu 2003).
Nevertheless, the dehumidification process removes 5.9 g kg-1 of moisture from the air in the desiccant wheel. In
comparison to previous studies with desiccant regeneration temperatures of 70°C (Mei et al. 2006, Eicker et al.
2010, Beccali et al. 2009), the heat source temperature of GPVTDCH system to achieve the similar
dehumidification performance is significantly less. In addition, it can be seen that the GPVTDCH system can
provide supply air at 19.7°C and 7.6 g kg-1, suitable for space cooling application.
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Fig 2 - Psychrometric process of the GPVTDCH system on the psychrometric diagram for a summer day condition of Sydney (the
subscript number corresponds to the process in Fig 1a)

Tab 4 - Air conditions of the GPVTDCH system operation for a summer day condition of Sydney (the subscript number
corresponds to the process in Fig 1a)

Air conditions

Temperature (°C)

Specific humidity g kg-1

Process air stream
Ambient air (1)

31.1

13.5

Desiccant wheel inlet air (2)

20.8

13.5

Dehumidified air (3)

40.3

7.6

Cooled air by air to air heat exchanger (4)

28.0

7.6

Supply air (5)

19.7

7.6

Indoor air (6)

24.6

8.4

Pre-heated air by air to air heat exchanger (7)

36.9

8.4

Heated air by PV/T water heating circulation (8)

47.2

8.4

Exhaust air from the desiccant regeneration process (9)

29.8

13.9

Regeneration air stream

Fig 3 shows the air conditions conditioned by the GPVTDCH system at an air flow rate of 3,000 kg hr-1during
the air heating mode on a psychrometric diagram. The red line represents the return or desiccant regeneration air
stream. The black line is the boundary where the office indoor air condition is required to be kept between 2026°C and 4.3-12.1 g kg-1 at 95% of the time during the occupancy according to AS5389:2016 (Australia
Standard 2016). The detailed air conditions after each process are listed in Table 5.
In the air heating process, as shown in Fig 3, the ambient air (1) with a temperature of 15.5°C is pre-heated to a
temperature of 22.6°C after the air to air heat exchanger (4). The process air is further heated by the PV/T water
circulation to a supply air (5) temperature of 31.3°C. Since it is sensible heating process, there is no change in
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the specific humidity of the air.

Fig 3 - Psychrometric process of the GPVTDCH system on the psychrometric diagram for a winter day condition of Sydney (the
subscript number corresponds to the process in Fig 1b)

Tab 5 - Air conditions of the GPVTDCH system operation for a winter day condition of Sydney (the subscript number corresponds
to the process in Fig 1b)

Air conditions

Temperature (°C)

Specific humidity g kg-1

Ambient air (1)

15.5

6.2

Pre-heated air (4)

22.6

6.2

Supply air heated by PV/T water circulation (5)

31.3

6.2

Overall, the above results provide a snapshot of the air dehumidification and cooling process in Fig 2 and the air
heating process in Fig 3 on a psychrometric diagram. It can be seen that the GPVTDCH system can provide
satisfactory supply air temperatures and specific humidity to condition the indoor space. In the next section, a
more detailed analysis of the system’s performance over a year is presented.

3.3.

GPVTDCH system performance

To evaluate the energy performance of the GPVTDCH system as an air conditioning system, the coefficient of
performance (COP) defined in equation 5 was used. Figure 4 shows the annual cooling COP (blue line), and
heating COP (red line) of the GPVTDCH system under various flow rates from 1,000 to 7,000 kg hr-1.
As shown in Fig 4, there is a peak in the annual system cooling COP and heating COP. This is because at a low
process air flow rate (i.e. 1,000 kg hr-1), the cooling and heating capacity of the GPVTDCH system is low as
defined by equation 2 and equation 3. However, at a high process air flow rate (i.e. 7,000 kg hr-1), the electricity
consumption of the GPVTDCH system defined by equation 4 is also high. This results in a peak cooling COP
value of 10.1 and heating COP value of 14.9 at the process air flow rates between 3,000 and 5,000 kg hr-1. In
addition, the annual heating COP is higher than the annual cooling COP. This is because the cooling source
temperature is limited by the ground water temperature of the location at 17.9°C, whereas the heating source
temperature of the PV/T collector is much higher at maximum of 58.2°C. Nevertheless, in comparison to a
common compression air conditioning system with system COP of 3-6 (Otanicar et al 2012), the system COP of
the GPVTDCH system is much higher. In addition, the electricity and thermal energy required to operate the
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GPVTDCH system can be all provided by the PV/T collectors.

Fig 4 - System COPs of GPVTDCH system at various process air flow rates

To analyse the reduction in the total (sensible and latent) heating and cooling energy consumption required to
maintain the indoor air condition within 20-26°C and 4-12 g kg-1 achieved by the use of GPVTDCH system in a
year, Fig 5 compares the percentage of total heating and cooling energy consumption reduction at various
process air flow rates. It can be seen in Fig 5 that the reduction in the sensible heating and cooling energy
consumption of the office building increases as the process air flow increases. This is because the heating and
cooling capacity of the GPVTDCH system increases with the increase in the process air flow rate. Therefore,
more heating and cooling energy is provided by the GPVTDCH system to offset the required thermal load. In
contrast, the reduction in the latent load of the office building decreases as the air flow increases. This is because
the dehumidification performance of the desiccant wheel is limited. At a high process air flow rate, there is
insufficient time for the heat and mass exchange process between the air and the desiccants inside the desiccant
wheel. The total reduction in the total thermal load of the office building is from 40% to 70% as the air flow rate
increases from 1,000 kg hr-1 to 7,000 kg hr-1. This needs to be further improved by investigating appropriate
controls of the process air flow rate and supply air conditions.
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Fig 5 - Reduction in required heating and cooling load (total, sensible and latent) to maintain the office building within 20-26°C and
4-12 g kg-1 at various process air flow rates

4. Conclusions
This study investigated the performance of a ground coupled photovoltaic thermal desiccant cooling and heating
(GPVTDCH) system to provide air ventilation, dehumidification, cooling and heating for an office building in a
humid subtropical climate of Sydney, Australia.
The GPVTDCH system was modelled and linked to a building model in TRNSYS. The performance of the
GPVTDCH system in maintaining the indoor conditions between 20-26°C and 4-12 g kg-1 at 95% of the
operation time during the occupancy were evaluated. The key findings are:
•

The GPVTDCH system can provide satisfactory supply air conditions. On a typical summer day with
ambient air conditions of 31.1°C and 13.5 g kg-1, in the cooling operation, the supply air can be
dehumidified and cooled to 19.7°C and 7.6 g kg-1 (5.9 g kg-1 for dehumidification). While on a typical
winter day with ambient air conditions of 15.5°C and 6.2 g kg-1, in the heating operation, the supply air can
be heated to 31.3°C and 6.2 g kg-1.

•

High annual system cooling COP of 10.1 and system heating COP of 14.9 were modelled for air flow rates
between 3,000 kg hr-1 and 5,000 kg hr-1. This is higher than a common compression air conditioning system

•

The GPVTDCH system can reduce 70% of the required heating and cooling energy consumption to
maintain the office building with the designed air conditions AS5389:2016 (Standards Australia 2016)

Further study is required to improve the building model with consideration of solar gain and compare to a long
term data of a physical building performance. In addition, an appropriate control algorithm for the process air
flow rate and supply air conditions need to be investigated to improve the performance of the GPVTDCH
system to provide electricity and air conditioning to a building.
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7. Appendix
7.1.

Nomenclature
ṁ

Mass flow rate (kg hr-1)

Subscript

q̇

Rate of energy per unit of area (W m-2)

aux

Auxiliary

Q̇

Rate of energy (W)

cool

Cooling

t

Time (hr)

equip

Equipment

T

Temperature (°C)

heat

Heating

Ueff

Overall heat transfer coefficient (W m-2 K-1)

infil

Infiltration

-1

ω

Specific humidity (g kg )

lat

Latent

𝜔̇

Rate of moisture change (kg hr-1)

light

Lighting

Ẇ

Power (W)

low

Lower

sen

Sensible

set

Setting

up

Upper

Abbreviations
EER

Energy efficiency ratio

COP

Coefficient of performance

GPVTDCH

Ground coupled PV/T desiccant cooling and heating

PV/T

Photovoltaic thermal
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Abstract
This paper presents the analysis of a new Fresnel solar thermal collector (FCSP) system with a Hybrid Heat
Pump (HHP) for solar cooling purposes in industry using TRNSYS simulation. The HHP is a combination of a
thermally driven adsorption chiller and electric compression chiller in a cascaded configuration, to achieve
highly increased Energy Efficiency Ratios (EER) for the operation of the solar assisted HPP system. The
benefits of the solar assisted HHP system is mainly based on constantly low heat rejection temperature of the
compression chiller, compared to conventional ambient heat rejection systems, as the adsorption chiller is
responsible for the heat rejection of the entire hybrid cooling system. The evaluation of a demo case in
Barcelona, Spain showed, that EERs between 7-8 can be reached, hence, the electric power consumption of the
cooling system can be reduced by 29 % in transitional seasons and by 44 % during summer. As a result of this
approach, it is determined that full load operation conditions of minimum 3,800 h and ambient heat rejection
conditions with above 20°C have to occur constantly through operation period, to enable an overall economic
operation of the solar assisted HHP System. As an example, for the investigated industry process in Barcelona
specific cooling costs of 0.031 EUR/kWh can be reached at operating hours of 4,748 h/a. Moreover, it was
analysed that the solar assisted HHP system is likely feasible for the implementation into industrial process
typologies with both, heat and cold demands.
Keywords: Solar cooling, solar process heat, hybrid heat pump, adsorption chiller, cascade system, heat
rejection, TRNSYS simulation

1. Introduction
More than 20 % of direct green house gas (GHG) emissions can be traced back onto the industrial sector. By
attributing further emissions from electricity and heat production this share increases to 31 % GHG emissions in
total. (IPCC, 2014) Despite the general awareness on a positive trend of the renewable energy sector, the use of
renewables in the global industry sector is devastatingly small >1.8 % (Mekhilef et al., 2011). About 60 % of the
thermal heat demand in industries is required at temperature levels below 250 °C (Vannoni et al., 2008). At
these temperature levels, solar thermal energy shows a great potential to be applied in the field of industrial
applications. But due to high capital costs and low costs on fossil fuels, only limited deployment has taken place
over the last decades. Furthermore, the application of solar energy into industrial processes places particularly
high requirements on performance and reliability. Yet, the potential in CO2 saving through the implementation
of renewable energy sources is huge, for both, heat and cold supply. Therefore, the potential of solar thermal
heat for direct use or generation of cold needs to be pushed by highly efficient innovations and technologies. So
far, the market for solar cooling is still very young, with only few manufactures for sorption chillers, especially
for solar cooling in industrial applications (Daßler and Mittelbach, 2012). Since new regulations for the use of
refrigerant are passed (F-gas Regulation, 2014), the market urgently requests low Global Warming Potential
(GWP) refrigeration systems for present and future cooling systems.

2. The investigated solar HHP system
The solar hybrid cooling system investigated consists of a Fresnel solar thermal collector (FCSP) together with a
Hybrid Heat Pump (HPP). The system shall provide a wide range of design and operational configurations to
increase the potential implementation of solar heat (heat/cold) in industrial systems. The linear FCSP (Figure 1)
is designed to work with heat transfer fluid such as pressurised water, water-glycol or thermal oil. Typical heat
transfer output temperatures range between 130°C - 250°C. The advantage of this linear Fresnel is the use of
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multiple small mirrors. These flat mirror strips are significantly less expensive in manufacturing than curved
mirrors for a parabolic through collector (Fresnex, 2019).

Fig. 1: Schematic scheme of a linear Fresnel solar thermal collector (Source: JER)

The HPP technology covers cooling loads for industrial processes at a minimum temperature Tchill of +5°C. In
the future, depending on the chosen compressor technology, temperatures as low as Tchill of -10°C or even lower
can be reached by the HPP. The operation of the HHP requires for cascaded mode (Figure 2) thermal energy for
the adsorption chiller (AdC) and electrical power for the vapour compression chiller (VCC). Sorption systems
have a highly reduced electrical energy consumption and a limited maintenance expenditure, whereas their
efficiency with high temperature lifts between condenser and evaporator is limited and their response on
fluctuating demand loads is low. Electric compression chillers, on the other hand offer high precision in
temperature regulation and fluctuating load coverage but require a high demand on electrical input power
especially at higher condensation temperatures (Vasta et al., 2018).

AdC
condenser

Input
HT

MT

ADSORPTION
CHILLER
evaporator

LTAdC

Input

condenser

LTVCC

VAPOUR
COMPRESSION
CHILLER

evaporator
VCC

Fig. 2: Schematic layout of the Hybrid Heat Pump (Source: JER)
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Therefore, the main idea of the HHP system layout is to significantly increase the efficiency of a VCC by
reducing its condenser temperature. Applying the evaporation temperature of the AdC for heat rejection
purposes does this in a cascade configuration. Driven by hot water in the range of 80°C - 90°C, the AdC
represents the warm stage of the cascade. The adsorption process provides cold water at a low temperature level
(Tchill,AdC about 20°C). The second stage of the modular HPP is based on a vapour compression unit. For the
HPP model both working principles are combined. The cold water from the AdC, with a set point temperature
Tchill,AdC of 20°C, will be used to dissipate heat from the condenser of the lower compression stage. In this way,
the temperature lift between evaporator and condenser of the compression circuit is reduced. This leads to low
electric input power for the VCC and therefore to highly increased Energy Efficiency Ratio (EER) values for the
system.

3. Modelling solar HHP system
For the investigation of the solar HHP system a TRNSYS simulation deck was developed including solar
concentrating collector circuit, process heat and hot water supply circuit, heat rejection circuit as well as heat
demand side and cold demand side circuits. The different main components of the deck (Figure 3) are modelled
using Type 1288 for the FCSP (concentrating collector) and the HPP as combination of an adsorption chiller and
a compression chiller.

Fig. 3: TRNSYS deck of the solar Hybrid Heat Pump system (Source: JER)

Therefore, a novel HPP model was developed in TRNSYS (Kiedaisch, 2018) consisting of the silica-gel
adsorption chiller Type 820, which is based on a lump parameter model (Dalibard, 2017) with dynamic heat and
mass transfers equations for the ad-/desorption of the two beds (also other sorbents can be used, like zeolite), a
simulation time step of 10s was chosen. As the adsorption type is the most dynamic and detailed component of
the system, special attention has been paid on its operational behaviour. The simulation results of the adsorber
showed quite good consistency on its sorption behaviour compared to nominal ranges from literature.
Furthermore, for vapour compression unit the Type 666 was investigated, which is also based on a lookup table.
The standard lookup table of Type 666 showed that the EER is limiting the overall EER increase of the system
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to 25.7 %, hence, a new lookup table was created. The new lookup approach based on a nominal capacity (EER
of 4.4) for a R290 chiller and the deployment of an adapted Carnot-efficiency fit curve. To achieve a desired
cooling load Qchill,CC of 20 kW at a chilled water set temperature of 7°C, the thermal adsorber chilling capacity
Qchill,AdC is 24 kW at a heat rejection and heating temperature of 30°C and 90°C, respectively (Figure 4). Finally,
the interconnection of both units was applied and a parametric simulation was carried out to define boundary
conditions of the HHP-System.
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Fig. 4: Simulation results of the HHP modelling: (a) heating, cooling and chilling loads of AdC and VCC;
(b) AdC chilled water in-/outlet temperatures and electrical EER of the HPP

2545

U. Jakob et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

The variation of heat input (60 to 95°C) and heat rejection temperatures (25 to 40°C) for the system pointed out
that a set point control (adapting mass flows) for the HHP system is necessary to provide a reasonable operation.
Furthermore, a capacity ratio for the design of adsorption and compression chiller was detected with a factor of
CR = 1.2 for the design of the adsorption chiller. The electrical EER for the HHP operation varies between 6.9
and 8.4 as shown in Figure 4 with the corresponding chilling temperatures of the AdC with ∆Tchill of 2.5 to 4 K.
Tchill,out is slightly above the set point temperature of 20°C. It is evident that chilled water outlet temperature is
exceeding its set point of 20°C, when the sorption cycle is switching between the two adsorption chambers and
the new sorption cycle begins. The simulation results of the cascaded operation are showing a successful
interaction of the thermal and electrical unit.

4. System simulation
The overall HPP system including concentrating FCSP field, the HPP and appropriate demand profiles for
industrial application was simulated for two seasonal periods: spring and summer. The aim of the investigated
solar assisted HHP system is to achieve an EER close to 10.0 for the operation of the compression chiller,
hence, heat rejection set point temperatures at the condenser side of 20°C shall be obtained.
4.1. System data and KPIs
The simulation of the HPP system is done on a five days approach. Therefore, a summer week and a week in
spring were analysed in detail because of the dynamic operational behaviour of the AdC. Table 1 shows the
design parameters of the simulated solar HPP system.
Table 1: Design parameters of the solar HPP system

FCSP field size
(mirror area)

400 m2

Heat storage volume

6.5 m3

Process heat and hot
water supply circuit

Hot water storage volume
for cleaning and sanitary

4 m3

Cold demand side
including heat rejection
circuit

HPP cooling capacity

20 kW

Cold water storage
volume

6 m3

Heat rejection capacity
(dry recooler)

61 kW

Solar concentrating
collector circuit

Furthermore, heat and cold load demand for a food processing plant in Barcelona, Spain (Table 2) were applied
to the HPP system to estimate a possible coverage of it. The fluctuation of the analyzed heat load profile for
cleaning and sanitary purposes shows peak loads of almost 35 kW, the minimum demand is 8.3 kW. Base load
is 16.5 kW even through non-working days (weekends). The heat load occurrence and frequency shows that
more than 80% of the heat load occurs in the range of 10-20 kW. It is assumed that for a constant heat demand
through the year the annual heat demand rates to 156 MWh/a for the investigated case. The investigated annual
cold demand for the food storage shows peak loads of 27.6 kW, the minimum demand is 4 kW. By analysing the
load curve, it is seen that with a design load capacity of the HPP of 20kW almost 90% of the load is covered. It
is assumed that for a constant cold demand through the year the annual demand rates to 136 MWh/a for the
investigated case.
Table 2: Annual heat and cold demand for a food processing plant in Barcelona, Spain
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For the evaluation of the solar HPP system the following Key Performance Indicators (KPIs) were used to
determine the performance improvement (Table 3). EERs and COPs evaluate the chiller´s performance at full
load operation at nominal conditions. The EER is generated by the division of output and input. Therefore, it
needs to be distinguished between the EERel (Equation 1) of a compression chiller and EERth (Equation 2) of an
adsorption chiller. The improvement in efficiency of the HHP (EER !!" ) is only based on an increasing EER !" .
Neither is the actual technical performance of the adsorption nor of the compression unit improved. The
significant increase of the EER !!" is only a result of reduced heat rejection temperatures at condensation side of
the compression unit.
Table 3: Chiller performance (HyCool D2.5, 2018)

Energy Efficiency Ratio (EER)

Definition
!!!!""

electrical

EER !" =

thermal

EER !! =

!!"
!!!!""
!!!"#

(1)
(2)

4.2. EER results
The simulation results for the FCSP field shows solar annual yields of 228 MWh/a for the location of Barcelona,
where the solar heat is used for the HPP and the remaining heat for cleaning and sanitary purposes. The heat
storage size of 6.5 m3 allows a maximum time shift of load supply of 4 hours.
The evaluation of the EER is the key point in the analysis of the solar HHP system. The following Figures 5 and
6 present the dependency of the EER in HHP operation mode for both cases (spring and summer) compared to a
conventional compression chiller, being re-cooled by ambient air. Figure 5a is displaying the ambient
temperature Tcool,in,amb as well as the output temperature of the AdC (Tchill,out). The heat rejection temperature
difference is actually the operation potential, which is used to achieve increased EER of the HHP. A temperature
delta is only achieved when HHP is operating.
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Fig. 5: Simulation results of heat rejection temperatures and efficiency (EERHHP and EERconv) for spring period
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The Figure 5b presents the specific EER for both heat rejection options. The increase of the EERHHP is
significant compared to the regular EERconv. The nominal (rated) EER of the system is 4.4, hence, the heat
rejection conditions in spring are quiet good, low Tcool,in,amb, also the EER for the conventional compression
chiller operation is remarkably high (EERconv = 5 – 6.6). A maximum EERHHP for the HHP operation is achieved
with 8.8. The total electric power consumption of the two chiller operation modes is 181 kWh for ambient heat
rejection and 129 kWh for HHP operation, this leads to electrical energy savings of 29 %. Figure 6a is showing
the same graphs as described above, but for the summer period. The driving temperature difference between
Tcool,in,amb and Tchill,out (AdC) is much more of distinctive, hence, the increase of the EERHHP compared to EERconv
is also more significant. For hours of peak ambient temperature, EERHHP is even more than double the EERconv.
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Fig. 6: Simulation results of heat rejection temperatures and efficiency (EERHHP and EERconv) for summer period

The results in Figure 6b show that the effect of the HHP operation is more effective for increased ambient
temperatures, as the temperature difference between Tcool,in,amb and Tchill,out (AdC) is the driving force for the
ΔEER. This effect underlines a seasonal operation strategy of the solar HHP system, due to the fact that the
HHP does not have advantages in the EER for Tcool,in,amb below 20°C, as long as the set point control for the
adsorption chiller output temperature is set to 20°C. The total electric power consumption of the two chiller
operation modes is 326 kWh for ambient heat rejection and 182 kWh for HHP operation, this leads to electrical
energy savings of 44 %. The total energy amount does contain implicate auxiliary demands for the adsorption
chiller or heat rejection units.
The evaluation of the electrical EER showed a significant increase of the EERs for the HHP operation compared
to a conventional heat rejection of the compression chiller by reaching EERs between 7 to 8 for the demo case
(food industry) in Barcelona, Spain. The average efficiency increase for the summer period is 183 %, whereas
transitional season operation (spring period) only improved by 138 %. One should note that for this preliminary
comparison of the system, the same chiller with a relatively high nominal EER was used and only the method of
heat rejection was changed (HHP or ambient heat rejection). Therefore, the increase of efficiency is expected to
be significantly higher in real conditions, when compared to common refrigeration systems with rather poor
EERs.
4.3 Coverage load results
A main issue in the analysis of the solar HHP system is the question of load coverage for cooling and process
heat by the investigated system. The load coverage analysis of the system shows, that the coverage by the HHP
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system for cooling purposes is higher in the summer period than it is for spring. The relative coverage in
summer is about 61.8 % against 47.2 % in the spring period.
As the simulation approach focuses on the operation of the HHP system to generate cold, thermal load surpluses
were not directly used on heat demand side. Therefore, surplus solar energy can either directly supply the heat
demand load or can be transferred into the heat supply storage. A thermal heat storage of about 18 m3, at a
temperature delta of 40°C, would be needed to utilize (store) the overall surpluses. In fact, the lack of solar
thermal supply amounts to maximum 10-14 hours depending on the seasonality. Therefore, a reasonable storage
design to cover 10 h of average heat load demand of 18 kW would take around 4 m3. This actually matches the
system layout, regarding the demo case (food industry) in Barcelona, Spain. The solar assisted HHP system is
able to substitute both, heat and cold. For the improvement of the overall system storage layout needs to be
improved, since an overnight storage design could extend the use of the solar assisted HHP system for summer
period from mid-May till end of September.

5. Tool
Based on the simulation results an online tool was developed, the HyCool Pre-Feasibility Simulator (PFS). The
PFS tool allows analysing the most relevant boundary conditions, which influence the techno-economic
feasibility of the solar HHP system for a given industrial cooling process. The five main types of boundary
conditions identified, investigated and analysed at European level, which influence the attractiveness of the HPP
system, are listed in the following Table 4.
Table 4: Boundary conditions under which the solar HPP system is techno-economic feasible (HyCool D2.1, 2018)

Boundary conditions

Definition

Solar irradiation

The solar HHP system in the project relies on
concentrating solar collectors, therefore, only
the Direct Normal Irradiation can be exploited.

Ambient temperature

Any chiller needs to reject heat to the
environment. In general, ambient air is the heat
sink. The lower the ambient temperature, the
higher is the heat rejection efficiency

Industrial process typologies

The required cooling temperature of the
industrial process affects the feasibility of the
solar HPP system.

Electricity prices

The solar HPP system relies on a compressor
chiller, which is operated by electricity

Load profile / duration

The duration of an annual load profile for
cooling demands in an industrial process
typology influences the economic feasibility of a
solar HPP system.

As the heat rejection temperatures are the driving factor for the increase of the EER, and therefore a crucial
design parameter, which affects a reasonable implementation of the solar HHP system, the annual distribution of
the dry ambient temperature and the wet bulb temperature need to be analysed in terms of an appropriate heat
rejection system and the potential heat rejection hours of the HHP. Potential heat rejection hours, are describing
the period of time, where the HPP is operating in a beneficial state. A simplified approach is assumed which
correlates the average ambient temperature of the year with the number of heat rejection hours above 20°C.
The seasonal operation is highly dependent on the climatic aspects as shown in Figure 7 for Barcelona. There is
a seasonal potential operation use for the solar HPP system, yet year-around operation is not reasonable due to
low ambient heat rejection temperatures. It also clearly visible that the operation of the HHP at night times is
only reasonable for the time period of mid of May till end of September, whereas heat rejection temperatures are
constantly above 20°C. The operation during night would significantly increase the hours of full load operation.
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The potential operation hours of the HHP (Figure 7), for the site of Barcelona, compared to conventional dry
and wet heat rejection systems amount to 4,748 h (dry) and 3,558 h (wet). For warmer climates the potential
operation hours will increase.
40
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Fig. 7: Ambient temperature level and potential heat rejection temperatures for the site of Barcelona (Data from Meteonorm)

In order to provide the online user with a useful and simple tool for pre-assessing the feasibility of the solar
HHP system for a given industrial cooling process, a score-based approach has been chosen (HyCool PFS,
2019). For each of the above-mentioned conditions a ranking has been developed, which quantifies how suitable
the technology is under that specific perspective. Knowing the type of cooling process, the locally available
solar irradiation, the average electricity price and having access to basic data about external ambient
temperature, one can therefore quantify a score for each of those and have a general picture of how suitable the
HPP system is for that specific site. As an example, for the investigated industry process in Barcelona specific
cooling costs of 0.031 EUR/kWh can be reached at operating hours of 4,748 h/a.

6. Conclusions
The benefits of the solar assisted HHP system are mainly based on constantly low heat rejection temperature,
therefore an optimized operation is based on high heat rejection temperature difference, compared to
conventional ambient heat rejection systems. The simulation results and conclusion are based on the approach of
a constant adsorption set point temperature of 20°C. The evaluation of the electrical EERHHP showed
significantly increased EERs for the HHP operation compared to a conventional heat rejection of the
compression chiller. The average efficiency increase for the summer period was 183 %, whereas transitional
season operation only improved by 138 %. For the use cases the electrical demand of the compression chiller
was reduced by 29 % (spring) and 44 % (summer). By reducing the set point temperature of the adsorption
chiller in transitional season, it can be expected that the operation through the year becomes more effective, in
the number of potential operation hours as well as for higher EERs. As a result of this approach, it is determined
that full load operation conditions of minimum 3,800 h and ambient heat rejection conditions with above 20°C
have to occur constantly through operation period, to enable an overall economic operation of the solar assisted
HHP system. Moreover, it was analysed that the solar assisted HHP system is likely feasible for the
implementation into industrial process typologies with both, heat and cold demands.
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Abstract

Space cooling makes up a significant portion of the peak electrical demand worldwide. A large electrical peak on the
grid can cause fossil fuel and other non-sustainable power facilities to ramp up or turn on which produces excessive
amounts of carbon dioxide. One way to reduce the cooling demand on the electrical grid is to use solar cooling
technologies such as an adsorption chiller. Recent developments have allowed adsorption chillers to provide higher
cooling power at lower hot water temperatures, allowing the technology to pair well with a flat plate solar collector.
A performance map was generated from an experimental setup with a 16-kW silica-gel adsorption chiller and is used
in a TRNSYS model to linearly determine the performance of the chiller at given inlet conditions. The adsorption
chiller model was implemented into a full system model and the performance was compared among various cities in
Canada. It was found that in Toronto, an adsorption system with a flat plate collector can reduce electrical
consumption, annual cost of electricity, and greenhouse gas emissions from space conditioning by 40%, 49%, and
46% respectively, when compared to a system using a water to water heat pump. The adsorption system was found
to be plausible in residential applications in Canada. Some future work is planned for optimizing the heat transfer to
the hot water tanks from the solar collectors and chilled water storage.
Keywords: Solar cooling, adsorption chiller, modelling, residential cooling, simulation, TRNSYS.

1. Introduction
Residential space cooling demand has increased by about 170% over the past 25 years in Canada and similar trends
are true around the world (Natural Resources Canada, 2017). As the demand for cooling increases so does the amount
of electricity consumed, which in turn increases the peak electrical load on the grid (Proctor, 2005). Many countries,
including Canada, use non-sustainable power production facilities to meet the peak electrical demand, resulting in
the release of large amounts of carbon dioxide into the atmosphere. This effect is prominent in Canadian provinces
during the summer months when space cooling is required. A typical breakdown of the hourly supply distribution to
the Ontario grid for a weekday is shown in Figure 1.

Supply Energy (MW)
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Fig. 1: Hourly electrical supply by fuel type for the Ontario grid on June 26th, 2019 (Independent Electricity System Operator, 2019)

This figure shows that during the peak and mid-peak hours (7-18) gas burning power facilities are ramped up in order
to meet the increased consumption, which the nuclear and hydro facilities cannot match themselves. This electrical
peak occurs during the hottest part of the day and when people are awake, meaning air conditioning is turned on and
appliances are used. Solar radiance can be captured to provide the heat input to a solar cooling system, such as an
adsorption chiller, which can be used to reduce this electrical peak. An adsorption chiller uses little electricity and
instead uses hot water as its driving force. The hot water supply can come from district heating/waste heat or an array
of solar collectors. More recently, adsorption chillers have been designed to allow them to be used with low
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temperature heat sources such as a flat plate solar collector which can supply water around 50-70°C; this is an
improvement from requiring supply temperatures higher than 70°C (Bataineh and Alrifai, 2015). Additionally, in the
winter months the solar collector could also be used to provide hot water to a water-source heat pump. Another
benefit to reducing the peak electrical load and greenhouse gas emissions is to reduce the cost of electricity. Electrical
prices are increasing at a rate where some substantial savings can be had by reducing total consumption and
specifically peak consumption. The majority of Ontario, among some other provinces in Canada, use a time-of-use
(TOU) billing period where the billing rate varies between on-peak, mid-peak, and off-peak depending on the period
of day and when the demand is higher. Figure 2 displays the times when the peak, mid-peak, and off-peak electrical
rates occur for Ontario (Ontario Hydro).

Weekends
& Holidays

Winter
Nov 1 –
Apr 30

Summer
May 1 –
Oct 31

Fig. 2: Time-of-use periods for Ontario (24 Hour)

Price (cents/kWh)

The above figure shows the winter and summer times where the electrical peak rates are billed, in red. The green
represents the off-peak rates periods while yellow signifies mid-peak rates. Figure 3 shows the historical electricity
rates for Ontario’s TOU billing rates.
20
15
10
5
0

On-Peak (without price break)
Off-Peak (without price break)

Mid-Peak (without price break)

Fig. 3: Ontario electricity TOU rates from 2006-2019 (Ontario Energy Board, 2019).

The price of electricity has been increasing steadily from 2007 until a rapid increase in late 2014 where the ondemand price rapidly grew. The prices in 2016 were deemed to be too high by the provincial government so a
temporary price decrease called the Fair Hydro act (Ontario Energy Board, 2017) was put into place. The reduced
pricing is still in effect but changing provincial governments may remove this reduction. The points on the graph
represent the projected values with no government reduction, which are expected to increase in the coming years.
Any electrical savings now will only increase in the future.
Previous work has been done with silica-gel adsorption chillers where the cooling performance from constant inlet
temperature tests (representative of district heating) were compared to those of dynamic inlet temperature tests
(representative of solar water heating). The analysis determined that cooling power can be generated at approximately
6.5-8 kW with a COP of 0.4-0.5 for an average hot water temperature of 55-65°C (McNally et al., 2018).
This paper presents the development of a new silica-gel adsorption chiller model in TRNSYS and validation with
experimental data. The model was then used to determine the cooling capabilities of an adsorption chiller with a solar
water heater, cold storage tank, and hot water storage in a residential house in Toronto, Canada. Multiple
configurations of the adsorption system are compared to various base cases, with and without solar collection as the
main heat source. Greenhouse gas emissions and electricity costs are calculated for Toronto, and other locations have
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their electrical and thermal consumption compared to the Toronto model in order to illustrate the difference that
weather and solar potential have on the system’s performance.

2. Literature review
Solar cooling technologies have been increasing in interest in the past 15-20 years (Farenheit, 2017). The
performance of this technology has also been improving in terms of efficiency, size, effectiveness of the adsorbent,
and the temperature range it can operate within. The residential applications of adsorption chillers are still not fully
proven in terms of reliability, performance, and cost savings. However, new models of adsorption chillers require
less floor space and have greater power density. Some units can produce cooling with driving heat temperatures as
low as 50°C, which is much lower when compared to the hot water temperatures required 10 years ago (65-75°C)
(Bataineh and Alrifai, 2015). These improvements in adsorption cooling increase the feasibility of the technology
for use in residential applications with solar water heating, and not just for industrial waste heat or district cooling
applications (Bataineh and Alrifai, 2015).
Most of the solar cooling research and experimental testing has been completed within Europe as there are many
government incentives for solar companies in the form of tax breaks and supplementary funding. Germany
specifically, has a significant amount of companies and researchers in this field. Asia has also provided a substantial
amount of research and testing of solar cooling technologies. North America, however, is a region where the research,
experimental testing, and applications of adsorption cooling is lower. This could be attributed to the lack of large
district heating systems and absence of strong solar cooling incentives in North America. The main differences
caused by the location of testing are factors due to climate and solar irradiance. The climate and feasibility of
maintaining specific inlet temperatures depend on the outdoor air in cases of heat rejection and cooling temperatures
requirements. In Canada the chilled water outlet temperature does not need to be as low as a warmer region such as
the middle east. The amount of heat rejection required would be lower in Canada so a cooling tower would not be
needed, and a dry cooler can be used. Experimental and modelling results for solar adsorption cooling systems vary
greatly depending on weather (outdoor/indoor temperature and solar irradiance) which are determined by the
location.
There are studies of adsorption chillers for residential applications that have been able to quantify energy savings
compared to a standard air conditioning unit; such as the study by Thomas et al. (2012) which claims a total energy
savings of 40%. The chiller tested was a zeolite-water unit that has a smaller effective temperature range (55-75°C)
compared to silica-gel unit at (55-95°C). This study provided a residential experimental application where an
adsorption chiller system was shown to provide significant cooling with a 28 m2 solar thermal collector array.
However, like many publications this study did not have an economic analysis of the two systems, which is one area
that is lacking in the literature. A model is typically needed in order to determine a comparative economic analysis
between adsorption cooling systems and typical air conditioning systems.
There are various methods of modelling adsorption chillers such as a thermodynamic model, lumped parameter
model, and heat and mass transfer model. The thermodynamic model is a relatively simple approach based on the
steady state of the system and is useful for qualitative and semi-quantitative analysis of performance. This is the
preferred method for studying the influence of temperature/heat transfer on the systems COP and cooling power.
Lumped parameter models can be used to assess the transient nature of the model in more detail shown by Sah et al.
(2018), and can be combined with a dynamic modelling approach to combine their strengths (Thielen et al., 2014).
The heat and mass transfer approach is the most detailed modelling method and the least used due to the complex
nature of the adsorption process used in Reda et al. & Schicktanz and Núñez (2016; 2009). This method uses
differential equations to model the system and is the most useful approach when determining optimization design of
the system (Pandit et al., 2016). Each of these approaches produce models that cannot be widely applicable to every
model of adsorption chiller as the models are specific to the physical properties of each type of adsorption chiller
(silica-water, silica-ammonia, zeolite-water, etc.), the internal hydraulic design, control strategy, and heat exchanger
properties.
Many adsorption chiller models have been created and their results validated with an experimental setup where the
goal is to optimize the adsorption chiller itself or the whole solar cooling system (sizing of thermal storage and
collection) (Schicktanz and Núñez, 2009; Thielen et al., 2014). However, few models have been used for a detailed
energy and economic analysis of the solar adsorption cooling system. Additionally, most models need complex inputs
that are not readily available to researchers as they are manufacturer specific, such as the type and mass of the
adsorbent. In this case, a model that uses experimentally determined performance maps, cycle and chiller parameters
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such as flow rates, max COP and cooling capacity could be useful in providing a simpler and accurate approach for
producing results representative of the experimental results of a given unit.
Previous work done at Carleton University by Bowie and Cruickshank (2017) include the empirical modelling and
experimental testing of a lithium-bromide absorption chiller. The experimental set up used a 5th generation absorption
chiller from Climatewell rated at a cooling capacity of 10kWth. The hot water inlet range for this unit is 65-95°C. It
was found this unit could only provide significant cooling with hot water inlet temperatures greater than 80°C.
However, the results from this experiment should be questioned as there were issues holding a vacuum in the
absorption chamber, and later the unit failed entirely. Other work at Carleton University from McNally et al. (2018)
includes a study of performance of a SorTech silica-gel adsorption chiller with a rated capacity of 16 kWth and a hot
water inlet temperature of 55-95°C. The unit was tested using constant inlet temperatures and simulating heat input
to the chiller’s hot water inlet from a flat plate solar collector with an area of 24 m2. Key results from this study will
be briefly mentioned as required in this paper.
The gap in the literature for solar cooling technologies, especially for adsorption chillers is the experimental,
simulation, and economical analysis of an adsorption cooling system in a Canadian climate for residential use with
a flat plate solar water collector. Often models are created for the purpose of optimizing the design of an adsorption
chiller, which requires precise and accurate calculations of the processes occurring within each component of the
adsorption chiller. This study was conducted to determine the effects of various inlet temperatures on the COP and
cooling power of a silica-gel unit with solar heating. First, a performance map from the experimental results was
created. Using this performance map, the model can accurately determine inlet and outlet temperatures and illustrated
how feasible these systems are for achieving residential building loads. This paper describes the modelling approach
used to verify and apply a grey-box thermodynamic model of a silica-gel adsorption chiller with a solar water heater
for performance analysis of residential buildings in Ontario.

3. Experimental Set-up
An experimental testing setup was created in a laboratory environment to provide a range of temperatures and flow
rates (FR) to the adsorption chiller. There are three hydraulic lines connected to the adsorption chiller; a hot water
line (HW), a heat rejection line (HR), and a cooled water line (AC). The hot water line is connected to a steam line
through a heat exchanger, where the flow of steam is controlled by a control valve. A dry cooler capable of rejecting
40 kW at a temperature difference of 5°C is connected to the heat rejection line. The cooled water line is reheated to
the inlet setpoint temperature by a heat exchanger connected to a branch off the hot water line which is also modulated
by a control valve. The temperature ranges and flow rates required for the chiller are shown in Table 1. An
experimental Schematic can be seen in Appendix I.
Tab. 1: Adsorption chiller specifications

Cooling
Capacity (kW)

COP

HW inlet
(°C)

HW FR
(L/min)

HR inlet
(°C)

HR FR
(L/min)

AC inlet
(°C)

AC FR
(L/min)

16

0.65

50-95

42

22-40

80

8-22

48

The inlet and outlet temperatures for each hydraulic line are measured by T-type thermocouples. The thermocouples
were all calibrated using a constant temperature bath, more details can be found in Baldwin (2013). The flow rate for
each hydraulic line is measured after exiting the chiller and is assumed to be constant throughout the unit due to the
integrated pumps within the chiller that make up for the pressure drop.
The experimental setup was later modified to modulate the heat input to the hot water line in order to simulate the
heat input from a flat plate solar collector to test the performance of the chiller over a day using solar driven heat. A
program was created that used a Canadian Weather Year for Energy Calculation dataset 2016 (CWEC) file for the
Ottawa International Airport (45°19'12.0"N 75°40'12.0"W) to calculate the solar heat input that could be produced
by a flat plate solar collector. The calculated solar heat input was then converted into a voltage value and sent to a
proportional-integral controller that actuates the control valve and varies the heat transfer from the steam line into
the hot water line.
Further details on this setup and the method for calculating the solar heat input can be found in (McNally et al.,
2018). The summary of the performance of the adsorption chiller using dynamic inlet temperatures (DIT) from the
above method and continuous inlet temperatures (CIT) by using a constant setpoint can be found in Figure 4. The
system’s setpoints are shown in Table 2.
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Fig. 4: CIT and DIT test results for adsorption chiller setup
Tab. 2: Testing Setpoints

HW
HW
HR
HR
AC
AC
inlet
FR
inlet
FR
inlet
FR
(°C) (L/min) (°C) (L/min) (°C) (L/min)
81

42

27

66

24

48

Figure 4 uses two polynomial trend lines to represent the data where the CIT trendline is a second order polynomial
and the DIT trendline is a cubic polynomial. The trendlines were selected based off the expected shape of the data,
where the performance across the entire testing range is not linear and the increase in cooling capacity per unit of
temperature increases/decreases on the low/high ranges of the HW temperature respectively. The DIT trendline uses
a different polynomial because the test is averaged over a larger range of temperatures so the performance
degradation on lower and higher HW temperatures are not as severe and was expected to provide lower cooling
capacity in the middle, as the results showed. The SorTech adsorption chiller was tested with CIT and DIT tests with
an average hot water temperature from 50-90°C. The tests show that between ~58-70°C the cooling capacity of the
chiller varies from the CIT tests but with significant cooling produced. The chiller also provided significant cooling
with low hot water inlet temperatures of 6-7 kWth between 50-55°C. These results are promising for adsorption
cooling for residential applications, especially with a flat plate solar water heater. The next step in the research was
to develop a model of the adsorption chiller in order to develop a simulation system to analyze cooling and economic
performance with various system setups. The following sections discusses the methodology behind the grey-box
thermodynamic model of an adsorption chiller.

4. Modelling Methodology
In order to model a complex system with the very cyclic transient nature seen in adsorption chillers, a powerful
simulation tool must be used. Software such as Modelica and Simulink were considered for their advanced heat and
mass transfer capabilities but the Transient System Simulation Tool (TRNSYS) software was chosen due to its
capabilities to add prebuilt components into the modelling environment and building load resources previously
acquired. TRNSYS has an extension library called Thermal Energy System Specialists (TESS) which already has an
adsorption model (Type-909) built into it based on the SJTU SWAC-10 adsorption chiller, which is about 10 years
older than the unit used in this study and has a much smaller range of hot water temperatures (75-95°C) (Jakob, 2008)
compared to the unit tested (50-95°C). The Type-909 component uses a thermodynamic modelling approach which
requires a normalized performance map to calculate the cooling capacity and COP of the chiller. Test files containing
inlet temperatures and flow rates to the adsorption chiller are also read into TRNSYS as their respective inputs for
the adsorption chiller component. The mathematical workflow in the Type-909 component is as follows.
The model first checks to determine how much cooling is possible to produce by taking the lower value between the
maximum cooling capacity, found from linear interpolation of the performance map for current inlet conditions, and
the calculated cooling power required to reach the temperature setpoint of the chilled water line (AC), shown in
Equation 1.
𝑞̇ 𝐴𝐶 = 𝑀𝐼𝑁 (𝑞̇ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦 , (𝑚̇𝐴𝐶 𝐶𝑝𝐴𝐶 (𝑇𝐴𝐶,𝑖𝑛 − 𝑇𝐴𝐶,𝑠𝑒𝑡𝑝𝑜𝑖𝑛𝑡 )))

(eq. 1)

The cooling power required to reach the setpoint temperature is found by multiplying the mass flow rate, ṁ, in kg/s
by the specific heat capacity for water, Cp, and the temperature difference between the AC inlet and AC setpoint,
TAC,setpoint. The cooling power produced, 𝑞̇ 𝐴𝐶 , is then used to calculate the power extracted from the hot water line
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(HW), shown with Equation 2.
𝑞̇ 𝐻𝑊 =

𝑞̇ 𝐴𝐶

(eq. 2)

𝐶𝑂𝑃

The coefficient of performance of the chiller is linearly interpolated from the performance map to solve for the power
used from the HW line. The cooling power and the heating power is then used in an energy balance for the system,
as seen in Equation 3.
𝑞̇ 𝐻𝑅 = 𝑞̇ 𝐴𝐶 + 𝑞̇ 𝐻𝑊 + 𝑞̇ 𝑎𝑢𝑥

(eq. 3)

where the heat rejection power is solved by the summation of the cooling power, hot water power, and the auxiliary
power. The auxiliary power is defined as the power required to drive the pump as this accounts for thermal losses in
the system. Once all the rates of power for each line are solved, the model determines the outlet temperature for each
line, using Equations 4-6.
𝑇𝐻𝑅,𝑜𝑢𝑡 = 𝑇𝐻𝑅,𝑖𝑛 +

𝑞̇ 𝐻𝑅

𝑇𝐻𝑊,𝑜𝑢𝑡 = 𝑇𝐻𝑊,𝑖𝑛 −
𝑇𝐴𝐶,𝑜𝑢𝑡 = 𝑇𝐴𝐶,𝑖𝑛 −

(eq. 4)

𝑚̇𝐻𝑅 𝐶𝑝𝐻𝑅
𝑞̇ 𝐻𝑊

(eq. 5)

𝑚̇𝐻𝑊𝐶𝑝𝐻𝑊
𝑞̇ 𝐴𝐶

(eq. 6)

𝑚̇𝐴𝐶 𝐶𝑝𝐴𝐶

The COP of the adsorption chiller model is determined by solving the ratio of cooling produced to the amount of
heat input into the system, Equation 7, where the heat input to the system is the sum of the heat extracted from the
hot water line and the thermal losses into the system from the AC pump.
𝐶𝑂𝑃 =

𝑞̇ 𝐴𝐶

(eq. 7)

𝑞̇ 𝐻𝑊+𝑞̇ 𝑎𝑢𝑥
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Figure 5 displays the performance of the chiller over the testing ranges used for the performance map that drives this
model. The incremental increase for the hot water, heat rejection, and chilled water flows were determined due to
the cooling capacity and COP having a linear relation over shorter ranges of temperatures, which was determined
experimentally in a previous study. The performance map was normalized to a cooling capacity of 14 kWth and COP
of 0.5 and transformed into a database (.dat) file for TRNSYS to use. The performance map used in the model is
shown in Figure 5, where the cooling capacity is displayed on the y-axis and the chilled water temperature inlet is on
the x-axis.
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Fig. 5: Experimental adsorption chiller performance map

COP (thermal)

The data from the performance map is normalized and generated as a database file and used within TRNSYS where
a TESS Type-909 is used. The Type-909 component used the performance map to linearly interpolate for the cooling
performance and COP of the chiller, the COP for HW 60 is shown in Figure 6.
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Fig 6: COP from performance map HW 60 compared to AC water temperature

The trendline for the COP data is linear as the trend for the data showed linear results, which was expected when the
chiller is operated within its performance range. The linearity allowed for their values to be linearly interpolated in
the TRNSYS model as previously discussed. The COP issimilar for each HR temperature when the AC temperature
is higher, near 22°C, and varies at a larger range when the AC temperature is at the bottom of the range. The COP
trends shown in Figure 6 remains true for the other HW temperature ranges shown by the performance maps shown
in Figure 5.

5. Results
This section will provide an analysis of the adsorption model component and its comparison and validation with
experimental results. Then the simulation results of the solar cooling system will be analyzed, and results from
different cities and configurations will be compared.
4.1 Adsorption Model Validation
The adsorption model Type-909 in TRNSYS was used with the normalized data performance map for the adsorption
chiller. When experimental input conditions were put into the model, the results matched typically within 3-12%.
This is shown by integrating the total cooling, heat rejection, and heating thermal power over the test period.
Numerous CIT and DIT tests were tested compared to experimentally validate the model. An example of the
integrated thermal power for a CIT test can be seen in Figure 7.
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Fig. 7: Integrated simulated thermal power values for a continuous inlet temperature test (CIT)

This figure shows that each respective line falls within the error bars for the experimental data. The dotted lines are
the simulation results and the solid lines are the experimental. The percent difference of the data is shown below in
Table 3.
Tab. 3: Comparison of integrated thermal power between the CIT simulation and test

Cooling (kWhth)
26.09
26.80
0.71
2.71

Experimental
Simulation
Difference
%

Heat Rejection (kWhth)
97.01
94.89
2.12
2.18

Heating (kWhth)
68.63
68.09
0.54
0.79

Dynamic inlet temperature tests that simulated solar collector heat input were also conducted and the results are
shown in Figure 8.

Summation of Thermal
Energy (kWh)

120
Coolingsim
HeatingSim
RejectionSim
Cooling
Heating
Rejection

100
80
60
40
20
0
1

2

3

4

Duration (Hours)
Fig. 8: Integrated thermal power for a dynamic inlet temperature test (DIT)

The integrated results for the DIT fall outside the error bars of the experimental results but are still within 12%. Table
4 shows the numerical details on the accuracy for Figure 8.
Tab. 4: Comparison of integrated thermal power between DIT simulation and test

Experimental
Simulation
Difference
Difference/Experimental
%

Cooling (kWhth)
39.70
35.25
4.44
0.11
11.20

Heat Rejection (kWhth)
112.90
106.41
6.49
0.06
5.75

Heating (kWhth)
73.08
71.16
1.92
0.03
2.63

4.2 Adsorption System Simulation
A previously developed and validated house model for a standard newly built home in urban Ontario by Baldwin
and Cruickshank (2016) was used and modified for this study. The house modelled is a two story, single detached
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home with a basement. The house has a total floor area of 330 m 2 divided evenly between the 3 floors. Each of the
floors were divided into their own thermal zones as well as the attic. A single thermostat is located on the main floor
with the heating and cooling setpoint of 20°C and 23°C respectively. Further details can be found in their publication.
The model was modified to support the various methods of heating and cooling used to make up the different test
cases shown in Table 5.
Tab. 5: Cases for simulation tests

Case 1

Heat pump for heating and cooling

Case 2

Electrical heater and standard AC

Case 3

Natural gas burning furnace and standard AC

Case 4

Adsorption chiller and heat pump with constant hot water supply (const. HW)

Case 5

Adsorption chiller with 39.2 m2 solar collector, 500 L tank and heat pump with (const. HW)

Case 6

Adsorption chiller with 39.2 m2 solar collector 500 L tank and heat pump with solar collector

Annual
Consumption (kWh)

The system diagram for some of these cases can be seen in Appendix II. These cases were selected based on what
HVAC equipment can typically be found in homes in Canada both old and new, with the addition of the adsorption
chiller cases (Cases 4-6). The electrical consumption or fuel consumption for the constant hot water supply is not
considered for any of the cases. It should be noted that on a district heating system hot water supply would be readily
available but if this is not the case there would be added electricity consumption and GHG emissions produced for
Case 1, Case 4, and Case 5. The thermal and electrical consumption for each of these cases in Toronto are shown in
Figure 9.
20000
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Cooling
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Heating

5000

Electrical

0
Case 1

Case 2

Case 3

Case 4

Case 5

Case 6

Fig. 9: Simulated annual thermal and electrical consumption for house model in Toronto

Annual Electrical
Consumption (kWh)

The cooling load produced from the adsorption chiller in Case 5 and Case 6 are lower and could be seen as undersized,
however the temperatures in the house are still conditioned in such a manner that would be considered comfortable
according to ASHRAE standards with the maximum temperature in the summer under 27°C. The average and mean
main floor temperature during the cooling season is 21.81°C and 21.77°C for the Base Case and 21.43°C and 21.42°C
for Case 6, respectively. Case 4 shows how the chiller would provide higher hot water temperatures and that the
electrical consumption does not increase when compared to Case 6. Figure 10 shows the electrical consumption for
each peak rate for the TOU billing for each case.
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Fig. 10: Simulated annual electrical consumption breakdown by time-of-use rate

The adsorption systems significantly reduce the peak electrical consumption when most of the peak is comprised of
the cooling load. Additionally, the electric heating in Case 2 affects the peak load less and affects the off-peak load
more than the respective adsorption cases. The off-peak period is still similar which is due to the heating being
provided by the same heat pump. In comparison to a standard AC and electric heating the adsorption and heat pump
system for cooling and heating require significantly less energy. The greenhouse gas emissions in terms of equivalent
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Cost ($CAD)
GHG CO2 Equiv (kg)

CO2 and cost of each case is shown in Figure 11.
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Fig. 11: Economic and environmental costs/impacts for each experimental case in Toronto

Natural gas heating is cheaper than that of an electric heater but produces significantly more greenhouse gases in
Ontario; as is illustrated in Figure 11. The cost of electricity between adsorption cases and the first three cases is
significantly reduced. This is mostly due to the reduction in the need of large amounts of power to cool the house.
The electricity cost of the Cases 4-6 won’t increase greatly if the cooling produced is increased but remain the same.
To increase the amount of cooling produced a larger solar array or cooling storage would be required.

Cooling Energy
(kWhth)

Other cities around Canada were tested to show the systems performance in various climates with varying average
temperatures and precipitation. The cities tested were Vancouver, Saskatoon, Toronto, Ottawa, Montreal, and
Halifax. These tests were only conducted for the Case 1, Case 3, and Case 6. The comparison of the cooling power,
heating power, and electricity consumed for all these cities are shown in Figures 12-14.
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Fig. 12: Simulated annual cooling energy consumed for model in Canadian cities
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Fig. 13: Simulated annual heating energy consumed for model in Canadian cities
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Fig. 14: Simulated annual electricity consumption for model in Canadian cities

This set of results show how various ambient temperatures, precipitation, and solar irradiance affect the solar cooling
system. These results show that an adsorption chiller paired with a flat plate collector and a heat pump with the heat
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source connected to a flat plate collector allows the heating/cooling system to reduce the total electrical consumption
in every city it was applied in. The heating provided was sufficient when the heat source for the heat pump was the
flat plate collector. Although the cooling provided in Case 3 was lesser than the base case, it was still significant and
enough to provide a comfortable living environment, showing the capability of adsorption cooling in Canada.

6. Conclusion
An experimental setup with a 16-kW adsorption chiller was tested, and the cooling capacity and temperature
relationship was proven to be linear across the operational range. This allowed for a performance map to be generated
and linear interpolation to be used between the tested points. TRNSYS was used to develop a model for the purpose
of determining the performance of an adsorption chiller in various residential applications in Ottawa, Canada. The
TRNSYS TESS component Type-909 for adsorption chillers was found to be representative of the tested adsorption
chiller’s integrated heat transfer over test periods. This allowed the adsorption chiller model of the experimental unit
to be used with a validated house model. The house model was then modified for different cases of heating and
cooling configurations with heat pumps, standard air conditioners, flat plate collectors, and adsorption chillers. It
was found that adsorption cooling driven by a flat plate collector which was also hooked up to the heat pump reduced
electrical consumption while providing significant cooling. The limiting factor in the system is the temperature of
the hot water tank, where a constant temperature of 75°C would have provided cooling potential equivalent to that
of the Base Case.
Future work is needed to optimize the system in order to maximize the temperature of the hot water tank and size a
cold-water tank with a control strategy. A full system optimization will be completed, and the economic and
environmental analysis will be expanded to include other provinces and the cost of system components. This study
was preliminary work to show the potential GHG reductions and reduction in energy demand. Some future work will
be to determine full system costs, payback period, and other economic feasibility metrics.
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8. Appendix
Appendix I
To Mechanical Room
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Appendix II

Figure 15: Base case schematic

Figure 16: Case 3 system schematic
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Abstract

Energy saving in buildings is important to modern urbanization and especially challenging under the hot and
humid climatic conditions of Guangdong (P. R. China). Minimized energy demand for heating (domestic hot
water), ventilation and air conditioning (HVAC) in buildings is a major premise for the implementation of solar
HVAC systems. The nearly zero energy building concept and solar HVAC complement each other well and are
under investigations in the Austrian-Chinese research project sol.e.h.².
The implementation of an optimized building (Passive House) and solar cooling supported HVAC lead to a joint
integral solution far beyond state of the art. Innovative applications of solar cooling components and new building
integration methods for this very specific climate in Guangdong region are the core of this project. The joint
integral system will further be developed under appropriate innovative business models.
This paper introduces the current status of buildings and solar cooling in China and presents the project idea and
its methodology used to develop a solar driven nearly zero energy building in the course of sol.e.h.² project.
Keywords: Hot and humid climate, nearly zero energy building, solar cooling, integral solution

1. Introduction
China has achieved great progress in social urbanization during the last decades. The urban population has
increased from 962.6 million to 1390.0 million from 1978 to 2017, while living space per capita has risen from
5.7 m2 to 39.0 m2 from 1956 to 2018 (CHN stat, 2019). China is building more new dwellings than any other
country in the world. During the next 10 years, Chinese cities – especially economically fast-growing regions like
Guangdong – are expected to provide living space for nearly 200 million people. The building construction volume
is very large in China and the buildings consume around 30% of total energy of the whole society. It is estimated
that this ratio will continue to rise in the future (BERC, 2019). Therefore, it is very important for China to figure
out a development scheme to cut the energy use in buildings.
China has completed its ’30-50-65’ energy saving plan (Xu, 2015). Now it is trying to move forward towards
greater achievements in building energy saving. Nearly zero energy building (nZEB – also called ‘passive superlow energy building’) is chosen as the next stage goal. China government has initiated a process to develop and
promote nZEB in the whole country.
In 2010, the first nZEB project in China named ‘Zai Shui Yi Fang’ was accomplished in Qinghuangdao, Hebei
Province, including several residential buildings. There have been other dozens of nZEB projects since then. These
nZEB projects bring lots of valuable knowledge to the researchers and building industry. It is shown that the
application of nZEB in China can significantly improve the living conditions and reduce the energy consumption.
It is found that the nZEB building is economical viable. The incremental cost of nZEB is around 1,500–
2,000 RMB/m2 (cold climate) and the static payback period is about 20 years (Zhang, 2015), whereas for longterm investments the present value method should be used to express the economic impact.
nZEB is taken as a newly promoted goal and guidance for building design, construction and operation in China.
Though at present there are no national standards of nZEB, some related policies have been released. Now more
than 10 provinces have published policies related to promote nZEB development, including Henan, Hebei,
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Shandong, Hubei, Fujian, Shaanxi, etc. China’s Academy of Building Research (CABR) has published a standard
for nZEB recently (GBT 51350, 2019). It is indicated that China is making progress towards developing the
guidelines for nZEB at its own pace.
Although there is a trend towards nZEB and there is a strong effort to reduce energy demands for heating and
cooling there has been a tremendous increase in the market for air-conditioning worldwide, especially in
developing countries. Global sales of room air-conditioners has increased dramatically; from about 44 million
units/a worldwide in 2002 to more than 100 million units/a in 2013 (JARN 2015).
In 2016, air-conditioning accounted for nearly 20% of the total electricity demand in buildings worldwide and is
growing faster than any other energy consumption in buildings (OECD/IEA, 2018). The People’s Republic of
China had the fastest growth in space cooling energy consumption worldwide in the last two decades (IEA 2019).
The main reasons for the growth rate are rising living standards related to economic and population development.
If measures are not taken to counteract this increase, the space cooling demand will almost triple by 2050. Beside
the efficiency of chillers and load reduction in buildings and processes, solar and renewable driven cooling
systems play a critical role in reducing environmental impact.
The increasing demand for refrigeration and air conditioning has led to a dramatic increase in peak electricity
demand in many countries. With the increase in demand comes the increase in the cost of electricity and summer
brownouts, which have been attributed to the large number of conventional air conditioning systems running on
electricity. As the number of traditional vapor compression chillers grow so do greenhouse gas emissions, both
from direct leakage of high GWP refrigerant, such as HFCs, and from indirect emissions related to fossil fuel
derived electricity consumption.
In order to limit the negative impact on energy consumption, greenhouse gas emissions and electricity network
infrastructure, solar air-conditioning is proposed as an environmentally sound alternative to conventional fossil
fuel-based air-conditioning. Solar technologies are promising for a sustainable heat and cold supply (HVAC).
Solar air-conditioning is intuitively a good combination, because the demand for air-conditioning correlates quite
well with the availability of the sun. The hotter and sunnier the day, the more air-conditioning is required. Interest
in solar air-conditioning has grown steadily over the last 10 years. A survey has estimated the number of
worldwide installations at nearly 1,200 systems (Mugnier and Jakob, 2015). Solar air-conditioning can be
achieved by either driving a vapor compression air-conditioner with electricity produced by solar photovoltaic
cells or by driving a thermal chiller with solar thermal heat. Several studies in the past years show the
competitiveness of solar thermal and PV driven systems. Depending on the boundary condition each system
configuration shows appropriate advantages. Existing simplifying studies Streicher (2010), but also more detailed
studies (e.g. Henning (2010), Eicker (2012), Wiemken et al. (2013), Neyer et al. (2016), etc.) are evaluating both
technologies under different boundary conditions.
The results of these studies depend on climatic conditions (ambient temperature, irradiation) as well as on the type
of application (domestic hot water, space cooling, etc.), size and operation hours of the system, etc. Furthermore,
they show that reasonable system configurations (base or peak load design) and different control strategies have
a crucial impact on reachable non-renewable primary energy savings. Even under various economic
considerations the results can differ significantly. But in general, in common controversy PV driven systems get
more positive remarks for small capacity systems and solar thermal driven systems more for larger scale systems.
Often quoted arguments are regarding efficiency, costs and handling of surplus energy.
The Chinese investigation in solar cooling is showing an enormous variation of different components and
technologies. (e.g. different chillers (n-stage), solar thermal and PV driven systems, open and closed cycles, etc.).
There are some demonstration projects of solar cooling in China, roughly 60 (Dai 2017) are in the state of field
performance tests. Only little information is available of their technical and economic field performance, e.g. Jinan
Disaster Prevention Centre (by Yazaki), Shanghai Electric C. (by Prof Dai) etc. One of the examples is located in
Guangdong province. Several technical solutions (different chillers, desiccant cooling, solar thermal & PV driven
chillers) are available and have been tested in several cases.
According to the IEA’s Technology Roadmap on Solar Heating and Cooling, solar cooling should cover at least
17% of the total cooling needs by 2050 (Frankl, 2012). However, in the last 10 years the development has not
been as fast and effective as it was expected to be. In only a few specific cases solar cooling is economically
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competitive and has market appeal. The biggest challenge of the still small solar cooling market is the reduction
of system costs. The standard way to reach this target besides scaling up market volumes is standardization.
A huge market segment can be seen in buildings with several thousands to several ten thousand m2 area for
residential but also public buildings. Assuming 15 W/m2 for sensible cooling and 15 W/m2 for dehumidification
max cooling loads range between 50 and 500 kW. A reasonable medium scale range but difficult to standardize.
In common ways HVAC systems are sold once to the investor or the building promoter. The operating company
is often not involved in the system selection process. Main decisions are taken on initial investment or on return
on investment. For both, nZEB and solar thermal cooling, life cycle cost analyses make more sense. The overall
economic benefit can convince more potential players.
Alternative ways of business models are coming up slowly. One of these models is an energy service company
(ESCO). In some large-scale plants (>1.5 MW) the company S.O.L.I.D has successfully implemented solar
thermal cooling (Feierl 2018). This denotes that the solar thermal cooling is paying off its investment and is
economical feasible.
First examples in Germany are coming up with energy flat rate models including heating, cooling, ventilation and
electricity. This is more suitable if the energy demands are reduced to that of a nearly zero energy building and
the possibility of forecasting the demands very precisely (Leukefeld 2017). If nearly zero energy is misinterpreted,
and focus is on energy production only (instead of reduction of energy demands first) these models cannot work.
There are some demonstration plants for nearly zero energy buildings and solar thermal cooling located around
the world and also in China. Nevertheless, for both technologies the Guangdong climatic conditions are
challenging, and many uncertainties are coming up when dealing with the concepts and integration of the
innovative ideas below.

2. Project methodology
The emphasis of this project – solar HVAC and passive solutions directing to high energy efficient buildings in
hot and humid climates of Guangdong – targets on the joint integral solution of building, HVAC and renewable
energy leading to (primary-)energy- and cost-efficient solutions for the climatic conditions of Guangdong. In
conventional ways building and HVAC is often treated separately and there are different definitions and key words
directing to misunderstandings.
For the moment solar thermal cooling (and heating) seems to be out of economics and far underestimated from
technical point of view. Against both technologies, solar cooling and passive houses as base for nZEB, restrictions
concerning applicability and suitability are discussed controversially around the globe and besides in Guangdong.
The specific hot and humid climate of Guangdong is rather challenging. But this project targets to show that with
a consequent and climate specific Passive House Concept complemented by solar cooling a joint integral solution
far beyond state of the art can be reached. A solar direct cooling and dehumidification without storages using the
thermal inertia of the building and running the thermal chiller as heat pump for domestic hot water in parallel
should allow a solar solution without any backup.
The systematic development of construction components for the envelope by means of simulations is needed.
Within the optimized construction the solar cooling system will be integrated in a novel and innovative way by
actively usage of thermal mass of the buildings. The HVAC solution can be simplified consequently by reducing
components and adopting the operation mode of the main components. The thermal driven chiller is operating to
deliver the energy demand for chilled water and providing domestic hot water at once. In this case high solar
fractions are economic viable. Finally, new business models will be established, and the joint integral solution
will be assessed and benchmarked against other renewable technologies extensively.
The elaboration of the joint integral building & solar cooling solution is supported by means of coupled building
and HVAC simulations and laboratory measurements. The study includes various system boundary variations to
identify crucial aspects for implementing the concept. A thermal driven chiller will be adapted accordingly and
will be run under Hardware-in-the-Loop measurements to show the feasibility from HVAC & solar cooling side.
Experiments with a functional system in a real environment complement the findings. Assessment and
benchmarking are done by IEA SHC Task 53 tool and represent the base to act out different business models.
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The project is organized in four work packages, aiming to organize the project in a smart and logical way. The
following flow sheet is showing the interaction of each work package (WP) and their main content with headlines.

Fig. 1: Structure of the cooperative research project

WP2 is planned to be an intensive know how exchanges for all project partners. The Chinese and Austrian state
of the art will be discussed and are focusing in passive house components, HVAC solutions (domestic hot water,
sensible cooling and dehumidification), solar (PV + solar thermal), etc… The collection of local boundary data
(e.g. climate, standards, cultural aspects, energy prices, invest costs, etc.) and the details of the simulation study
will be discussed.
In preparation of the integral Building & HVAC solution the content of WP3 are the detailed definition and the
elaboration of the building simulation model (construction, windows, internal gains, lighting, etc.). The work
package contains the building simulations itself but also the optimization (techno/ economic) and therefore a wide
range of parameter variations.
A simplified study of optimization potential for systems based on solar components (thermal driven chiller, the
solar collector, PV, etc.) will be elaborated first to indicate future technology developments. After first preliminary
results the HVAC design will be started. The solar cooling solutions will be designed by means of simulations,
including modelling and parameter variation. The results are serving as base for the joint integral Building &
HVAC solution.
In preparation of the functional systems experiments, Hardware-in-the-Loop tests of an adapted chiller shall be
performed. The laboratory experiments target on real time performance testing (only chiller in lab, other
components/building are simulated) under the innovative design ideas (e.g. domestic hot water and cooling in
parallel, etc.) and the specific boundary conditions of the Guangdong climate and the chosen profile.
The selected building for the functional systems field test and its HVAC layout will be adopted to integrate the
solar cooling solution. The detailed planning of functional systems experiment is including the solar cooling
system and its components but also comprehensive monitoring equipment. The experiment will include
implementation, monitoring (>6 months) and optimization. The technical feasibility and quality will be shown by
processing and analyzing the recorded data.
Based on the results of building and HVAC simulations the assembling of 2 joint integral Building & HVAC
solutions will be aligned. This includes the combination of building and HVAC design and their optimization. It
should be shown, that energy efficiency is the basis for solar cooling systems and that Passive Houses complement
such systems well. But also, a technical, ecological and economic assessment and the benchmarking of the
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solutions against each other and against state of the art.
Finally, in WP4, energy service company (ESCO) models will be analysed and further development of the concept
for the specific boundary of a nZEB and solar HVAC (e.g. energy flat rate, etc.) will be elaborated. The adaptation
of a technical and economic assessment tool (T53E4-Tool) and a comprehensive sensitivity analysis on economic
boundaries for solar solutions should lead to a good base for benchmarking.

The project has started already, three buildings (with hostel, office, residential profiles) in the climates of
Guangzhou where discussed. One project (small scale, 500m² office building) was selected to be optimized and
realized in the course of the project. The building(s) were optimized from technical point of view. The energy
demand for cooling and dehumidification is reduced by 70% compared to Chinese building standard using passive
house components and principles.
Among the optimized parameters were the quality of windows (g-value), reflection coefficient of opaque walls,
equivalent air-change rate (including heat/humidity recovery measures), airtightness, insulation of roof and walls
and others. The results show that from the standard building to a Passive House an improvement of loads from 70
to 15 W/m² (sensible & latent) and a decrease in energy demand from 170 to 40 kWh/(m²a) (sensible & latent)
can be reached in these examples.
An economic analysis of this result as well as the design and optimization of the solar cooling system and the
integration in the HVAC system will be carried out in the next step. These results will be published as soon as
they are available.
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Abstract
The use of vapor compression systems in warm and humid climates is energy intensive due to the excessive latent
load in the ambient air. As an alternative, low grade thermally driven cooling systems can contribute to lowering
the cooling energy demand. The objective of this study is to investigate the performance of a solid desiccant
cooling system (SDC) coupled with an air-based roof building-integrated photovoltaic/thermal (BIPV/T) system
located in Chennai, India and provide the basis for the design of such a system. For this purpose, three different
configurations are proposed and investigated considering the cooling performance, electrical and thermal output
of the BIPV/T, desiccant regeneration temperature and thermal comfort conditions in the building. In addition,
parametric studies have been conducted to further analyze the performance of each configuration. The results
demonstrate that the BIPV/T outlet air temperature is maintained above 50 oC for more than 40% of the daylight
hours. At steady state conditions of 30oC ambient temperature, 70% RH and 60oC-80oC regeneration temperatures,
supply air temperature and RH range between 25.8oC-17.1oC and 55-60% are achieved, respectively. The moisture
removal capacity ranges between 1.96 gr/kg and 4.54 gr/kg for different configurations. Finally, a thermal
performance (COPth) of 1.81 is achieved for DINC DS configuration at regeneration temperature of 60oC.
Keywords: Solid Desiccant Cooling, BIPV/T, Energy Simulation, Warm and Humid Climate

1. Introduction
The energy consumption for space cooling applications has been doubled since 2000 and is growing faster than
any other end-use in buildings due to warmer temperatures, increasing population and economic growth (IEA,
2018). Countries with hot climates might use comparatively more energy per capita than countries with moderate
climate. One of the reasons for this is the higher demand for air-conditioning. Most of these countries are located
near the equator, characterized by hot and warm summers (Chan, et al., 2012). Among different cooling
technologies, conventional vapor compression air conditioning systems (VCS) are the most significant
contributors to electricity demand and greenhouse gas emissions, especially during peak times (IEA, 2018). In
extremely humid climates, an additional load is introduced by vapor compression systems (VCS), since the
process air must first be cooled to its dew point and then reheated to meet thermal comfort. As an alternative,
thermally driven solid desiccant cooling (SDC) can remove the moisture from the air without the additional
cooling stage while benefitting from a low-grade heat source for the desiccant regeneration (Jani, et al., 2016).
The fact that SDC technology is economically viable, considering the free availability of solar heat and
sustainability of cooling systems, motivates further research in this area (Jani, et al., 2018).
The basic cycle of an SDC system, which comprises a rotary desiccant dehumidifier, a heater and an evaporative
cooler, was first proposed by Pennington in 1955 (Pennington, 1955). Since then, several studies have been
conducted by adding other components such as additional heat exchangers (Dunkle, 1965) or by combining VCS
as a backup for the SDC system in high cooling demand conditions (Munters, 1968). There are also studies
investigating the performance of different adsorbent materials (Asim, et al., 2019).
SDC systems provide a better control over humidity and have the advantage of desiccant regeneration at lower
temperatures (60oC – 80oC) (Ge, et al., 2014) (Gommed & Grossman, 2007), (Li, et al., 2011). As a result, a
source of waste heat or heat generated by a solar thermal system can be utilized for the desiccant regeneration. A
combined solar assisted SDC system can be beneficial for a hot and humid climate like that of India where the
peak cooling demand usually coincides with the highest levels of incident solar radiation (IEA, 2018). A
development of such a system is a combination of a hybrid photovoltaic/thermal (PV/T)-SDC system, with the
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added benefit of an on-site electrical generation. There are several studies investigating the utilization of solar
energy as the heat source for thermally driven cooling systems. Most of these studies consider liquid-based solar
thermal (PV/T) collector units (Chaudhary, et al., 2018) (Jani, et al., 2016). There are also studies considering the
integration of air-based thermal collectors with SDC system. For instance, in a study by (Eicker, et al., 2010),
seasonal operational performance for SDC system powered by solar air collectors is investigated. The tests have
been conducted for different prototypes in Germany, China and Spain. The results show that the average seasonal
COP for the German installation was close to 1.0, while this value was less for the humid climate of China. It was
also reported that lower regeneration temperature with low dehumidification rates can lead to higher cooling
performance.
In another classification, there are several studies that evaluate the performance of BIPV/T air collectors coupled
with different air-conditioning systems for a variety of purposes and locations. Among them, Yang (Yang &
Athienitis, 2016) presented a comprehensive review of major developments of various BIPV/T systems and their
impact on building performance. They analysed the literature to identify vital areas of research on BIPV/T system.
Shahsavar (Shahsavar & Khanmohammadi, 2019) conducted a numerical study to examine the energy and exergy
performance of a BIPV/T + Thermal Wheel (TW) system and carried out a multi-objective optimization to
maximize the annual obtained energy and exergy. The optimized BIPV/T+TW performs significantly better than
the baseline model. This system is designed to provide pre-cooling and pre-heating for the building located in
Kermanshah, Iran. Dahmane et al. (Ahmed-Dahmane, et al., 2018) designed and analyzed a BIPV/T system
composed of multiple PV/T air collectors connected to an air handling unit of a building. In hot weather, the
exhausted air from the building is used to decrease the PV cells temperature and increase the efficiency. They
reported a maximum decrease of 9.46oC in PV cells temperature, an average increase of 0.35 in electrical
efficiency in a selected day in August. However, the literature on coupled air-based building-integrated
photovoltaic/thermal (BIPV/T)-SDC systems is quite limited (Infield, et al., 2006), (Buker & Riffat, 2015). Nie
et al. (Nie, et al., 2017) proposed a Heat Pump assisted Solid Desiccant Cooling system (HP-SDC). They reported
a maximum COP of 3.47 for the HP-SDC system which is dependent on the outdoor conditions and decreases
with increase in humidity ratio. Guo et al. (Guo, et al., 2017) presented a thorough review on recent advances in
PV/T heat utilization with low temperature SDC systems. It was reported that obtained outlet fluid temperature
from existing PV/T systems nearly match solid desiccant cooling and dehumidification applications. They
concluded that lower mass flow rate per collector area, additional glazed cover and hydraulic channel diameter
optimization are important parameters that should be considered in order to achieve sufficiently high outlet fluid
temperature in PV/T.
This is observed from the literature that currently there are no standard guidelines for a holistic design approach
of a coupled BIPV/T-SDC system. In this study, the performance of three different configurations of a coupled
air-based BIPV/T-SDC system are investigated in order to provide a basis for the design of such systems in hot
and humid climates. The case study is a 50 m2 retail store on the ground floor of a 4-storey building located in
Chennai, India.

2. Methodology
The overall methodology followed in this investigation includes the following steps:
First, the cooling load of the retail store (conditioned space) is estimated through energy simulation. In the second
step, the model of base case cooling cycle with BIPV/T system is developed to maintain the cooling load. Next,
different configurations of SDC cycles are modeled and parametric analysis for the various components’ operation
in each configuration is performed. All the configurations are simulated at steady state conditions of 30oC
temperature and 70% relative humidity. The objective is to achieve lower supply and regeneration air temperatures
while maintaining a relatively low system complexity. In the last step, the optimal regeneration flow rates are
assigned as constraints for the improvement of the BIPV/T system. Based on these results, the optimum operation
conditions of the BIPV/T system are obtained. In addition, the useful heat delivered for the regeneration of the
desiccant wheel is maximized while maintaining PV temperatures below 75oC.
2.1. Cooling energy demand estimation
A 4-storey mixed-use residential building in Chennai, India is selected for this study. There are two retail stores
50 m2 each and parking on the ground floor. Each floor consists of two 55 m2 and two 45 m2 residential units. The
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building envelope and ventilation rates for the retail store are designed according to the Indian building codes.
This is a typical building which represents the current residential building stock in India. A 50 m2 retail store
located on the ground floor of the residential building is simulated. The cooling schedule of the retail store is set
based on the working hours which is between 10 AM to 5 PM. The annual cooling energy demand for the retail
store is approximately 4,100 kWh with sensible to latent heat ratio of 0.70.
2.2. Energy modelling and simulations
The building geometry is modelled using TRNSYS 3D plugin in SketchUp Make 2017. The building energy
model as well as the coupled BIPV/T + SDC system is developed in TRNSYS 18. TRNSYS component Type 56
is used to model the multi-zone building. The results of the simulated data of the building’s annual energy profile
is compared with surveyed data of similar residential building stock in Chennai, India. The comparison shows
that results of simulated data is within acceptable range of the surveyed data. The BIPV/T component is modelled
using type 569 with some minor modifications to conform to the actual system used for experimental study. The
results of simulated data for outlet temperature from BIPV/T is compared with the measured data taken from the
experimental setup. The comparison shows that results of simulated data is within acceptable range of the
experimental data. All the important components used in TRNSYS are listed in the Table 1.
Table 1. TRNSYS model components

Sr. No.

Type

Description

1

Type 14, type 41

Forcing function for schedule set

2

Type 56

Multi-zone building

3

Type 569, type 566

Un-glazed BIPV and glazed BIPV for
BIPV/T component

4

Type 716

Rotary desiccant dehumidifier

5

Type 760

Sensible air-to-air heat recovery wheel

6

Type 663

Unit heater

7

Type 507

Evaporative cooling device

8

Type 642

Single speed fan/blower

2.3. BIPV/T system
The rendering of the roof BIPV/T system is shown in Figure 1. The available rooftop area for the BIPV/T
application is approximately 220 m2. The structure of the BIPV/T system is lightweight framing with simple
attachment methods at the roof. The tilt of 13o is set as the optimal collector angle for Chennai. Two set of BIPV/T
systems with 42 and 49 modules are considered as shown in Figure 1.

Figure 1. Rendering of the roof BIPV/T system
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2.4. SDC configurations
Two Different configurations are proposed in this study to improve the performance of the coupled BIPV/T-SDC
system. The Direct-Indirect Evaporative Cooling (DINC) cycle shown in Figure 2 has the advantages of simplicity
and comparatively higher thermal COP (Jani, et al., 2016). The cooling cycle consists of a Desiccant Wheel (DW),
a Sensible Wheel (SW), an Auxiliary Heater (AH) coupled with a BIPV/T system, and combination of Indirect
Evaporative Cooler (IEC) and Direct Evaporative Cooler (DEC). In the DINC cycle, part of the return air is used
as a secondary stream in the IEC and the remaining part is mixed with the supply air coming out of the sensible
wheel.

Figure 2. Base case model (DINC) configuration

The DINC cycle is considered as the base case model. Two other modified configurations, DINC-D and
DINC-DS, are also developed to improve the base case model with the goal of reducing supply air temperatures
at the inlet of the conditioned space and incoming ambient air at the inlet of the desiccant wheel. In the first
modified configuration (DINC-D) shown in Figure 3, another direct evaporative cooler is added right after the
diverter. This modification decreases the temperature at this point of the return air stream that passes through the
sensible wheel. Thus, no additional ambient air is required to be introduced at the inlet of the sensible wheel.
Furthermore, this modification in the process enhances the indoor air quality as opposed to the basic DINC cycle,
where a large portion of the return air is mixed with the supply air.

Figure 3. Configuration DINC-D
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In the second modified configuration (DINC-DS) shown in Figure 4, in addition to the changes made in DINC-D,
another diverter and a sensible wheel are added to the cycle. The return air coming out of the direct evaporative
cooler introduced in DINC-D gets further split into two air streams. One of these streams is introduced to the first
sensible wheel which is part of the basic cycle and the other air stream is introduced to the newly added sensible
wheel (SW II). The second sensible wheel is placed before the desiccant wheel, in order to reduce the temperature
of incoming ambient air at the inlet of the desiccant wheel.

Figure 4. Configuration DINC-DS

2.5. Thermal COP of the cooling system
In this study, the following indices are considered to analyze the performance of the system.
First, the thermal coefficient of performance (COP th) of the system is calculated using equation 1. Ambient air is
used to supply fresh air to the building. Therefore, the enthalpy difference between ambient air and room supply
air is considered as useful cooling energy. On the other hand, the heat required for regeneration is calculated by
the enthalpy difference between regeneration air in the desiccant wheel inlet and enthalpy at the heat exchanger
inlet. Accordingly, the COPth of the system is calculated and reported for different configurations.
𝐶𝑂𝑃𝑡ℎ =

𝑞𝑐𝑜𝑜𝑙
𝑞ℎ𝑒𝑎𝑡

=

𝑚̇𝑠𝑢𝑝𝑝𝑙𝑦 (ℎ𝑎𝑚𝑏 −ℎ𝑠𝑢𝑝𝑝𝑙𝑦 )
𝑚̇𝑟𝑒𝑡𝑢𝑟𝑛 (ℎ𝑟𝑒𝑔 −ℎ𝐻𝑋 )

(eq. 1)

Second, the moisture removal capacity (MRC) (gr/kg) is used to determine the amount of water content that is
removed from the incoming ambient air before it is processed further in the cycle and supplied. The moisture
removal capacity of the desiccant wheel is determined by considering the humidity ratio (moisture content) of the
incoming ambient air and outgoing process air from the desiccant wheel (Enteria, et al., 2010).
𝑀𝑅𝐶 = 𝑚̇𝑝𝑟𝑜𝑐𝑒𝑠𝑠 (𝑤𝑎𝑚𝑏 − 𝑤𝑝𝑟𝑜𝑐𝑒𝑠𝑠 𝐷𝑊 𝑜𝑢𝑡 )

(eq. 2)

Lastly, the dehumidification efficiency (𝜂𝑑𝑒ℎ ) is calculated as the ratio of dehumidification reached in the
desiccant wheel to the theoretical possible dehumidification (Eicker, et al., 2012). The ideal specific humidity
(𝑤𝑖𝑑𝑒𝑎𝑙 ) is taken as zero by assuming that the air is completely dehumidified at the exit of the desiccant wheel.
𝜂𝑑𝑒ℎ =
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3. Results and discussions
3.1. BIPV/T results
The simulated annual BIPV/T system performance is shown in Figure 5. Outlet air temperatures over 50oC can
be reached for approximately 40% of the daylight hours and thus help to significantly reduce the required heating
energy demand for the desiccant regeneration. The annual electrical and thermal output of the system is expected
to be around 20 MWh and 22 MWh, respectively.

Figure 5. Results for simulated annual BIPV/T system performance

3.2. Psychrometric charts
Figure 6.a presents the psychrometric chart of DINC cycle at the steady state condition. The process air cycle
(states 1-6) is shown in blue color. In DINC cycle, ambient air (process air) enters the system at state 1 and
undergoes dehumidification in the desiccant wheel until state 2. Next, the process air is further sensibly cooled
first by sensible wheel until state 3 and then by the indirect evaporative cooler until state 4. Then, the process air
goes through an evaporative cooling process in the direct evaporative cooler until state 5 at which point it is
supplied to the retail store. The supplied air absorbs heat from the retail store and reaches state 6. The regeneration
cycle (states 1-9) is shown in red color. The ambient air is taken into the sensible wheel and sensibly heated to
state 7. At this state, heated ambient air at the sensible wheel exit is mixed with heated ambient air coming from
the BIPV/T system. Since both the sensible wheel and BIPV/T use ambient air, the humidity ratio of the
regeneration air does not change. This mixture undergoes further sensible heating in the auxiliary heater to reach
the setpoint regeneration temperature of 70oC. Finally, the regeneration air enters the desiccant wheel return
wherein it desorbs the desiccant wheel and exits at state 9.
In case of DINC-D, shown in Figure 6.b, the return air from the retail store at state 6 is cooled and humidified
using a secondary direct evaporative cooler until state 7. From states 7-8, the return air follows the same sensible
heating process through the sensible wheel as DINC cycle. At state 8, the return air from the sensible wheel is
mixed with outgoing heated ambient air from the BIPV/T which is at a slightly higher temperature and humidity
ratio. At state 9, the return air temperature is increased by sensible heating in the auxiliary heater until it reaches
state 10. At this state, desorption process starts in the desiccant wheel and the return air exits at state 11. Since
return air from the retail store is used as a part of the regeneration air, the humidity ratio in DINC-D is lower than
DINC cycle.
In DINC-DS, shown in Figure 6.c, an additional sensible wheel is introduced at the beginning of the process air
cycle. The sensible wheel sensibly cools the incoming ambient air before it enters the desiccant wheel. In this
way, the desiccant wheel performance is improved and supply air temperature to the retail store is reduced. In the
regeneration cycle, the outgoing heated ambient air from the BIPV/T is mixed with the return air exiting from the
sensible wheel (states 9-10). At state 10, although the humidity ratio of the regeneration air increases slightly, the
regenerating air temperature is increased by 2-3oC. In regular operation, it can boost up to a higher temperature
resulting in lower required regeneration heat (QReg) and higher COPth.
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Figure 6. Psychrometric charts for different configurations: a) DINC, b) DINC-D, c) DINC-DS
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3.3. Parametric analysis
All the simulations were carried out at 30oC and 70% RH with regeneration temperatures from 60oC to 80oC. The
moisture removal capacity ranges between 1.96 gr/kg (DINC) and 4.54 gr/kg (DINC-DS). The dehumidification
efficiency (𝜂𝑑𝑒ℎ ) of a desiccant wheel is an effective metric to determine its performance. The dehumidification
efficiency of the desiccant wheel increases with higher regeneration temperature (T Regen). As shown in Figure 7,
at regeneration temperature of 60oC, moisture removal capacity for the desiccant wheel in DINC cycle is 1.96
gr/kg and the dehumidification efficiency is 31%. By contrast, at regeneration temperature of 80oC, moisture
removal capacity for the same case is 3.07 gr/kg with a higher dehumidification efficiency of 48%. However,
dehumidification efficiency can be the same for different cases at different conditions. For example, the
dehumidification efficiency for DINC at TRegen of 80oC and DINC-DS at regeneration temperature of 60oC is 48%.
In this case, lower process air temperature at the desiccant wheel exit will result at lower supply air temperature.
The DINC-DS has lower process air temperature at the desiccant wheel exit and consequently lower supply air
temperature as well. Therefore, the desiccant wheel in DINC-DS can achieve better moisture removal capacity
performance than DINC.

Figure 7. MRC variation with regeneration temperature for different configurations

As shown in Figure 8, the supply air temperatures in the DINC cycle is in the range of 25.9oC-23.1oC. The
configurations DINC-D and DINC-DS achieved supply air temperatures as low as 21.8oC and 17.1oC respectively.
The desiccant wheel performance decreases when incoming ambient air temperature increases. The introduction
of a second sensible wheel before the process air inlet to desiccant wheel in the DINC-DS, reduces the ambient
air temperature without changing the moisture content. This modification results in a lower process air temperature
at the exit of desiccant wheel, further improving the supply air temperature.

Figure 8. Supply air temperature variation with regeneration temperature for different configurations
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The variation of tempearture and humidity ratio of air at the outlet of the desiccant wheel with diffeernt regenration
temperature is shown in Figure 9. As illustrated, the outlet air has both lower temperature and humidity ratio in
DINC-DS cycle in comparison to the DINC cycle. Also, applying higher regeneartion tempearture increases the
outlet tempeature and decreases the humidity ratio of the air passing through the desiccant wheel.

Figure 9. DW outlet temperature and HR variations with regeneration temperature for different configurations

As shown in Figure 10, the lowest COPth of 0.89 at regeneration temperature of 80oC is achieved by the system
using the DINC cycle whereas the highest COPth of 1.81 at regeneration temperature of 60oC is achieved for the
DINC-DS. The SDC system in the DINC cycle uses fresh ambient air at the inlet of sensible wheel. This results
in higher enthalpy at the exit of the sensible wheel which in turn increases the regeneration heat. On the other
hand, for system using DINC-D or DINC-DS, return air from the room is recirculated to sensible wheel resulting
lower enthalpy at the exit as compared to DINC cycle. In this way, these systems achieve higher COPth. It should
also be noted that lower regeneration temperature means lower regeneration enthalpy and consequently lower
regeneration heat.

Figure 10. Thermal COP variation of SDC system with regeneration temperature for different configurations
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In case the SDC system cannot maintain the thermal comfort, conventional VCS systems such as a split-type AC
can be deployed together with the SDC to fulfill the cooling demand throughout the year. The hybrid system will
significantly reduce the size of the VCS system.

4. Conclusions
The results of this study show that there is a considerable potential for a coupled air based BIPV/T - SDC system
for warm and humid climates. In this study, the Direct Indirect Evaporative Cooling (DINC) cycle is taken as the
base case and two new modifications are introduced without adding complexity to the existing cycle. The Direct
Indirect Evaporative Cooling cycle with additional Direct Evaporative Cooler and Sensible Wheel (DINC-DS)
achieves the highest thermal Coefficient of Performance of 1.81, highest Moisture Removal Capacity of 4.54
gr/kg and lowest supply air temperature of 17.1 oC compared to the other two cycles. The DINC-DS achieves
significantly better performance in comparison with the DINC-D, although it uses an extra sensible wheel. This
performance improvement is primarily because of higher Moisture Removal Capacity (MRC) in DINC-DS. Also,
recirculation of return air for regeneration in the DINC-D and the DINC-DS helps to maintain lower humidity
ratio in the supply air in comparison with the DINC. This aids in the evaporative cooling process and cools the air
even further. From this study, it can be concluded that the coupling of a BIPV/T collector and SDC system
improves the overall performance of the system.
In this study, the performance indices of the system (COPth, MRC, and 𝜂𝑑𝑒ℎ ) are analysed by considering
regeneration temperature, regeneration heat, and supply air temperature as design parameters. There are also other
important parameters such as mass flow rates and energy consumption by the individual components of the system
which will be addressed in the future work. As a part of the future work, a multi-objective optimization study will
be conducted to improve the performance of the coupled system. The focus of the future work will be on
maximizing the BIPV/T outlet air temperature and minimizing the energy consumption of the coupled system.
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Abstract
This work aims at studying and developing a thermodynamic heat recovery cycle for the combined production of
cold energy and low power electricity (5 kW of cold, 1 kW of electricity) using water/ammonia as working fluid.
The target temperature range is low enough (80 to 160 °C) to adapt not only industrial heat recovery applications,
but also heat networks and non-concentrated solar thermal energy. Thermodynamic modeling of the cycle was
carried out and a parallel architecture was proposed, in which the refrigerant vapor at the output of the generator
can be used to feed the expander (production of electricity) and/or the condensation-expansion-evaporation part
(production of cold). For accurate prediction of the power production, a semi-empirical model of a scroll-type
expander was developed based on experimental testing of an organic Rankine cycle (ORC). The numerical data
were analyzed in order to identify the key parameters influencing the performance of the present hybrid cycle.
Keywords: Cooling, Power Production, Absorption, Scroll expander, Hybrid cycle

Nomenclature
Quantity
Area
Exchanged Heat
Overall heat transfer
coefficient
Temperature
Efficiency
Expander generated
power
Mass flow rate
Specific enthalpy
Friction coefficient
Split ratio

Symbol

A
Q
U

Unit
mm2
J
W m-2 K-1

T


°C

𝑊̇

kW

𝑚̇

kg.s-1
kJ.kg-1
N

h
𝜏𝑙𝑜𝑠𝑠
𝑟𝑠

Quantity
Expander
Experimental
Numerical
Expander inlet
Expander outlet
Critical
Coefficient of Performance
Combined Cooling and power
Organic Rankine Cycle
Hydrofluorocarbons
Built-in Volume Ratio

Subscript

expa
exp
U
in
Out
c
COP
CCP
ORC
HFC
BVR

1. Introduction
The literature depicts various architectures of combined cooling and power (CCP) production. A first overview
of the systems studied was proposed by Ayou et al. (2013). Two main families stand out: the cogeneration
architectures in series (Xu, Yogi Goswami and S. Bhagwat, 2000; Muye et al., 2016; Khaliq, 2017) and those in
parallel (Wang et al., 2009; Mendoza, Ayou, et al., 2014; Kumar, Saravanan and Coronas, 2017). The
architectures in series are generally more efficient for simultaneous co-generation of cold and electricity while the
architectures in parallel enable more flexibility in term of production. Paralle architecture are also easier to
implement because only two levels of pressure are present. Independently of the architectures, the cold can be
produced using the principle of the absorption chillers (Mendoza, Ayou, et al., 2014; Muye et al., 2016; Kumar,
Saravanan and Coronas, 2017) or that of the ejectors (Khaliq, 2017). The combination of both technologies was
also considered in several studies (Alexis, 2007; Wang et al., 2009). Electricity is produced by the expansion of
the working fluid in an expander (volumetric type or turbine) coupled to a generator. The development of
expanders notably benefits from the recent study of organic fluid Rankine cycles (ORC) (Tauveron, Colasson and
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Gruss, 2014).
As cogeneration systems are quite complex cycles, only a few experimental investigations have been conducted
so far and they usually simulate hard-provisioning components with simplified equivalents (Kumar, Saravanan
and Coronas, 2017). In return, the numerical approach is widely used to explore the performance of innovative
architectures. Concerning cooling production, the physical models that describe the various components of
thermodynamic cycles have already been well investigated and have led to numerous numerical studies of both
absorption and compression machines (Herold, Radermacher and Klein, 2016). Concerning power production,
expander models need further investigation due to complex phenomena and a wide range of existing technologies.
Lemort et al. (2009) developed a first scroll expander model. This semi-empirical model takes into account the
physics related to the transformation of the fluid from the inlet to the outlet of a scroll. In CCP systems coupling
an absorption cycle with an expander, the expanded gas in the expander is most often ammonia containing traces
of water. Hence, there is a real interest in adapting this model to work with ammonia. Based on experimental data,
Mendoza et al. (2014) developed a simplified version of Lemort's model with ammonia as working fluid. The
model is later included into a CCP cycle (Mendoza et al., 2014) and the performance of a scroll expander is then
calculated for three different working fluids.
As a continuous of the literature work, the present study aims to optimize the performance of CCP cycles. A
parallel architecture of the expander integrated into an ammonia-water absorption chiller has been studied.
Numerical models of the cycle were developed with a detailed model of a scroll-type expander. Tests were also
conducted on the ORC and absorption-chiller machines available in our laboratory, giving experimental data for
calibration of the model parameters and boundaries. The simulation results were then analyzed, giving us
information about the key factors affecting the cycle performance.

2. Cycle description
The CCP cycle considered in the present study is shown in Figure 1. It consists of a water-ammonia absorption
cycle in parallel with an ORC cycle, the one using part of the desorbed ammonia as a working fluid and a scroll
expander for power production.

a)

Configuration A

b) Configuration B

Figure 1. Scheme of the CCP cycle with two different configurations.

On the solution circuit loop, a first line of ammonia-rich solution flows from the absorber to the generator through
pressurization by a pump. A second line with an expansion valve brings the poor solution back to the absorber.
An economizer preheats the rich solution with the poor solution coming out of the generator.
Upstream of the production lines, a rectifier maximizes the ammonia content of the gas produced at the generator
in order to obtain better performance for cooling production. In Configuration A (Figure 1), the rectification is
effective for both the cooling and the power production lines, while in Configuration B the ammonia expended to
produce power is not rectified as the switch valve directing the flow between the two production lines is positioned
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before the rectifier. The two variations of the cycle exist in different architectures founded in the literature
(Mendoza, Ayou, et al., 2014; Kumar, Saravanan and Coronas, 2017).
To produce power, a superheater raises the temperature of the fluid to ensure that it remains in a gaseous state
throughout the expansion. In the scroll expander, the fluid is then trapped and expanded in expansion chambers.
By deforming, the chambers cause the rotation of a shaft that is coupled to a generator to produce electricity.
To produce cooling, a heat exchange with an intermediate temperature source (usually the ambient) condenses the
ammonia flowing from the generator. A valve expands the ammonia to low temperature so it can take calories at
the evaporator for cooling production. Finally, a subcooler allows the ammonia to be pre-cooled before it is
expanded, by using the ammonia coming out of the evaporator.
The flows from the two production lines mix and are finally absorbed into the poor solution through cooling by a
source of intermediate temperature (the same as the one used in the condenser).

3. Experimental devices
Two different devices provide data to setup the following numerical models: the scroll expander model is
parametrized according to tests performed on an ORC test rig, and an absorption cycle is characterized to setup
the other components in the model of the complete CCP cycle.
3.1 Organic Rankine Cycle
Scroll expanders ensure the continuous expansion of a fluid in closed chambers. This solution is therefore very
relevant for small power applications with moderate flow rates (Dumont, Dickes and Lemort, 2017). A 1 kW Air
Squared® scroll expander (model E15H022A-SH) was mounted on an existing ORC test rig (Landelle et al.,
2017). A preheater has also been added to the initial device to increase the range of test conditions. In detail, a
Hydra-Cell pump ensures the circulation and pressure elevation of the fluid. A preheater and an evaporator transfer
up to 18 kW of thermal energy to it. Then the gaseous fluid expands in the scroll expander by driving a generator.
Finally, a series of three condensers, fed by the same cold source, liquefy the fluid before it returns to the pump.
As ammonia cannot be directly tested in the installation, another pure fluid serves to characterize the scroll
expander. The choice is an HFC commonly used in the heat pump industry: R245fa. This refrigerant have already
demonstrated its ability to produce energy by expansion in an expander (Declaye et al., 2013; Giuffrida, 2014).
Thanks to adaptation laws between fluids described by (Giuffrida, 2014), the characterization completed with
R245fa allows to project the scroll behavior when operating with ammonia.
3.2 Absorption chiller
To characterize the other components in the studied CCP cycle, tests are performed on an existing water/ammonia
absorption chiller device. This experimental cycle produces up to 5 kW of cold (at temperature from -10°C to
20°C) from a heat source at low-grade temperature (70°C to 130°C) and a source at intermediate temperature
(15°C to 45°C). The operating pressures vary between 8 and 20 bar on the high pressure side and from 2 to 6 bar
on the low pressure side. Details of the design of the device and its detailed description were the subject of a
previous paper (Boudéhenn et al., 2012). In short, the operation of the device is identical to that of the CCP cycle
studied and presented above, without the electricity production line parallel to the cooling production. The tests
carried out on the device make it possible to estimate the pinches of temperature, pressure drops and efficiencies
associated with the various components also present in the CCP cycle.

4. Numerical Models
The two following models were implemented in the ‘Engineering Equation Solver’ (EES) environment to be
solved. The calculated values of specified thermodynamic states come from EES’s database for pure ammonia
and water/ammonia mixtures.
4.1 Expander scroll modelling
Lemort's semi-empirical model (Lemort et al., 2009) has been used in many studies to explore the different
operating conditions of a scroll expander (Giuffrida, 2014; Mendoza, Navarro-Esbrí, et al., 2014). It quantitatively
estimates the performance of an expander with a limited number of operating conditions (flow rates, pressures
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and temperatures) at the inlet. In detail, the model decomposes the flow of fluid through the scroll into seven
distinct thermodynamic transformations. It also takes into account the mechanical and thermal exchanges of the
scroll with its environment. The equations specific to each transformation and balance are detailed in the reference
publication (Lemort et al., 2009).
Tab. 1: Scroll properties determined from experimental data with R245fa. The bold values identify the corrections for operation
with ammonia.

𝑨𝒊𝒏
(mm²)

𝑨𝑼𝒊𝒏,𝒏
(W/K)

𝑨𝑼𝒐𝒖𝒕,𝒏
(W/K)

𝑨𝑼𝒂𝒎𝒃
(W/K)

BVR

𝑨𝒍𝒆𝒂𝒌
(mm²)

𝝉𝒍𝒐𝒔𝒔
(N.m)

R245fa

28

12

31,4

7,5

2,7

5,7

0,2

Ammonia

28

6

14,7

7,5

1,9

1

0,2

The design of the expander, the working fluids and the operating conditions are inputs of the model Tab.1 lists
the parameters related to the nature of the expander. 𝐴𝑖𝑛 is the flow cross-section of the fluid at the expansion
inlet. 𝐴𝑈𝑖𝑛,𝑛 , 𝐴𝑈𝑜𝑢𝑡,𝑛 and 𝐴𝑈𝑎𝑚𝑏 are the heat exchange coefficients of a fictitious isothermal wall with,
respectively, the fluid before expansion, the fluid after expansion and the ambient. The Built-in Volume Ratio
(BVR) characterizes the volume expansion rate. 𝐴𝑙𝑒𝑎𝑘 represents the total leakage area related to the flow of fluid
through the expander that does not produce work. Finally, 𝜏𝑙𝑜𝑠𝑠 is a mechanical friction coefficient. All these
parameters are determined by minimizing the differences between experimental measurements and model
calculations. The scroll response (power generation, output temperature and flow rate) was experimentally
measured through 30 tests performed on the previously introduced ORC test bench for different temperature and
flow rate conditions over the operating range of the expander. The same tests were simulated with the model by
imposing four input parameters: the scroll speed, the temperature of the inlet fluid and the pressures upstream and
downstream of the expander. The difference between the numerical and experimental results is quantified by the
error:

𝜀 = ∑ [(

2
𝑇𝑜𝑢𝑡,𝑒𝑥𝑝 −𝑇𝑜𝑢𝑡,𝑛𝑢𝑚
)
̅̅̅̅̅̅̅̅̅̅̅
𝑇𝑜𝑢𝑡,𝑒𝑥𝑝

+(

2
𝑊̇𝑒𝑥𝑝 −𝑊̇𝑛𝑢𝑚
)
̅̅̅̅̅̅̅
𝑊̇𝑒𝑥𝑝

2
𝑚̇𝑒𝑥𝑝 −𝑚̇𝑛𝑢𝑚
)
]
̅̅̅̅̅̅̅̅
𝑚̇𝑒𝑥𝑝

+(

(eq. 1)

Tout , 𝑊̇ and 𝑚̇ are respectively the expansion outlet temperature, the power output and the fluid mass flow rate.
The exp and num indices distinguish experimental quantities from numerically calculated quantities. A genetic
algorithm is used to minimize the error ε and determine the value of the parameters listed in Table 1. To assess
the accuracy of the model, a comparison is made between the experimental measurements and the recalculated
numerical values based on the newly determined parameters (Fig.2). It shows that the differences are less than
10% for 26 of the 30 configurations studied, what tends to validate the numerical approach.

Fig.2 Comparison of numerical (vertical axis) and experimental (horizontal axis) results of 𝑾̇ , Tout and 𝒎̇

The heat exchange coefficients of the model depend on both the properties of the scroll and the working fluid. In
order to preserve the validity of a model calibrated on a type of scroll expander for different fluids, Giuffrida
(2014) uses the intrinsic properties of the fluids to recalculate the heat exchange coefficients. Thus, the values of
the exchange coefficients 𝐴𝑈𝑖𝑛,𝑛 and 𝐴𝑈𝑜𝑢𝑡,𝑛 determined for R245fa take the values of 6 W/K and 15.7 W/K
respectively with ammonia. The study of an expander designed to operate with ammonia also requires adapting
its geometry to be compatible with the properties of the fluid. Thus, since the expansion rate of ammonia is

2584

H.T. Phan et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

significantly higher than that of R245fa, the BVR is reduced to 1.9 in the scroll expander model.
To evaluate the performance of the expander, its efficiency is defined as follows:

𝜂𝑒𝑥𝑝𝑎 =

𝑊̇
𝑚̇ .∆ℎ𝑖𝑠

(eq. 2)

With ∆ℎ𝑖𝑠 the enthalpy variation of the fluid in the scroll in the case of an isentropic transformation (ideal).
4.2 Influence of the position of the rectifier in the CFE cycle
A numerical model was developed based on the prototype of absorption cycle presented previously (Boudéhenn
et al., 2012). For each component, the energy and mass conservation equations were formalized. The
experimentally set values of pinch, pressure drop and efficiency configure the heat exchanger model. Finally, it is
assumed that the fluids are saturated at the outlet of each exchanger (except for an imposed superheating of 5 °C
at the evaporator outlet). From this configuration, the model predicts the performance and thermodynamic states
of the system for given operating conditions (temperature or power of the sources and solution mass flow rate).
To complete the development of the CCP cycle, the scroll expander model is integrated into the parallel absorption
chiller model of the cold production circuit (see Figure 1). In addition, a superheater modelled as an adjustable
power supply to the fluid precedes the scroll. In order to control the share of cold and electricity production, the
split ratio 𝑟𝑠 divides the refrigerant flow between the two production lines. It is equal to the ratio of the mass flow
rate of ammonia passing through the evaporator to the mass flow rate of ammonia produced at the generator.
To estimate the cold production efficiency of the CCP cycle, the COP is defined as follows:
𝑄

𝐶𝑂𝑃 = 𝑄 𝑒𝑣𝑎𝑝
.𝑟

𝑔𝑒𝑛 𝑠

(eq.3)

With 𝑄𝑒𝑣𝑎𝑝 the thermal power exchanged at the evaporator and 𝑄𝑔𝑒𝑛 that at the generator.
In most of the following study, the split ratio 𝑟𝑠 is set to 0.5, so distribution of generated ammonia is fair between
the two production lines.

5. Results and analysis
A first analysis focuses on the operation of the scroll expander under the operating conditions of the CCP cycle
and define a newly criteria to assess the quality of expanders. We then explore the performance of the complete
cycle and carry out a comparative study between the two configurations of the cycle presented in Figure 1. Finally,
a dual-objective optimization present the potential of cooling and power production of the cycle according to the
temperatures of the sources.
5.1 Scroll performance under operating conditions of the CCP cycle
In a conventional absorption cycle, the flow of ammonia produced at the generator matches 20-30% of the flow
of rich solution (Herold, Radermacher and Klein, 2016). Tests on the absorption chiller device estimate a
maximum flow rate of fluid through the expander of about 0.01 kg/s. Fig.4 shows the power production of the
scroll with ammonia as a function of flow rate. In order to highlight the sensitivity of the scroll performance to
the low flow rate imposed by the CCP cycle (~ 0.01 kg/s), the study focuses on the influence of the following
sensitive parameters: the pressure variation in the expander ∆𝑃 and the leakage area 𝐴𝑙𝑒𝑎𝑘 . We note that for a
leakage area equivalent to that determined for the expander installed on the ORC test rig (solid curves), energy
production is nil or very low for flows below 0.01 kg/s. Indeed, in this configuration, the internal leakages are too
large compared to the ammonia flow and the scroll is not being driven. This effect is even more important as the
pressure differential in the scroll is high (bold curves).
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Fig. 3 Mechanical power produced by the scroll expander as a function of the leakage area and the pressure variation in the
expander

With a leakage area reduced to 1 mm², the critical flow rate required to produce power is reduced to about
0.003 kg/s (dotted curves). As the leakage area is directly related to the volume efficiency of scroll expanders,
this result illustrates the need to design highly efficient expanders for the development of small capacity CCP
cycles. The reduced leakage area is retained for the rest of the study (𝐴𝑙𝑒𝑎𝑘 = 1 mm²).
The characterization of leaks in expanders operating with ammonia is of major concerns as there are essential in
the development of CCP cycle, Kalina cycle (Nag and Gupta, 1998) or ORC operating with ammonia. Considering
a critical leakage area being the limit for 𝐴𝑙𝑒𝑎𝑘 above the one there is no power generation, it is relevant for
expander constructors to evaluate this critical area easily from the foreseen operating conditions. The equations
that governs the leaks in Lemort et al. (2009) publication involve numerous parameters. A sensitivity analysis
stated that mostly the leakage area, the upstream pressure and the fluid nature influence the leakage mass flow
rate. Considering ammonia as operating fluid, an evaluation of the leaks evolution, with variations of the two
remaining parameters, enable to identify an analytical law to predict the critical mass flow rate:

𝐴𝑙𝑒𝑎𝑘,𝑐 = 𝑘

𝑚̇𝑒𝑥𝑝𝑎
𝑃𝑖𝑛

(eq. 4)

With 𝑘 a constant consistent with speed unit and proper to the fluid. A regression of the mean square deviation
between the law and the numerical prediction gives a value of 𝑘 = 612.3 m/s for ammonia as working fluid.
Finally, the prediction of the analytical law (eq. 4) fits with the numerical calculation of a critical leakage area
with less than 3.7 % of relative error (see Fig. 4).
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Fig.4 Numerical and analytical calculations of the critical leakage area of a scroll expander as a function of the ammonia mass
flow rate and the pressure differential through the scroll.

The numerical data are computed for an inlet temperature of the fluid in the turbine of 110 °C and an outlet
pressure of 4 bar. Nonetheless, sensitivity calculations show that the leakage mass flow rate varies less than 11 %
for an input temperature between 90° and 160°C, with a slight leakage decrease when the temperature increases.
Moreover, the outlet pressure doesn’t act on the leakage numerical calculation unless it is greater than about 53
% of the inlet pressure, what is very rarely the case in ammonia absorption chiller. Thus, the scope of validity of
the analytical law to estimate a critical leakage area (eq. 3) cover a large range of CCP cycles empoweredby lowgrade temperature source (90°C to 160°C).
5.2 Impact of the rectification of ammonia for power production
To compare the two configurations of cycles previously introduced, this study analyses the action of the rectifier
on the cycle performance. By lowering the temperature of the gas produced at the generator, the rectifier will
condense the remaining traces of water in the ammonia and redirect them to the poor solution. Thus, the rectifier
limits the water content in the ammonia, but also reduces the flow rate in the downstream production lines. To
quantify the overall influence of the rectification on cycle efficiencies, Figure 5 shows, for both configurations,
the expander efficiency (eq. 2) and the COP (eq. 3) of the cold production as a function of the mass fraction of
ammonia in the evaporator. For the comparison, the cycle inputs are set as follow: the sources of hot, intermediate
and cold temperatures are set respectively to 110°C, 27°C and 18°C; the rich solution flow rate is set at 0.028 kg/s;
the superheater imposes an increase of temperature of 15°C between the generated ammonia and the inlet of the
scroll.

Fig.5 Expander efficiency and COP of the cooling production as a function of the mass fraction of ammonia at the evaporator.
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The results confirm the relevance of the rectifier to improve the performance of cooling production as the COP
increases to an optimum corresponding to an ammonia content of 99.2%. In addition, it can be observed that the
COP is logically relatively unaffected by the cycle configuration since in both configurations the rectifier is always
upstream of the cold production line.
Focusing on power production, the rectification of ammonia before it passes through the expander (configuration
A) results in a significant decrease of the expander efficiency. For instance, an optimal rectification for cooling
production (99.2% ammonia content) leads to a 34% reduction of the efficiency. This trend does not occur when
the ammonia entering the expander is not rectified (configuration B). The decrease of the expander efficiency is
then limited to 5% and is due to the reduction of the high pressure of the cycle, which is related to the rectification
rate occurring on the cooling production line. Finally, this result makes it possible to establish that the loss of
performance attributable to the presence of water vapor in the working fluid is less significant than that due to the
reduction in flow rate caused by the rectification.
Note that other constraints (serial CCP cycle, combined generator-rectifier, etc.) may favor the choice of a less
optimal configuration (type configuration A). Then the quantified comparison presented in this study can be used
as a reference to arbitrate between different architectural options.
5.3 Dual optimization of the power and cooling production
A CCP cycle can produce power and cooling alternatively or simultaneously, but the optimal settings for each
production mode are not all the same. In addition, the quantification of each production is not directly comparable
as the cooling power is generally much higher than the mechanical/electrical power. Therefore, a tool that
considers independently the power and the cooling production is necessary to perform a relevant optimization of
the operational settings. Deb et al., (2002) developed a multi-objective genetic algorithm. Coupled with the EES
solver software, it is able to maximize both productions varying a defined number of optimizable parameters.
In this section, the most efficient configuration of the CCP cycle is considered (Configuration B). For the
optimization algorithm, the three temperatures of the sources are the optimizable parameters and the only fixed
input is the power exchanged at the generator that is set to 10 kW. The temperatures have the same boundaries
than the absorption chiller test bench as described in a previous section. The pressures and the mass flow rates are
all outputs of the modelling. The setting of the genetic algorithm is as follow: populations 1000 individuals,
crossover probability of 0.9, mutation probability of 0.1 and 50 generations.

Fig. 6 Optimum frontier of the cooling and power productions obtained through a dual-optimization algorithm

The graph on Fig. 6 displays the optimum frontier obtained through the calculation of the dual-objective
optimization. It firstly informs that functioning alternatively, the cycle can produce up to 680 W of power and
8 kW of cooling. Between these two extreme production modes, the plotted results show the maximum power and
cooling production that can be produced simultaneously. One can notice that no power can be produce for cooling
production greater than 6 kW. This effect is directly related to the mass flow rate passing through the expander.
As cooling and power productions are set in parallel in the cycle, the flow rate through the expander decreases
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with increasing cooling production and, as previously introduced, this one becomes too low to get over the leakage
of fluid through the expander.

Fig.7 Evolution of the temperatures of the hot source (left) and of the cooling production (right) with the split ratio determined by
to the dual-optimization algorithm

The graphs on Fig.7 display the evolution of both temperatures of hot source and cooling production from power
production alone (𝑟𝑠 = 0) to cooling production alone (𝑟𝑠 = 1) and for all the in-between simultaneous production
modes. It shows that the hot source temperature is preferentially higher for power production and lower for cooling
production, while the opposite is observed for the cooling production temperature. The plateaus are a consequence
of the imposed boundaries for the temperatures of the sources. Moreover, the temperature of the intermediate
source of the CCP cycle (not displayed here), finds an optimum at its lowest boundary (15 °C) independently of
the value of 𝑟𝑠 . Those effects can easily be explained by the influence of the temperature on the operating pressures
and mass flow rates and on the expansion potency of the ammonia that increases with the temperature. The results
are also consistent with the preliminary experimental observations on both test benches.

6. Conclusion
Among the CCP cycle architectures under development, those in parallel are the most versatile and easiest to
implement but they have not been widely investigated. To contribute to the development of these systems, a
complete numerical model of the parallel CCP cycle was developed and configured through the characterization
of two experimental devices: an ORC test rig to characterize a scroll expander and an absorption cycle to evaluate
the rest of the system.
Early results highlighted the importance of using a detailed expander model to quantify the intrinsic physics of
the flows in the scroll. Indeed, under the operating conditions of a small capacity machine, low flow rates require
the use of high volume efficiency expanders. Moreover, an analysis focusing on the role and position of the
rectifier in the cycle highlights its influence on the performance of power production. This result introduces a new
criterion for cycle architecture optimization. Finally, a dual-objective optimization algorithm highlighted the
potential of the CCP cycle and introduced some leanings to optimize the operating conditions according to the
different production modes.
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Abstract

This paper presents the key results of the development and successful integration of a PCM (phase change
material) storage to a solar-electric driven air conditioning system (PV-HVAC). The main goals are to increase
self-consumption, reduce electrical peak load demand and feed-in peaks by the PV plant. In this paper the
benefits of the storage integration in terms of system efficiency, solar-fraction and reduction of electrical peak
demand are described. For verification the PV-HVAC system without storage was evaluated the entire cooling
period 2018. The PCM-storage was integrated and the system is analyzed in the cooling period 2019. Results of
the pilot installation will confirm storage function under real terms of operation. Long term measurements allow
a detailed and very reliable comparison between the operation with and without storage. To optimize storage
usage, predictive storage control strategies had been implemented and will be discussed.
Keywords: Air conditioning, Variable refrigerant flow (VRF), Phase change material (PCM), Thermal storage,
PV-self-consumption, Demand side management, Predictive control strategy
Nomenclature
𝑑
𝐷𝐸𝐸𝑅
𝐸
𝐸̇
𝐸𝐶𝑂
𝐸𝐸𝑅
𝐻
ℎ
𝐻𝐸𝑋
𝐻𝑉𝐴𝐶
𝑚̇
𝑃
𝑃𝐶𝑀
𝑃𝑉

Distance [m]
Daily EER [-]
Electrical energy [kWh]
Electrical power [kW]
Economizer
Energy efficiency ratio [-]
(Time) Horizon
Enthalpy [kJ/kg]
(Air) heat exchanger
Heating, ventilation and cooling
Mass flow [kg/h]
Pressure [bara]
Phase change material
Photovoltaik [kWp]

𝑄
𝑄̇
𝑆𝑜𝐶
𝑆𝑇
𝑇
𝑡
𝑉𝑅𝐹
𝑥
𝜆
Indices
𝐴𝑚𝑏
𝐶𝑜𝑛𝑠
𝐸𝑣𝑎𝑝
𝐸𝑥

Thermal energy [kWh]
Thermal power [kW]
State of charge [%]
Storage
Temperature [°C]
Time
Variable refrigerant flow
Steam fraction [%]
Calculation parameter
Ambient
Consumption
Evaporation
Excess

𝐹𝑒𝑒𝑑 𝑖𝑛
𝐺𝑒𝑛
𝐺𝑟𝑖𝑑
𝐻𝑃
𝐼𝑈
𝐿𝑃
𝐿𝑄
𝑚𝑎𝑥, 𝑚𝑖𝑛
𝑂𝑈
𝑅𝑒𝑓
𝑅𝑒𝑠
𝑠𝑒𝑡
𝑆𝑦𝑠
1, 2

Electrical grid feed in
Generation
Electrical grid
High pressure
Indoor units
Low pressure
Liquid
Maximum, Minimum
Outdoor Unit
Refrigerant
Residual
Setpoint
System
Inlet, Outlet

1. Introduction
An increasing use of renewable energy sources requires efficient and economical solutions for storing energy.
Especially for heating and cooling purposes, storages based on phase change material (PCM) seem to have a
high potential. To be economically competitive to other storage technologies, like electrochemical storages, it is
mandatory to design specific storage solutions which are well adapted to the application. Therefore a new
approach was chosen where a PCM-storage is charged and discharged via refrigerant instead using a separate
brine loop. The thermal behavior of the storage was validated by laboratory investigation (Korth et al., 2018)
and is now applied in a Variable Refrigerant Flow heating and cooling system (VRF) for a proof of concept. The
entire system is driven by the electrical output of a PV generator and by the electrical grid.
For proper system design in a realistic field installation, a specific heating and cooling system had been modeled
in detail. The system supplies laboratories and offices in a non-residential building in the south of Germany.
Several storage configurations and implementations were evaluated. One of the most promising designs has
finally been built up. The entire system is characterized by the following key sizing parameters.
•
•
•
•
•
•

Systems thermal cooling capacity: 22.4 kW
Electrical system load at nominal operation: 5.5 kW
Size of PV-generator: 7.2 kWp
Latent heat content of the PCM-storage: 14 kWh
Thermal storage power capacity at average state of charge (SoC): 5 kW
Storage material: Paraffin graphite compound, nominal melting temperature of 18 °C
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The design process as well as the storage implementation is described in detail in a previous SHC paper (Schex
et al., 2017). Main aspects are summarized in the following subsections.

2. Methodology
2.1. Measurement concept/data acquisition
After the system design phase had been completed, the pilot installation has been built up. A measurement
concept has been set up which allows an entire and detailed system evaluation.

Figure 1: Systems P&ID including outdoor unit, storage connection and measurement equipment of the pilot installation.

The top section of Figure 1 shows the outdoor unit of the VRF system (Swegon, 2014). On its right side the
connection to the thermal storage is displayed. The storage itself is shown in the bottom part of Figure 1. Blue
arrows indicate the refrigerants flow in case of normal operation or in storage charging mode. During charging,
the storage works as additional load, comparable to an indoor unit operated as evaporator. The red arrows
indicate the refrigerant flow for storage discharge. The storage subcools the condensed refrigerant. All green
parts indicate scientific measurement equipment to evaluate the system. Temperature, pressure and mass flow
are measured in direct contact to the refrigerant. Thus, specific enthalpy of the refrigerant for each state point of
the cycle can be determined.
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Figure 2 shows exemplarily the measured data points to determine the energy balance of the outdoor unit and
the PCM-storage.
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Figure 2: Log(p)/h diagram showing measured data points for energy balancing.

Based on constantly measured data, the systems cooling capacities as well as the storage charging and
discharging capacity are calculated by the following equations 1-3. In the same way all other thermal capacities
are calculated to get a valid thermal energy balance.

𝑄̇𝐶ℎ𝑎𝑟𝑔𝑒 = 𝑚̇𝑅𝑒𝑓,𝑆𝑇 ∗ (ℎ𝑅𝑒𝑓,𝑆𝑇,2 − ℎ𝑅𝑒𝑓,𝑆𝑇,𝐿𝑄 )

(eq. 1)

𝑄̇𝐷𝑖𝑠𝑐ℎ = 𝑚̇𝑅𝑒𝑓,𝐿𝑄 ∗ (ℎ𝑅𝑒𝑓,𝑆𝑇,2 − ℎ𝑅𝑒𝑓,𝑆𝑇,1 )

(eq. 2)

𝑄̇𝐸𝑣𝑎𝑝,𝐶𝑦𝑐𝑙𝑒 = 𝑚̇𝑅𝑒𝑓,𝐿𝑄 ∗ (ℎ𝑅𝑒𝑓,𝐿𝑃 − ℎ𝑅𝑒𝑓,𝐿𝑄 )

(eq. 3a)

𝑄̇𝐸𝑣𝑎𝑝,𝐿𝑜𝑎𝑑 = 𝑄̇𝐸𝑣𝑎𝑝,𝐶𝑦𝑐𝑙𝑒 − 𝑄̇𝐶ℎ𝑎𝑟𝑔𝑒

(eq. 3b)

Q̇ Evap,Cycle (eq. 3a) represents the entire system power capacity, a temporary storage charging
included. Q̇ Evap,Load (eq. 3b) represents the used thermal capacity in all indoor units of the VRF-system. In case
of regular operation (nether charging or discharging takes place) or storage discharging this capacity is equal to
Q̇ Evap,Cycle . Only in storage charging mode, when part of the entire cycle capacity is used to charge the storage
Q̇ Evap,Load is lower than Q̇ Evap,Cycle .
Based on thermal and electrical data, system efficiencies and a daily EER (DEER) are defined:

𝐸𝐸𝑅𝐶𝑦𝑐𝑙𝑒 =

𝑄̇𝐸𝑣𝑎𝑝,𝐶𝑦𝑐𝑙𝑒
𝐸̇𝐶𝑜𝑛𝑠,𝑆𝑦𝑠

𝐸𝐸𝑅𝐿𝑜𝑎𝑑 =

𝑄̇𝐸𝑣𝑎𝑝,𝐿𝑜𝑎𝑑
𝐸̇𝐶𝑜𝑛𝑠,𝑆𝑦𝑠

=

=

𝑄̇𝐸𝑣𝑎𝑝,𝐶𝑦𝑐𝑙𝑒
̇
𝐸𝑂𝑈 +𝐸̇𝐼𝑈 +𝐸̇𝑆𝑇

𝑄̇𝐸𝑣𝑎𝑝,𝐿𝑜𝑎𝑑
𝐸̇𝑂𝑈 +𝐸̇𝐼𝑈 +𝐸̇𝑆𝑇

̇
24ℎ 𝑄𝐸𝑣𝑎𝑝,𝐿𝑜𝑎𝑑(𝑡)
𝑑𝑡
𝐸̇
(𝑡)

𝐷𝐸𝐸𝑅 = ∫0ℎ

𝐶𝑜𝑛𝑠,𝑆𝑦𝑠

(eq. 5a)
(eq. 5b)
(eq. 6)

Consequently to equation 3a and 3b the EER is distinguished by a EER Cycle (storage charging capacity included,
eq. 5a) and a EERLoad (only used capacity of the indoor units, eq. 5b). Both EER values are calculated using the
entire electrical power consumption of the system. Electrical power includes the compressor and all other
components of the outdoor unit, the indoor units as well as auxiliary power to run the storage.
Equation 6 defines a daily efficiency DEER. It describes the ratio of generated cooling energy used in the indoor
units to the entirely consumed electrical energy on a daily basis.
The systems evaluation takes place continuously during real operation of the system. Therefore, a validity check
of the measured data has to be applied. E.g. cooling data are only assumed to be valid when the condensed
refrigerant is liquefied to 100%. This ensures stable and valid states for enthalpy as well as a reliable
measurement of the refrigerant mass flow ṁRef .
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2.2. Analysis of reference operation during cooling period 2018
In the cooling period 2018 the conventional VRF-system without using the thermal storage has been evaluated.
Table 1: Measured reference EER data (mean values). Sorted by different ambient temperature and part load ranges.

EERLoad [-]
0,1-6
6-10
10-14
14-18
18-24

0-15
2,17
3,43
3,74
4,00
--

Ambient temperature [°C]
15-17 17-19 19-21 21-23 23-25 25-27 27-29 29-31 31-33 33-40
2,48 2,39 2,55 2,68 2,75 2,80 2,79 2,58
--3,48 3,47 3,51 3,53 3,48 3,41 3,42 3,36 3,24 3,13
3,84 3,89 3,86 3,82 3,74 3,56 3,47 3,52 3,41 3,12
3,66 3,91 3,91 3,83 3,73 3,66 3,63 3,47 3,27 3,04
--3,40 3,74 3,50 3,56 3,49 3,37 3,19 3,00

Table 1 shows the mean EER values for specific ambient temperatures and part load conditions. Only operation
states with a significant amount of occurrence are presented. Therefore, for the extreme constellations (e.g. low
part load at high ambient temperature and vice versa) no data are given. The recorded data are used as reference
for analysis of the system working with thermal storage. A curve fitting method has been applied in order to
obtain a continuous relation for the EER as function of ambient temperature and part load state. It is used to
improve the systems model (Schex et al., 2017) and is further applied for the comparison of the system solar
operation with and without storage in chapter 3.4.
2.3. Solar operation
To evaluate the use of solar energy by the PV-driven VRF system with PCM-storage, the ratios of autarky and
self-consumption are applied (Weniger et al., 2015).

𝐴𝑢𝑡𝑎𝑟𝑘𝑦 𝑟𝑎𝑡𝑒 =

𝐸𝐶𝑜𝑛𝑠,𝑆𝑦𝑠 − 𝐸𝐺𝑟𝑖𝑑

(eq. 7)

𝐸𝐶𝑜𝑛𝑠,𝑆𝑦𝑠

𝑆𝑒𝑙𝑓 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =

𝐸𝐺𝑒𝑛,𝑃𝑉 − 𝐸𝐹𝑒𝑒𝑑 𝑖𝑛
𝐸𝐺𝑒𝑛,𝑃𝑉

(eq. 8)

Equation 7 indicates the share of the electrical energy consumption which is satisfied by onsite PV-generation.
Remaining energy demand is taken from the electrical grid. Equation 8 shows the self-consumption rate of the
onsite PV-generation. Surplus PV-yield which is not used on site is fed into the electrical grid. Both parameters
are on the contrary. For a grid orientated system design both parameter need to be taken into account.
To assess the grid interaction, i.e. the effect of the PV-driven cooling system on the stability of the electrical
grid, the power exchange has to be analyzed with a high temporal resolution. For this purpose data of the
electrical demand of the system, of the PV generation, and the power exchanged with the grid are recorded
(sampling rate 4 sec.) and sorted according to their relative occurrence. When a reduction of the grid interaction
shall be accomplished, the occurrence of states with low power exchange with the grid is to be strengthened.
2.4. Storage control strategy
During charging the storages operates like an evaporator. An evaporator is usually controlled via expansion
valve and its set point of superheat for the vaporized refrigerant. To integrate properly solar energy of the PV
generator, this control strategy has to be changed. First the output of the PV generator is used to fulfil the
systems thermal load. When PV solar output is higher than the electrical demand of the HVAC system, the
charging strategy is governed by the difference of solar yield and system demand. Simultaneously stable
superheat of the refrigerant leaving the evaporator has to be ensured at any time. Temporarily minor losses of
efficiency are inevitable due to excessive high superheat. Storage discharge starts when the solar yield falls
below the systems demand, usually in the afternoon.
Further on this relatively simple strategy is called “maximized self-consumption”. It already ensures an increase
of solar fraction. Yet, if the grid interaction of the system shall be further minimized, predictive control
strategies need to be implemented. Therefore, different strategies were considered. Finally a strategy based on
Braam et al., 2014 has been selected. Originally this strategy has been developed for PV-battery systems. Where
necessary for the operation of the PCM-storage, the strategy has been adapted.
The prediction is primarily based on recorded data. That means the load and generation trends, e.g. of the
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preceding working day, are used for an estimation of the expected charging capacity. In equation 9 the residual
Ex
electrical excess energy ERes
(t) over the forecasted horizon H is calculated. Its maximum occurs for t = 0,
approaching zero for t = H. This electrical excess energy trend is transformed to a thermal energy QEx
Res (t) by the
expected mean EER (equation 10). In a last step (equation 11) a time schedule for the loading of the storage,
expressed by target values for the state of charge SoCset (t) is calculated.
𝑡+𝐻

𝐸𝑥
𝐸𝑅𝑒𝑠
(𝑡) = ∫𝑡

𝑚𝑎𝑥 (0, 𝐸̇𝐺𝑒𝑛,𝑃𝑉 (𝑡´) − 𝐸̇𝐶𝑜𝑛𝑠,𝑆𝑦𝑠 (𝑡´))𝑑𝑡´

𝐸𝑥 (𝑡)
𝐸𝑥 (𝑡)
̅̅̅̅̅̅
𝑄𝑅𝑒𝑠
= 𝐸𝑅𝑒𝑠
∗ 𝐸𝐸𝑅

𝑆𝑜𝐶𝑠𝑒𝑡 (𝑡) = max(1 − 𝜆

𝐸𝑥 (𝑡)
𝑄𝑅𝑒𝑠

𝑇𝑜𝑡𝑎𝑙
𝑄𝑆𝑡𝑜𝑟𝑎𝑔𝑒

(eq. 9)
(eq. 10)

, 𝑆𝑜𝐶𝑚𝑖𝑛 )

(eq. 11)

Total
SoCset (t) depends, besides QEx
Res (t), on the nominal storage capacity Q Storage , the calculation parameter λ and

SoCmin . The parameter λ from 1 to 0 varies the calculated course of SoCset (t). SoCmin limits the lower boundary
of the starting set point (Braam et al., 2014).
During operation SoCset is compared to the measured SoC. If the current SoC value is higher than SoCset the
operation mode is changing from “maximized self-consumption” to a “peak-shaving” mode. In that mode, not
the entire PV-surplus is used for storage charging. Instead a specified value of PV feed-in is accepted. Usable
storage capacity will be restrained. If QEx
Res is lower than expected, e.g. due to lower PV-yield, the trend line of
SoCset should remain above the measured SoC. “Maximized self-consumption” will be applied and no loss of
solar fraction is expected.
For all upcoming SoC data 100% mean that PCM is completely solid, 0% mean that it is liquid. To apply the
explained strategy a reliable real time measurement of the SoC is mandatory. As Helm et al, 2013 shows, the
measurement of latent heat storages SoC can be very complex. For that reason, details of the measurement
procedure are not subject of this paper, but the working principle is briefly described.
The density of the PCM in solid and liquid state differs, hence the volume changes. Due to the volume change
the PCM surface level inside the storage varies. The actual PCM level is measured by an ultrasonic sensor. The
sensor provides a signal according to the distance between the storage cover and the momentary PCM level. If
the PCM is fully liquid (SoC 0%), the distance is the smallest and vice versa. The used correlation between the
distance d and the SoC is simplified to a linear regression (equation 12).

𝑆𝑜𝐶𝑚𝑒𝑎𝑠𝑢𝑟𝑒 = 13.286 𝑑 − 79.413

(eq. 12)

The graphite filling in the PCM compound limits the measurement, because the PCM level during
crystallization falls below the graphite surface. This happens when the storage reaches a SoC of 80% and higher.
Hence, SoC values above 80% cannot be expressed by means of the measured distance.

3. Results
3.1. Storage start up
After completion of the thermal storage design, a demonstrator with reduced storage capacity has been built up.
It has been tested on a refrigeration test cycle (Korth et al., 2018). After successful testing, a full-size pilot
storage has been constructed with minor adaptions with respect to the VRF-system. One important goal of the
storage implementation is to maintain systems cycle efficiency during charging of the storage. Therefore, the
storage is charged by refrigerant evaporation at the common system evaporation temperature level. During the
discharging phase an efficiency boost is achieved allowing for a lower electrical demand when appropriate.
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Figure 3: Entire charging cycle controlled by heat exchanger outlet superheat (left). Modeled power capacity of the storage (right).

Figure 3 (left) shows one entire charging cycle of the pilot storage. At 09:00 the storage is completely liquid
(SoC=0%). The electronic expansion valve (EEV ST) controlling the refrigerant flow through the storage is
controlled with regard to the superheat of the refrigerant at heat exchanger outlet. Therefore the blue line
represents the maximum possible charging power at every time step. The charging interruption at 11:30 is due to
an oil recovery cycle of the VRF-system. Charging ends when the phase change is completed (SoC=100 %)
indicated by a strong decline of the charging capacity. Finally, when the PCM volume is cooled below the phase
change temperature, also some sensible heat is stored.
The typical characteristic of a storage based on PCM is perceptible. At the beginning of the charging process the
highest power capacity is reached from 8 to 9 kW. In the middle part of the charging process, during solidifying,
the PCM-storage capacity reaches 5 to 7.5 kW. This typical behavior is due the growing solid phase front
around the heat exchanger which reduces the thermal conductivity which is the reason for the decreasing
thermal capacity. At the very end of the charging process the capacity drops down to 2 kW, because most of the
PCM is already solid.
Figure 3 (right) shows the expected behavior, based on the model developed during storage design phase (Schex
et al., 2017). The curve fit represents the maximum possible thermal capacity for a rising state of charge. The
red dots are showing the predicted breakdown of the storage capacity for high SoC. They are not taken into
account of the extrapolation. Between a SoC of 20 and 60% a thermal power from 6 to 4 kW has been predicted.
Based on practical results, the pilot storage delivers an even higher capacity in that SoC range. The main reason
for the difference should be the thermal conductivity of the paraffin graphite compound, which had been
underestimated during the design phase.

Figure 4: Discharging cycle. VRF system load (green), discharging power (orange). Resulting systems EER (purple) (left graph).
Modeled power capacity of the storage discharging (right graph).

Figure 4 (left) shows an entire discharging cycle. At the beginning the storage is entirely solid (SoC=100%). In
this mode the latent heat storage serves as a subcooler for the refrigerant leaving the air heat exchanger (HEX)
of the outdoor unit in which condensation of the refrigerant takes place. Discharging is continued until each of
the four installed internal temperature sensors of the PCM is indicating a temperature higher than the melting
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temperature of 18 °C. The SoC drops constantly from 100 to 0%. The discharging starts at 15:15 and is
interrupted at 17:15 because of an oil recovery cycle of the VRF-system. When the system starts up again at
17:30, for a period of 20 to 30 min the function of the storage deviates from the intended sub-cooler effect. In
this phase, due to insufficient condensation of refrigerant in the HEX, the storage provides additional
condensation capacity. In this moment, analysis of the refrigerant data yield incorrect results for the PCMstorage. Thus, in contrary to the course of the discharging capacity shown in Figure 5, a rather high cooling
capacity is provided by the storage for that period of time.
The system´s EERLoad (purple, second y-Axis) is slightly higher than 3, before storage discharge starts (14:30–
15:15). When storage discharge begins, the EERLoad steps up to 4 and above for the entire discharging cycle. The
share of cooling output during discharging related to the total cooling output of the system varies between 11
and 26%. Most of the time the share is higher than 20%, which causes the significant EERLoad boost.
The right side of Figure 4 shows an exemplary plot of the storage discharging behavior from the design phase.
The black curve shows the SoC-dependent discharge power for an exemplary system load of 10 kW. For an
assumed storage inlet temperature of 48 °C, about 28% of cooling power can be taken out of the storage. In case
of discharge the heat transfer inside the storage is not limiting the system, and discharging power is widely
independent from the SoC or the system load. Only at the very end of discharging (SoC<20%), the available
capacity is going down.
3.2. Storage charging data
All data discussed in this section have been gained from 17th of April to 31st of July 2019. They are used to
compare the system during charging operation with the system in “regular operation”, where neither charging
nor discharging takes place. The system worked in solar operation mode. The electronic expansion valve
(EEVST) responsible for the charging capacity was regulated according to current PV surplus energy.
Table 2: System data gained from 17th of April to 31st of July 2019. Comparison of storage charging to regular operation.

EERLoad [-]

(regular operation)

0,1-6
6-10
10-14
14-18
18-24

0-15
2,06
3,59
----

0,1-6
6-10
10-14
14-18
18-24

0-15
------

0,1-6
6-10
10-14
14-18
18-24

0-15
------

EERCycle [-]

(incl. charging)

Rel. change [%]

Ambient temperature [°C]
15-17 17-19 19-21 21-23 23-25 25-27 27-29
2,06 2,16 2,12 2,20 2,16 2,54 2,45
3,58 3,56 3,42 3,48 3,50 3,54 3,56
-4,12 3,94 3,87 3,83 3,82 3,76
----3,88 3,74 3,71
-------Ambient temperature [°C]
15-17 17-19 19-21 21-23 23-25 25-27 27-29
2,23 2,44 2,74 2,73 2,67
---3,69 3,74 3,68 3,71 3,72 3,53
-4,28 4,20 4,02 4,04 3,94 3,80
-4,33 4,33 4,24 4,07 3,93 3,84
---4,14 4,07 3,89 3,86
Ambient temperature [°C]
15-17 17-19 19-21 21-23 23-25 25-27 27-29
0,08 0,13 0,29 0,25 0,24
---0,04 0,09 0,06 0,06 0,05 -0,01
-0,04 0,07 0,04 0,06 0,03 0,01
----0,05 0,05 0,04
--------

29-31 31-33 33-40
2,65
--3,38 3,38 3,29
3,79 3,65 3,56
3,68 3,57 3,31
3,57 3,48 3,24
29-31 31-33 33-40
---3,41 3,52
-3,75 3,75
-3,66 3,59 3,30
3,69 3,54 3,33
29-31 31-33 33-40
---0,01 0,04
--0,01 0,03
--0,01 0,00 0,00
0,03 0,02 0,03

Table 2 shows a matrix of mean EER values clustered by different ambient temperature and part load ranges in
analogy to Table 1. The first section shows the system efficiency in regular operation. The storage was already
integrated but no charging or discharging happens. EERLoad defined in equation 5b is obtained for the reference
case, but EERCycle would show the same data because no storage charging happens. The middle part indicates
the mean EER when the system is working and the storage is charged simultaneously. In order to evaluate the
storage effect on system efficiency during charging EERCycle (eq. 5a) is used. It is formed by the ratio of cooling
output to entire electrical system demand. Heat extraction here is regarded as a part of the generated cooling
capacity.
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The last matrix shows the relative difference from the charging process compared to the regular operation. A
positive value means cycle efficiency improvement for the operation with storage. Only data where both
sections offer sufficient data are compared.
As charging is realized on the common system´s evaporation temperature level, no negative effects on the cycle
EER are expected. Data above 10 kW load respectively over 27 °C ambient temperature prove this expectation.
For low part load ratios below 10 kW even an increase of the cycle efficiency is reached. The storage causes a
more constant operation for the low part load regime, which leads to higher mean efficiency values. The
charging process is at least realized at the same efficiency the regular system is capable to perform.
3.3. Storage discharging data
Data acquisition is done in the same time period and the same methodology as described in the prior subsection.
Now the storage discharging phases are compared to regular operation. Discharging takes place when the
electrical system load is higher than PV-yield, which usually occurs in the morning or in the afternoon hours.
Table 3: System data from 17th of April to 31st of July 2019. Comparison of storage discharging to regular operation.

EERLoad [-]

(regular operation)

0,1-6
6-10
10-14
14-18
18-24

0-15
2,06
3,59
----

0,1-6
6-10
10-14
14-18
18-24

0-15
2,59
3,61
----

0,1-6
6-10
10-14
14-18
18-24

0-15
0,26
0,01
----

EERLoad [-]

(incl. discharge)

Rel. change [%]

Ambient temperature [°C]
15-17 17-19 19-21 21-23 23-25 25-27 27-29 29-31 31-33 33-40
2,06 2,16 2,12 2,20 2,16 2,54 2,45 2,65
--3,58 3,56 3,42 3,48 3,50 3,54 3,56 3,38 3,38 3,29
-4,12 3,94 3,87 3,83 3,82 3,76 3,79 3,65 3,56
----3,88 3,74 3,71 3,68 3,57 3,31
-------3,57 3,48 3,24
Ambient temperature [°C]
15-17 17-19 19-21 21-23 23-25 25-27 27-29 29-31 31-33 33-40
2,54 2,61 2,73 2,20 2,67 2,72 2,69
---3,88 3,73 3,81 3,83 3,86 3,98 3,96 3,98 3,83
--4,59 4,43 4,47 4,31 4,38 4,23 4,19 4,28 4,19
---4,73 4,51 4,39 4,49 4,43 4,39 4,19
-------4,43 4,24 4,11
Ambient temperature [°C]
15-17 17-19 19-21 21-23 23-25 25-27 27-29 29-31 31-33 33-40
0,23 0,21 0,29 0,00 0,24 0,07 0,10
---0,09 0,05 0,11 0,10 0,10 0,13 0,11 0,18 0,13
--0,11 0,12 0,16 0,12 0,14 0,13 0,10 0,17 0,18
----0,16 0,17 0,21 0,20 0,23 0,27
-------0,24 0,22 0,27

During storage discharge a significant part of cooling load is contributed by the PCM-storage in order to lower
the electrical system demand. Table 3 shows the previously established part load and ambient temperature
matrix. Now system operation during discharging (middle part) is compared to regular operation (upper part). In
both cases the definition of EERLoad (eq. 5b) is used.
Relative improvement is shown in the last matrix. For the reasoning of the reached EER-boost compared to the
reference, differentiation between the different load states has to be made. For low part load ratios, EER gains of
more than 20% are reached. In this specific part load area only one air heat exchanger (HEX 1) of the VRF
system is working. The expansion valve of HEX 1 is functioning as a flow valve and restricts the refrigerant in
order to maintain the high pressure level. Refrigerant at a high temperature level leaves the HEX 1 and enters
the PCM-storage. The storage is able to provide a relatively high subcooling capacity. For the middle part load
area the storage only reaches EER-gains from 10 to 16% (when TAmb is higher than TPCM =18 °C). In this part of
operation the second air heat exchanger HEX 2 starts. If system load is high enough to maintain the high
pressure level, the two air heat exchangers are able to cool down the refrigerant close to the ambient
temperature. This causes a relatively low storage inlet temperature, depending on TAmb . Thus, the effect of
cooling the refrigerant by heat transfer to the storage is limited. Whereas, working at high part load ratios
respectively high ambient temperatures the storage has its most significant effect. EER benefits from 20 to 27%
are achieved. For high ambient temperatures, when air-air based systems are struggling for efficiency, the
storage boosts efficiency as desired.
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3.4. Storage solar operation
For solar operation a comparison to the 2018´s data does not seem to be adequate. Boundary conditions are
varying too much and a mix of different boundary conditions does not guarantee a valid output. Therefore an
assessment based on exemplary type days in 2019 had been selected.

Figure 5: Four representative type days. PV yield (violet), Electrical system load with PCM (red) and without PCM (green).

Figure 5 shows the representative type days, selected from operation data 2019. Solar excess energy needed to
be high enough to ensure an entire charging cycle. The type days are classified as follows:
1. Clear sky, sunny day with high system load (left top).
2. Partly scattered clouds with high system load (right top).
3. Partly scattered clouds with average system load (left bottom).
4. Scattered clouds with average to low system load (right bottom).
Each violet trend shows the measured electrical generation of the PV-plant. The red line indicates the measured
electrical load of the entire system. The binary data in yellow and blue are indicating, weather the storage was in
charging or in discharging operation. For time steps in between, the storage wasn´t operating at all.
The green line indicates how the system would have worked without the storage. In times without usage of the
storage, identical performance is assumed for the system without (green) and with storage (measured data, red).
In times of storage charging or discharging the electrical load for the theoretic operation without storage is
calculated using the fit of the measured reference EER data of chapter 2.2. The electrical load is calculated by
equation 5b. The required input parameter Q̇ Evap,Load , ambient temperature and part load ratio are measured
respectively calculated constantly.
The PCM-storage was operated according to the strategy “maximized self-consumption”. All type days show a
short discharging operation in the morning hours. The main part of storage discharge occurs in the late
afternoon, when PV yield drops and the cooling load reaches its peak. The PV surplus energy available from
about 10:00 is used to charge the storage instantly.
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Table 4: System data to compare the operation with and without PCM-storage for different type days.

Type day comparison
Electrical load E Cons,Sy s [kWh]
PV yield E Gen,PV [kWh]
Thermal load Qev ap,Load [kWh]
Storage charging QCharge [kWh]

DEER, 24 hours [-]
Autarky rate [%]
Self consumption rate [%]

Type day 1
PCM no PCM
50,3
51,2
48,5
48,5
160,5
160,5
14,7
-3,19
3,13
80
74
84
78

Type day 2
PCM no PCM
50,8
50,2
43,9
43,9
160,5
160,5
16,7
-3,16
3,20
71
67
83
76

Type day 3
PCM no PCM
39,5
39,7
43,5
43,5
122,9
122,9
12,6
-3,12
3,10
76
70
69
64

Type day 4
PCM no PCM
36,5
36,2
31,6
31,6
111,3
111,3
14,7
-3,05
3,08
66
62
77
71

All type days of Table 4 have similar effects in common. In case of storage usage a higher thermal energy
content is generated (QEvap,Load + QCharge) compared to the case without PCM-storage. Nevertheless the entire
electrical energy consumption ECons,Sys is almost equal or even slightly lower (type day 1 and 3) compared to the
reference. The storage energy content charged on a daily basis is returned to the system properly. Storage
operation used for the load shift can be regarded as free of charge.
Applying solar operation the storage increases the systems autarky as well as the self-consumption rate for all 4
type days. Autarky improves in the range of 4 to 6%. Self-consumption is rising in the range of 5 to 7%.
The measured data of Figure 5 shows furthermore potential for optimizing solar operation in terms of grid
interaction. Especially for type day 1 and 3 the grid feed-in, right after charging is finished, is quite high.
Charging could have been delayed without any loss of solar fraction. To optimize operation, in a next step the
predictive control described in chapter 2.4 has been implemented to the storage control strategy.

Figure 6: Electrical data type day 1. Predictive control strategy implemented. Daily trend left. 𝑺𝒐𝑪𝒔𝒆𝒕 vs. 𝑺𝒐𝑪𝒎𝒆𝒂𝒔𝒖𝒓𝒆 on the right.

Figure 6 (left) shows the previously introduced electrical trend line. The daily trend is classified as type day 1.
Yet, as a result of the predictive control, storage charging lasts longer in comparison to type day 1 shown in
Figure 5, although nearly the same amount of thermal energy is charged. Thermal charging capacity is held back
and the electrical load is matched more properly to the course of the PV peak than shown before for the strategy
“maximized self-consumption”. Nevertheless, storage charging is finished before discharging potential occurs.
That means the usable PV self-consumption rate is entirely exploited, allowing for minimum of grid interaction.
The right side of Figure 6 shows details of the charging process. The orange line represents the calculated
SoCset , applying recorded data according to equation 9-11. In this case, for the parameter λ an average value of
0.3 has been chosen. The black line represents the currently measured SoC. The initially described distinction of
cases, derived from a comparison of SoCset and SoCmeasure is applied. When system operates in “peak shaving”
mode, for the switch back to “max. self-consumption” a hysteresis is implemented. The charging process starts,
when the measured SoC is below SoCset . Thus, at the very beginning charging is done by the strategy “max.
self-consumption”. Soon SoCmeasure overtakes SoCset . Consequently, the controller set-point of allowed grid
feed-in (red line, second y-Axis) is set from 0 to 2 kW. From now on charging is done in “peak shaving” mode
with reduced power. Later on, when SoCset overtakes SoCmeasure again, the feed-in limit is set back to 0 kW. At
13:30 the same process is repeated. At the end of charging at 16:00 the measured SoC value reaches 82%.
Nevertheless storage charging is completely done and the storage is fully charged. Here the limitation of the
SoC determination becomes obvious, caused by the limits of the measurement procedure as described in section
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2.4 (eq. 12).
The predictive control strategy works reliable and shows promising data. For a valid comparison to the basic
strategy “max. self-consumption” more data have to be collected and analyzed. This topic shall be object of a
further publication.
3.5. Grid orientated system operation
System cooling operation from 17th of April to 31st of July is evaluated. The distribution of electrical power data
for the system demand, PV generation and remaining grid interaction is shown in Figure 7. Data were taken
either when the system was in cooling mode or the PV generator was working. For 90% of the entire operation
the storage charging strategy „max. self-consumption“ was applied.

Figure 7: Distribution of grid interaction power ratios. Left diagram: System load without storage (dark blue, 1st column),
remaining grid load of PV/VRF (blue, 2nd column), remaining grid load of PV/VRF/PCM (light blue, 3rd column). Right diagram:
PV generation (dark red, 1st column), remaining feed in PV/VRF (red, 2nd column), remaining feed in PV/VRF/PCM (light red, 3 rd
column). Cooling operation from 17th of April to 31st of July 2019.

Figure 7 (left) shows data regarding grid load. The first column (dark blue) represents the load distribution of
the entire VRF system without storage. The second column (blue) shows the same data when PV and VRF are
coupled. The coupling of PV/VRF shows already a notable shift of the remaining grid load to lower power
ranges. Over 80% of the remaining load is fulfilled by operating states below 2.5 kW. The last column (light
blue) represents the load distribution for the entire system of PV/VRF and PCM. Utilization of the storage
further increases the occurrence of lower power values. Running the PCM storage, 80% of remaining grid load
is limited to a maximum of 2 kW. 95% of remaining grid load is limited to a power range below 3.5 kW.
The right side of Figure 7 shows data regarding grid feed in. The first column (dark red) shows the power
distribution of the entire PV generation. The second column (red) shows the remaining feed in after the coupling
of PV and VRF system. The coupling PV/VRF leads to a share of 90% of remaining grid feed in below 4.5 kW
(PV-Installation: 7.2 kWp). The last column (light red) represents the feed in distribution for the entire system of
PV/VRF/PCM. By utilization of the storage an additional but very slight shift towards lower power states is
accomplished. The applied storage charging strategy „max. self-consumption“ does not significantly change the
load distribution towards lower values. Especially when regulations regarding allowed power feed-in to the grid
are getting stricter, this aspect will gain importance to avoid losses of the PV generation. Here the described and
implemented predictive control strategy should lead to a notable improvement.
A well designed coupling of PV/VRF/PCM is able to ensure a grid-friendly system operation. To achieve this, it
is mandatory to define balanced target values of both solar key parameters, autarky and self-consumption rate.
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4. Summary and Outlook
A latent heat storage based on PCM has been integrated successfully in a VRF air-conditioning system, allowing
for a substantial temporal load shift. Storage charging is done without any losses in cycle efficiency. For low
part load ratios the storage charging is able to stabilize system operation, which leads to a favorable side effect.
Storage discharge leads to a boost of the systems EER in the range of 27 to 10%, allowing a lower electrical
demand when appropriate. For low part load ratios an increase of the EER by at least 20% is accomplished. For
mean part load ranges the effect on the efficiency is comparatively low. The EER is boosted by 10 to 16%. The
conventional VRF system with a pair of air heat exchangers acting as condensers is operating already quite
efficiently. Especially for high part load operation, usually induced by high ambient temperatures, when the
conventional system is struggling for efficiency, the use of the latent heat storage yield an improvement of the
EER of 20 to 27%. This situation represents the target use case for which the latent heat storage had been
designed for.
Solar-oriented operation of the storage leads to a rise of both solar key parameters, autarky and selfconsumption rate. For different type days an improvement of autarky from 4 to 6% have been proven. Selfconsumption rate can be raised by 5 to 7%. Precondition is a sufficient PV-yield for charging the storage. In
terms of grid interaction the storage is able to move remaining systems grid demand towards lower power
ranges. For remaining grid feed in, the storage use by now only leads to a slight shift towards lower power
values. The control strategy “max. self-consumption” does not substantially reduce the occurrence of feed-in
peaks. For this purpose a “peak shaving” mode has been integrated in the control strategy. Especially when
future restrictions regarding allowed PV power feed-in are getting stricter, this aspect will gain further
significance. Here, the successfully implemented predictive control strategy shows a significant potential. For a
reliable assessment of the improved strategy, more practical data need to be recorded and analyzed.
For a profound economical assessment of the storage, further data of operation need to be collected. By now,
trends can be pointed out: For areas with cooling load all year round, the storage use has a high potential. For
regions with almost an even distribution between cooling and heating load around the year, the storage needs to
fulfil heating purposes as well. In heating mode the storage is able to work as an efficient heat source in times of
low ambient temperature conditions. This additional use will be necessary in order to increase the utilization rate
of the storage, a prerequisite for economic operation.
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Abstract
Different optimization measures have been investigated and evaluated to improve the ventilation effectiveness
of the solar chimney concept for natural ventilation of buildings in regions with temperate climate.
Improvement measures include an optimization of the chimney geometry and chimney outlet, improvement of
the absorber system as well as the additional use of waste heat by integrating a heating circuit into the absorber
wall. All measures have been investigated with building simulations for the course of a year. The air volume
flow inside the solar chimney has been investigated with computational fluid dynamic simulations (CFD) and
measurements at test facilities regarding the applied measure, respectively. The solar chimney concept could
replace common mechanical ventilation systems and therefore save energy and reduce greenhouse gas
emissions. The present study gives an overview of the different measures and their impact on the ventilation
effectiveness of the natural ventilation with solar chimneys.
Keywords: Solar chimney, natural ventilation, optimization, energy savings, CFD

1. Introduction
The emissions of global greenhouse gases have increased considerably in the last years. Worldwide, there is
consensus on the need to reduce the greenhouse gas emissions due to the risks and impacts of global climate
change. Since November 2015, 195 countries have signed the Paris Convention on Climate Change, to limit
the increase in global average temperature to well below 2 °C above preindustrial levels and take measures to
reduce the increase to 1.5 °C (United Nations 2015; European Parliament 10/25/2012). The European Union
aims to reduce primary energy consumption by 20 % by 2020 compared to 2007 (European Parliament
10/25/2012). The energy consumption in the building sector can be reduced or at least stabilized worldwide
by 2050 (IPCC 2013). The building sector is currently responsible for 39 % of the global CO2 emissions and
36 % of the global final energy consumption (International Energy Agency 2018). In order to achieve the
ambitious goals, a wide range of potential savings must be identified and utilized.
A contribution to the reduction of energy consumption in the building sector can be achieved by saving
ventilation power. Natural ventilation can be provided either by using wind or by thermal buoyancy effects.
These effects have already been used in traditional buildings with solar chimneys in the Middle East and have
been implemented in modern architecture in recent years. In a solar chimney, an absorber surface is heated by
incident solar radiation. The irradiative heat increases the temperature inside the chimney and thus the
temperature difference to the ambient air. The resulting buoyancy effect is used to ventilate the building. In
regions with temperate climate and fluctuating weather conditions the potential of such concepts has been
limited so far. In a preliminary study (Schwan et al. 2017a), the usability of solar chimneys in Germany is
investigated. Therefore, the solar radiation and the resulting airflow for ventilation are analyzed using a
reference building with three floors and an attached solar chimney per floor respectively. The viability study
shows that during specific time periods in summer, the air volume flow is to small using traditional solar
chimneys due to high ambient air temperatures and low solar radiation (Schwan et al. 2017a).
The temperature difference between the inner part of the solar chimney and the ambient air needs to be
increased during those times. This can be achieved with an optimal geometry, an optimized chimney outlet
and an additional thermal activation of the solar chimney by integrating a heating circuit to the absorber wall.
An improved and adapted solar chimney concept can contribute to energy savings and thus to the reduction of
greenhouse gas emissions. For a reliable use of the system, it is necessary to increase the ventilation
effectiveness of the solar chimney and to ensure year-round operability.

© 2019. The Authors. Published by International Solar Energy Society
Selection and/or peer review under responsibility of Scientiic Committee
doi:10.18086/swc.2019.55.13 Available at http://proceedings.ises.org
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2. Methodology
This study gives an overview and summary over different optimization measures to improve the ventilation
effectiveness of the solar chimney concept for natural ventilation of buildings in regions with temperate
climate. The work is based on a dissertation in which the topic is described in more detail (Schwan 2019).
Various optimization measures are presented to ensure a year-round operation of the natural ventilation
concept. Chapter 3 deals with the geometric optimization of the solar chimney. The investigations are carried
out with the aid of a modifiable laboratory test rig and computational fluid dynamic (CFD) simulations. Based
on the results of the geometric optimization, Chapter 4 first examines the possibility of thermal activation of
the chimney using building simulations. Second, various absorber systems are investigated experimentally
with a test facility. The schematic of a solar chimney with heating pipes is shown in Fig. 1. Afterwards,
optimization measures for the chimney outlet are shown. The design of the chimney outlet should ensure a
positive wind effect on the natural ventilation concept. Finally, the different measures are summarized.

Fig. 1. Schematic of a solar chimney with heating pipes (Schwan et al. 2017b)

3. Optimization of the geometry
The geometry of the solar chimney has a strong influence on its performance. The chimney height, aspect
ratios, angle of inclination and other geometric dimensions were investigated experimentally, numerically and
analytically in previous studies. The height of the solar chimney has a direct and linear effect on the pressure
difference for thermal buoyancy. The solar chimney height is therefore important for the expected air volume
flow. The depth of the chimney also has a major effect on the characteristics of the airflow profile inside the
chimney. With regard to the optimum chimney depth, the previous studies came to different results.
In his experiments, Bouchair (Bouchair 1994) discovered that for a chimney depth of 0.1 to 0.3 m a complete
upward flow is present, whereas for a chimney depth greater than 0.5 m a backflow occurs in the center of the
solar chimney. At a chimney depth of 0.5 m, only 125 mm on each wall side is used by the upward flow. The
upward airflow at the chimney outlet is the result of the room airflow, but also of the circulated airflow. This
results in a higher airflow at the chimney outlet than at the chimney inlet. Flow measurements should therefore
be carried out at several points (Bouchair 1994). Other publications confirm that a chimney depth between 0.1
and 0.3 m is most suitable (Ong and Chow 2003; Arce et al. 2009). In contrast, studies by Burek and Habeb
(Burek and Habeb 2007) describe a continuous increase of the volume flow with increasing chimney depths
from 0.2 m to 1.1 m.
Due to the contradictory values in the literature, the influence of the geometry was verified with own
preliminary investigations by using experiments and simulations (Schwan et al. 2017b). The mean values of
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the inlet air velocity and the volume flow are summarized for air gaps of 0.1 m, 0.3 m and 0.5 m in Table 1.
Table 1. Mean values for the inlet air velocity and volume flow for an air gap of 0.1 m, 0.3 m and 0.5 m (Schwan et al. 2017)

Depth

Velocity
(CFD simulation)

Velocity
(Experiments)

Volume flow
(CFD simulation)

Volume flow
(Experiments)

0.1 m

0.40 m/s

0.32 m/s

188 m³/h

171 m³/h

0.3 m

0.19 m/s

0.21 m/s

319 m³/h

339 m³/h

0.5 m

0.15 m/s

0.10 m/s

262 m³/h

266 m³/h

The values show a good correlation with experimental results of a test rig. Fig. 2 shows the resulting velocity
vectors of the CFD simulations for different chimney depths. If the chimney depth is too low, the flow
resistance of the chimney is too high, whereas a too deep chimney causes the risk of back flows in the center
of the solar chimney. The volume flow for a solar chimney with a depth of 0.5 m is approx. 20 % smaller than
for a solar chimney with a depth of 0.3 m. This phenomenon should be taken into account in the design and
planning of all types of solar chimneys as well as in their calculation and dimensioning (Schwan et al. 2018a).

Fig. 2. Simulated velocity vectors for different chimney depths: a) 0.1 m; b) 0.3 m; c) 0.5 m (Schwan et al. 2017b)

4. Optimization of the absorber and use of waste heat
The main purpose of the absorber wall of a solar chimney is to absorb a maximum amount of solar radiation
and transfer the heat to the air in order to maximize the buoyancy effect. The material of the absorber and the
corresponding heat transfer coefficients are important for the overall efficiency. The longwave emission
coefficient determines the radiative heat transfer to the glazing and other walls of the chimney. The impact of
different absorber wall structures was investigated with the help of annual simulations with the building
simulation software TRNSYS. Seven different wall structures were analyzed and compared to each other
(Schwan et al. 2018b).
The best results were achieved with the insulated absorber wall structure shown in Fig. 3b). The results show
the importance of high surface temperatures of the absorber wall and a high amount of radiative heat transfer
for regions with temperate climate. The copper layer enables high absorber temperatures and good radiative
exchange with an appropriate coating. A wall structure with additional thermal storage, which can be seen in
Fig.3c) would lower the temperatures during the day. The thermal storage should be just considered for
scenarios with a high demand of night cooling and high ventilation requirements during the night.
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Fig. 3. Structure of investigated absorber walls - layer thickness in mm (Schwan et al. 2018b)
a) external wall (TRNSYS default) b) insulated absorber wall c) absorber wall with thermal mass

With the knowledge of the optimal geometry and materials for the absorber wall, the effectiveness of the solar
chimney can be increased by an additional thermal activation for regions with temperate climate. The thermal
buoyancy can be increased by integrating a heating circuit into the absorber surface. This new type of
application offers the potential for further energy savings if the additional heat can be provided by waste heat.
The impact of this additional heating was investigated first with the help of annual simulations. It can be shown
that the volume flow required for sufficient ventilation can be provided for the whole year with the exception
of a few points in time.
Experimental investigations and CFD simulations have been used to analyze different absorber systems with
integrated heating circuits. Schematics of the investigated absorber systems are shown in Fig. 4. (Schwan et
al. 2018b).

Fig. 4. Schematics of the investigated absorber systems (Schwan et al. 2018b)
a) Panel heating; b) Solar absorber; c) Capillary tubes
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The absorber systems have been tested under the same boundary conditions. The panel heating system was
investigated with and without additional fins. The geometry and material properties of the resulting four
systems are summarized in Table 2.

Table 2. Investigated absorber systems (Schwan et al. 2018b)

System

Material

Area

Flow

Pipes (d/ l)

Supplementary notes

1 – Panel heating (P.h.)

copper (front)

2.5 m²

serial

8.0 mm / 22 m

Gypsum backside

2 – P.h. with fins

copper (front)

3.5 m²

serial

8.0 mm / 22 m

1 m² due to fins

3 – Solar absorber

copper

2.9 m²

serial

8.0 mm / 27 m

Solar paint

4 – Capillary tubes

polypropene

3.0 m²

parallel

2.6 mm/ 2.3 m

125 pipes

The results of the experiments indicate an asymmetric distribution of the air velocity inside the chimney. The
asymmetry can be seen for all investigated absorber systems. Fig. 5 shows the measured air velocities inside
the chimney for all absorber systems. The air velocity is considerably higher next to the absorber surface
compared to the center of the solar chimney and the air velocity next to the glass cover for all four systems.
Nevertheless, the copper-based systems achieve lower air velocity values compared to the capillary tube
system due to the lower emissivity of the absorber material.
0,90
0,82

air velocity in m/s

0,64
0,55

0,60
0,52

0,26

0,30
0,17
0,13 0,12

0,23
0,13 0,13 0,14

0,00
absorber
copper wall heating

center
copper wall heating (fins)

glass
copper 439,61
solar absorber

639,61
capillary tubes

Fig. 5. Air velocity for different absorber systems (Schwan et al. 2018b)

Therefore, the maximum volume flow can be achieved with the capillary tube system. A maximum air volume
flow of 700 m³/h can be generated in the test rig with a 2.5 m high solar chimney. The absorber systems made
of copper can be improved with additional fins. Nevertheless, in addition to high absorption values of the
absorber, the radiative heat exchange between the absorber surface and the glazing is of major importance.
Higher temperatures of the inner surface of the surrounding glazing lead to a more symmetric temperature
distribution and therefore to a more symmetric distribution of the air velocity inside the chimney.
The additional use of waste heat and an optimized absorber system make it possible to bridge the times when
sufficient ventilation was not possible with the previous solar chimney concept.
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5. Optimization of the chimney outlet
The effect of wind on buildings using solar chimneys for natural ventilation was investigated in detail in a
previous study (Schwan et al. 2017c). The results show a strong dependency of the provided volume flow on
the predominating wind direction with the traditional solar chimney design. For wind direction with a uniform
wind profile, the volume flow can be increased by the wind. Fig. 6 shows the velocity profile of a reference
building. The direction of the wind is north. On the north side are also the inlet openings. In this case the
volume flow can be increased by approximately 30 %.

Fig. 6: Velocity profile for air around the reference building; wind direction: North (Schwan 2019)

In other cases, the air change rate decreases due to an unfavorable wind direction. The solar chimney outlet
needs to be adapted with an additional wind cowl to ensure an operation of the system irrespective of the wind
direction. Two schematics of exemplarily chimney wind cowls can be seen in Fig. 7.

air outlet
wind
ambient air
deflection
blades

rotor
blades

stack air

stack air

Fig. 7. Schematics of two chimney cowls (Schwan 2019)
a) Wind driven roof ventilator according to Rotovent Systems (b) Injection nozzle according to Windkat

The wind cowls ensure an operation of the solar chimney irrespective of the wind direction. Furthermore, a
ventilation is possible without temperature difference and buoyancy effect, which increases the operation time
of the natural ventilation system compared to the initial solar chimney concept. The volume flow increases
with increasing wind speed for times without thermal buoyancy. A detailed comparison of three different types
of turbine ventilation systems and an inject nozzle are described in a previous publication (Schwan et al.
2017c).
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6. Conclusion
In this paper, different optimization measures are presented and summarized from previous investigations to
increase the effectiveness of solar chimneys. The combination of the measures enables a utilization of solar
chimneys in regions with temperate climate. The geometry, the choice of suitable materials of the absorber as
well as an optimization of the chimneys outlet have a strong influence on the performance of the natural
ventilation system. An optimal chimney depth can be identified. If the depth is to large backflows occur in the
center of the chimney. The absorber material should have high absorption values as well as high convective
and radiant heat transfer coefficients to the air and the surrounding chimney glazing. The additional heating
circuit of the absorber increases the effectiveness of the system and extends the operation time. With the help
of additional wind cowls, a positive wind effect can be ensured during the operation irrespective of the wind
direction. Additional mechanical ventilation can be avoided. The new application of a thermal activated solar
chimney contributes to energy savings and a reduction of greenhouse gas emissions.

7. References
Arce, J.; Jiménez, M. J.; Guzmán, J. D.; Heras, M. R.; Alvarez, G.; Xamán, J. (2009): Experimental study for
natural ventilation on a solar chimney. In Renewable Energy 34 (12), pp. 2928–2934. DOI:
10.1016/j.renene.2009.04.026.
Bouchair, A. (1994): Solar chimney for promoting cooling ventilation in southern Algeria. In Building Services
Engineering Research and Technology 15 (2), pp. 81–93. DOI: 10.1177/014362449401500203.
Burek, S.A.M.; Habeb, A. (2007): Air flow and thermal efficiency characteristics in solar chimneys and
Trombe Walls. In Energy and Buildings 39 (2), pp. 128–135. DOI: 10.1016/j.enbuild.2006.04.015.
European Parliament (10/25/2012): Directive 2012/27/EU of the European Parliament and of the Council of
25 October 2012 on energy efficiency. 2012/27/EU. Available online at http://data.europa.eu/
eli/dir/2012/27/oj.
International Energy Agency (2018): 2018 Global Status Report. Towards a zero-emission, efficient and
resilient buildings and construction sector.
IPCC (2013): Climate Change 2013. Fifth Assessment Report. Edited by Intergovernmental Panel on Climate
Change. Cambridge University Press. Available online at https://www.ipcc.ch/report/ar5/wg1/, checked on
5/11/2015.
Ong, K.S; Chow, C.C (2003): Performance of a solar chimney. In Solar Energy 74 (1), pp. 1–17. DOI:
10.1016/S0038-092X(03)00114-2.
Schwan, Lukas (2019): Increase of the ventilation effectiveness of solar chimneys through thermal activation
and use of wind effects. Dissertation. Technische Universität München, München. Fakultät für Architektur.
Available online at https://mediatum.ub.tum.de/1470953.
Schwan, Lukas; Kiluthattil, Eabi; Madjidi, Madjid; Auer, Thomas (2017a): Viability study of Solar Chimneys
in Germany – Analysis and Building Simulation. In TU Delft Open (Ed.): Powerskin Conference. Proceedings.
With assistance of Thomas Auer, Ulrich Knaak, Jens Schneider. Powerskin Conference. München, 19.01.2017.
TU Delft Open. Delft: TU Delft Open.
Schwan, Lukas; Madjidi, Madjid; Auer, Thomas (2017b): Geometric optimization of thermally activated small
scale solar chimneys for natural ventilation applying CFD simulations and measurements. In ECOS (Ed.): 30th
International Conference on Efficiency, Cost, Optimization, Simulation and Environmental Impact of Energy
Systems. Proceedings. ECOS 2017. San Diego, July 2-6. San Diego State University.
Schwan, Lukas; Madjidi, Madjid; Auer, Thomas (2018a): Calculation Methods for the Ventilation with Solar
Chimneys. Comparison of analytical models, simulations and measurements. In PLEA 2018 Hong Kong (Ed.):
Proceedings of the 34th International Conference on Passive and Low Energy Architecture. Smart and Healthy
Within the Two-Degree Limit, vol. 3. With assistance of Edward Ng, Square Fong, Chao Ren. International
Conference on Passive and Low Energy Architecture. Hong Kong, Dec 10-12, pp. 926–927.

2609

L. Schwan et. al. ISES SWC2019 / SHC2019 Conference Proceedings (2019)

Schwan, Lukas; Rütschlin, Hannes; Madjidi, Madjid; Auer, Thomas (2017c): Increase of the Ventilation
Effectiveness of Solar Chimneys with Consideration of Wind-Effects applying CFD Simulations and
Measurements. In ISES (Ed.): Proceedings of the Solar World Congress 2017 and International Conference on
Solar Heating and Cooling for Buildings and Industry 2017. International Conference on Solar Heating and
Cooling for Buildings and Industry. Abu Dhabi, UAE, 29.10.-02.11.2017.
Schwan, Lukas; Wange, Felix; Madjidi, Madjid; Auer, Thomas (2018b): Investigation of different absorber
systems for thermally activated solar chimneys. In ECOS (Ed.): 31th International Conference on Efficiency,
Cost, Optimization, Simulation and Environmental Impact of Energy Systems. Proceedings. ECOS 2018.
Guimarães, Portugal, June 17-22. University of Minho.
United Nations (2015): Paris Agreement. Available online at http://unfccc.int/files/essential_background/
convention/application/pdf/english_paris_agreement.pdf.

2610

A
A.A. Osório, E.
Grid Connected PV Systems in Dairy and Poultry Farms in Brazil: Evaluation of Different...

747

Abal, G.
Assessment of Empirical Models to Estimate UV-A, UV-B and UV-E Solar Irradiance from...
Global Solar Transmittance of Vertical Glazings Oriented Towards the Equator

1894
1837

Abbasi, H.
Hybrid Solar Thermal/PV Receiver Utilizing Thin Film Solar Cell as Secondary Concentrator

203

Abdallah, A.
Passive Cooling of Photovoltaic Modules in Qatar by Utilizing PCM-Matrix Absorbers

795

Abdi, A.
State of the Art in Hydrogen Liquefaction

1259

Abotaleb, a.
Passive Cooling of Photovoltaic Modules in Qatar by Utilizing PCM-Matrix Absorbers

795

Abrecht, S.
Performance Parameters of Solar Collectors - Validation and Determination by a One-Day...

225

Achahuanco Apaza, N.
Solar Library

2407

Acosta, J.C.
On the Estimation of Energy Production in PV Plants. A Comparative Study of Methodologies

714

Adoko, S.
Renewable Energy, Education and Applications Panacea for Development and Growth in...

2282

Aghahosseini, A.
The Role of Renewable Energy in the Transition Toward a Fully Sustainable Energy...

1518

Aguilar Gil, F.
Optimal and Thermal Design in Transitional Condition of a Paraboidal Solar Furnace...

644

Ajona, J.I.
ULISSES Solar Concentrator with Mobile Mirrors for Use in Fixed-Tilt Solar Thermal...

95

Alanís Navarro, J.A.
Drying of Medicinal Plants Through Hybridization of Solar Technologies, as a Proposal...

290

Alencar de Souza, B.
Optimal Sizing of Stand-Alone Hybrid Photovoltaic-Wind-Battery Energy System Using...

1584

Allende, M.
Field Experiences and Lessons Learned with Photovoltaic Off-Grid and On-Grid Applications...

1662

Al Mamari, J.
Investigation of Soiling Effects on Different Solar Glass Samples in the Climate...

119

Almendras, A.
Techno-Economic Analysis of a PV (Photovoltaic) Plant for High Radiation Conditions...

1405

Alonso, M.
Characterization of PV Soiling Losses in Urban Mediterranean Environment

756

2611

Alonso-Montecinos, J.
On the Estimation of Energy Production in PV Plants. A Comparative Study of Methodologies

714

Alonso-Montesinos, J.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...
Characterization of PV Soiling Losses in Urban Mediterranean Environment
Effect of Cloudiness on Solar Radiation Forecasting
Relevance Analysis of Atmospheric Variables in the Production of an Experimental...
UV-A Estimation in Atacama Desert from GHI Measurements by Using ANN

1021
756
2013
1977
365

Alonso-Suárez, R.
Evaluation of the Heliosat-4 and Flashflux Models for Solar Global Daily Irradiation...
Performance Assessment of Intra-Day Solar Irradiation Forecast in Uruguay Using Satellite...

1948
1998

Al-Riyami, S.
Investigation of Soiling Effects on Different Solar Glass Samples in the Climate...

119

AL-Shail, K.
Optimum Design of PV-RO System Solar Powered Sea Water Desalination Without Storage...

957

Altamirano, A.
H2O-LiBr Single-Stage Solar Absorption Air Conditioner with an Innovative Bi-Adiabatic...

2479

Alvarez Malebran, R.
Generation Expansion Planning Considering Storage Systems and Inertia Constraints

1465

Alves Cardoso Diniz, A.S.
Effects of Soiling of Photovoltaic Modules and Systems in Brazil’s Climate Zones

825

Alves Gonçalves, V.
Evaluation of the TiO2 Anti-Reflective Coating in PERT Solar Cells with Silicon Dioxide...

1069

Alves Teixeira, V.
Low Cost Electroluminescense Lab Implementation

818

An, S.M.
A Study on New and Renewable Energy Policy Changes and Market Analysis in Korea

1500

Andrade da Silveira, R.
Estimation of Solar Resource by Means of Spatial Interpolation

2116

Andrzejewski, E.
District Energy in Cities: A Novel Methodology to Assess Emerging Markets

2367

Angulo, J.
Performance Evaluation and Characterization of Different Photovoltaic Technologies...

773

Angulo Abanto, J.R.
Modeling of the Nominal Power of a PV Generator Under Clear and Cloudy sky Conditions

695

Antoniolli, A.
Photovoltaic Distributed Generation in Brazil: Investment Valuation for the 27 Capital...
PV Virtual Power Plant: Evaluating the Performance of Clustered x Individual Rooftop...

1396
1773

Araya, F.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...

1021

Arias, I.
Effect of the Solar Radiation of the Atacama Desert in the Design of a Parabolic...

2612

300

Arola, A.
Assessment of Six Different Methods for the Estimation of Surface Ultra-Violet Fluxes...

1958

Artur Andrade, G.
First Principles Mathematical Model and Control of a Solar Thermal Power Plant

888

Artur de Andrade, G.
A 2DOF Thermosolar Concentrator Proposal: Solar Tracking and Disturbance Rejection...

32

Asomosa, R.
From 76.6 to 80.1 %; PV-System Performance-Ratio in Mexio City

812

Atchuta, S.R.
High-Temperature Stable Spinel Nanocomposite Solar Selective Absorber Coating for...

4

Athienitis, A.
Design of a Coupled BIPV/T – Solid Desiccant Cooling System for a Warm and Humid...

2570

Audu, T.O.K.
Renewable Energy, Education and Applications Panacea for Development and Growth in...

2282

Avsec, J.
LCA Analysis of Staf Panels and Their Application for Heating; Cooling and Hydrogen...

1676

Azevedo, V.
Location Study of Solar Thermal Power Plant in the State of Bahia Using Geographic...

849

B
Bachour, D.
Evaluation of Rotating Shadowband Radiometer Measurements in Desert Conditions
Importance of Time Averaging Conventions

2031
1921

Baeza Freer, C.
Modeling of hourly and daily values of erythemal ultraviolet radiation in Santiago...

2128

Bagchi, A.
Design of a Coupled BIPV/T – Solid Desiccant Cooling System for a Warm and Humid...

2570

Balderrama, S.
The Cost of Rural Electrification Including E-Cooking for Bolivian Medium Size Isolated...

1574

Baldini, M.
Potential of Smart Renewable Hubs Including Concentrated Solar Power in the Interconnected...

1479

Baldizon, R.
Renewable Energy Plus Storage for Energy Resiliency to Deal with the Effects of Climate...

1080

Barbero, J.
Characterization of PV Soiling Losses in Urban Mediterranean Environment
Effect of Cloudiness on Solar Radiation Forecasting
UV-A Estimation in Atacama Desert from GHI Measurements by Using ANN

756
2013
365

Barni, C.M.
Worldwide Climate Modeling of Diffuse Solar Fraction from One-minute Irradiance

1859

Barraza, R.
Analysis of thermal stresses in square ducts of solar receivers operated with liquid...
Assessment of the Economic Impact and Management Techniques on Fault Modes present...

24
1386

2613

Barrera, E.
Preparation and Characterization of Absorbent Thin Films by Spray Pyrolysis Technique...

8

Barros Galhardo, M.A.
Performance Evaluation of a Grid-Connected Photovoltaic System by Comparing its Theoretical...

1031

Barshilia, H.C.
High-Temperature Stable Spinel Nanocomposite Solar Selective Absorber Coating for...

4

Basch, A.
Perovskite Solar Cell Lab Course for Undergraduate Engineering Students

2291

Basler, P.
Solar Thermochemical Splitting of CO2 in a Modular Solar Dish-Reactor System

1353

Baspineiro, C.F.
Water Recovery Via Solar Evaporation Systems Coupled to Lithium Mining from Brines

2213

Batlles, F.J.
Analysis of Heat Gain Decrease Achived by Ventilation Heat Recovery in Solar Cooling...
Characterization of PV Soiling Losses in Urban Mediterranean Environment
Effect of Cloudiness on Solar Radiation Forecasting
Modeling of Discharging Process of Heat Storage Tank Filled with PCM, to Cover Heat...
On the Estimation of Energy Production in PV Plants. A Comparative Study of Methodologies

2521
756
2013
1341
714

Batteiger, V.
Solar-Driven Thermochemical Production of Sustainable Liquid Fuels from H2O and CO2...

1269

Baumgärntner, T.
Development of an Active High Temperature PCM Storage Concept with Coated Heat Exchanger...

1199

Beccali, M.
Alternative Energy Storage Options for Heat Pump Water Heater Coupled with Photovoltaic...
Comparison Between the Performances of a Daylight Linked Control System at Two Different...
Freescoo Facade 3.0, a Compact DEC Thermally Driven Air-Conditioning System for Apartments

1282
1740
2491

Bedö, E.
Training the Next Generation of PV Reliability Experts – Project Solar-Train

2310

Behar, O.
A Low Cost Miniature Parabolic Trough Concentrator and Monitoring System for Teaching...
Design of Solar Thermal Systems for Mining Industry
The Use of Solar Radiation Models to Derive Atmospheric Turbidity from Measured Irradiance:...

2347
2447
1871

Behzad, M.
Assessment of Deep Learning Algorithms for Fault Diagnosis of Solar Thermal Systems

312

Beltran Castañon, N.J.
Solar Library

2407

Benedek, L.
Perovskite Solar Cell Lab Course for Undergraduate Engineering Students

2291

Bennacer, R.
Thermal Performance Analysis in 28 PVT Solaire Domectic Hot Water Installations in...

158

Bierman, B.
Solar Thermal Field Experience at a South Oman Oilfield

2614

583

Bigelow, A.
Solar Cooking – Achieving Sustainable Solutions to Global Challenges
Testing the Thermal Performance of Open-Source Solar Cooker Designs Relative to Commercial...

1607
1625

Bilbao, J.
An Investigation on a Ground Coupled Photovoltaic Thermal (PV/T) Desiccant Cooling...
High-Efficiency Residential Solar Pool Heating Systems
Solar HDH Desalination System Combined with PVT

2529
417
2236

Bjerre, P.
Passive Solar System to Store Heat for Cooking

1617

Blakers, A.
A Global Atlas of 616,000 Pumped Hydro Energy Storage Sites
Australia’s Rapid Renewable Energy Transition

1087
1416

Blanchard, D.
Numerical Design of a Reactor for an Ammonia-SrCl2 Thermochemical Storage System

1300

Blanco, B.
Water-Energy Co-Optimization: Analysis in the Latin-American Interconnection Context

1048

Boabaid Neto, C.
A Simulation Model for CO2 Solar-Assisted Heat Pumps

145

Bogdanov, D.
The Role of Renewable Energy in the Transition Toward a Fully Sustainable Energy...

1518

Boland, J.
Worldwide Climate Modeling of Diffuse Solar Fraction from One-minute Irradiance

1859

Bongs, C.
Ambient Heat Source Availability for Low-Ex Heating of Multi-Family Buildings

428

Bonilla, J.
A Software for Dimensioning of Small Microgrids with PV-Battery Systems

1542

Bonomolo, M.
Alternative Energy Storage Options for Heat Pump Water Heater Coupled with Photovoltaic...
Comparison Between the Performances of a Daylight Linked Control System at Two Different...

1282
1740

Bony, J.
Development of a Vacuum Insulated Thermal Energy Storage for Industrial Applications

1108

Bonyadi, N.
Design of a Coupled BIPV/T – Solid Desiccant Cooling System for a Warm and Humid...

2570

Borges Teles, M.
Performance Evaluation of a Grid-Connected Photovoltaic System by Comparing its Theoretical...

1031

Bosch, J.L.
Characterization of PV Soiling Losses in Urban Mediterranean Environment

756

Boudehenn, F.
Numerical Studies of a Hybrid Cycle for Power Production and Cooling

2581

Bouty, K.
Solar Cadaster in Urban Area Including Verticality

2094

2615

Bove, I.
Global Solar Transmittance of Vertical Glazings Oriented Towards the Equator

1837

Braga, L.
Seasonal Accumulation of Solar Energy in Aquifer for Thermal Conditioning

324

Braga, M.
Implementing k-Nearest Neighborhood as a Forecast Method for Intra Hour Resolution...
Performance Comparison among Multicrystalline Silicon, Anti-Reflective Coated and...

2024
703

Brandão, A.
Overheating Prevention in Solar Collectors Using a Hybrid Predictive Controller

861

Brandl, D.
LCA Analysis of Staf Panels and Their Application for Heating; Cooling and Hydrogen...

1676

Bravo, G.
Generation of 441 Typical Meteorological Year from Inmet Stations - Brazil

2104

Bravo, I.
Determination of Gravity-Induced Deformation of Heliostat Structures Through Irradiance...
Efficient Ray-Tracing Program to Simulate the Optical Performance of Heliostats in...

873
881

Bravo Gonzalo, I.
Determination of Gravity-Induced Deformation of Heliostat Structures Through Irradiance...
Efficient Ray-Tracing Program to Simulate the Optical Performance of Heliostats in...

873
881

Brendelberger, S.
Solar-Driven Thermochemical Production of Sustainable Liquid Fuels from H2O and CO2...

1269

Brennenstuhl, M.
Renewable Energy Supply Concepts for Next Generation Cities Using the Integrated...

2379

Breyer, C.
The Role of Renewable Energy in the Transition Toward a Fully Sustainable Energy...

1518

Brinkley, J.
Experimental Performance of a Hybrid PV/T Collector
Hybrid Solar Thermal/PV Receiver Utilizing Thin Film Solar Cell as Secondary Concentrator
Low Cost Dispatchable Heat for Small Scale Solar Thermal Desalination Systems

195
203
16

Brottier, L.
Thermal Performance Analysis in 28 PVT Solaire Domectic Hot Water Installations in...

158

Brunner, C.
Solar Heat for Industrial Processes in Malaysia and Egypt

541

Buckley, A.I.
Comparison of Photovoltaic- and Solar Thermal Hot Water Systems in the South African...

405

Buster, G.
Method and System for Accessing PV Resource Data from the NSRDB

2616

1932

C
C. M. Model, J.
Evaluation of the TiO2 Anti-Reflective Coating in PERT Solar Cells with Silicon Dioxide...

1069

Cabral, D.
Evaluation of Symmetric C-PVT Solar Collector Designs with Vertical Bifacial Receivers
Impact Study of Operating Temperatures and Cell Layout Under Different Concentration...

165
836

Cabrera Corral, F.J.
Renewable Heat for the Fulfillment of the Cooling Demand in the Fruit and Vegetable...

602

Caflisch, M.
Potential of Solar Process Heat in Switzerland

626

Caldera, U.
The Role of Renewable Energy in the Transition Toward a Fully Sustainable Energy...

1518

Calderón, I.
Optical and Thermal Assessment of a Linear Fresnel Collector with Minichannel Absorber...

495

Calderon, W.
Heat Transfer Framework for Selecting the Structure of Open Volumetric Air Receivers

947

Calderón, W.
Optical and Thermal Assessment of a Linear Fresnel Collector with Minichannel Absorber...

495

Calsi, B.
Modeling of the Nominal Power of a PV Generator Under Clear and Cloudy sky Conditions

695

Camacho, F.
Towards a Validation Protocol for Satellite-Based Solar Resource Data

2138

Camatta Santana, V.A.
Effects of Soiling of Photovoltaic Modules and Systems in Brazil’s Climate Zones

825

Campama Pizarro, R.
A Case Study Addressing the Benefits of Integrated Solutions for Daylighting and...

1750

Campodonico, I.
ULISSES Solar Concentrator with Mobile Mirrors for Use in Fixed-Tilt Solar Thermal...

95

Campos, P.
District Energy in Cities: A Novel Methodology to Assess Emerging Markets

2367

Campos, R.
Implementing k-Nearest Neighborhood as a Forecast Method for Intra Hour Resolution...

2024

Candia, C.
A Low Cost Miniature Parabolic Trough Concentrator and Monitoring System for Teaching...

2347

Carballo, J.A.
A Software for Dimensioning of Small Microgrids with PV-Battery Systems

1542

Carbonell, D.
Seasonal Energy Storage in Aluminium for 100 Percent Solar DHW and Space Heating

1312

2617

Cardemil, J.
Arsenic Removal Technology from Water Based on Nanomaterials and Sunlight
Assessment of Deep Learning Algorithms for Fault Diagnosis of Solar Thermal Systems
CFD Analysis of a Molten Salt Thermocline Tank Analysis Using Copper Slags as Filler...
Editorial to the Proceedings of SWC 2019 and SHC 2019
Empirical Model for Estimating the Exergy of Solar Radiation in Chile
Heat Transfer Framework for Selecting the Structure of Open Volumetric Air Receivers
Worldwide Climate Modeling of Diffuse Solar Fraction from One-minute Irradiance

2251
312
1101
1
2163
947
1859

Cárdenas Bravo, C.R.
Assessment of the Economic Impact and Management Techniques on Fault Modes present...

1386

Carhuavilca, A.
Performance Evaluation and Characterization of Different Photovoltaic Technologies...

773

Caroca, A.
Assessing Stratification Efficiency During Charging and Discharging Processes of...

1375

Caroca Carvajal, A.
CFD Analysis of a Molten Salt Thermocline Tank Analysis Using Copper Slags as Filler...

1101

Carrer, D.
Towards a Validation Protocol for Satellite-Based Solar Resource Data

2138

Carvalho, P.
Photovoltaic Distributed Generation Connecting to the Grid: Analysis of Solar Incident...

976

Carvalho, R.
Transient Simulation of a Solar Cavity Receiver for Application in a Low-Latitude...

967

Castello, R.
A Fast Machine Learning Model for Large-Scale Estimation of Annual Solar Irradiation...

2201

Castillo, P.
Optical and Thermal Assessment of a Linear Fresnel Collector with Minichannel Absorber...

495

Castillo Téllez, B.
Drying of Medicinal Plants Through Hybridization of Solar Technologies, as a Proposal...

290

Castillo Téllez, M.
Drying of Medicinal Plants Through Hybridization of Solar Technologies, as a Proposal...

290

Castro Luna, A.M.
Optical Simulation of a Polar Parabolic Trough Collector in a Subtropical Region

919

Cavieres, R.
Assessment of the Economic Impact and Management Techniques on Fault Modes present...

1386

Celik, B.
Use of Parabolic Trough Collector as Direct Vapor Generator for an Absorption Machine:...

2512

Cerda, M.T.
Techno-economic Analysis of Solar Photovoltaics and Solar Thermal Energy Integration...

506

Cheng, C.
A Global Atlas of 616,000 Pumped Hydro Energy Storage Sites
Australia’s Rapid Renewable Energy Transition

1087
1416

Chiu, J.
State of the Art in Hydrogen Liquefaction

2618

1259

Citherlet, S.
Development of a Vacuum Insulated Thermal Energy Storage for Industrial Applications
Solar Thermal Systems for the Swiss Pharmaceutical Industry Sector

1108
550

Coelho, P.
Finite Element Simulation of Double Diffusion in a Salt Stratified Fluid Heated from...

279

Colle, S.
Generation of 441 Typical Meteorological Year from Inmet Stations - Brazil
On Using IoT Protocols for Automation and Monitoring Solar Tracker Devices
Solar Heat in the Brazilian Dairy Industry: A Preliminary Economic Assessment
Worldwide Climate Modeling of Diffuse Solar Fraction from One-minute Irradiance

2104
2073
572
1859

Colombo, E.
The Cost of Rural Electrification Including E-Cooking for Bolivian Medium Size Isolated...

1574

Conde, L.
Modeling of the Nominal Power of a PV Generator Under Clear and Cloudy sky Conditions

695

Conde Mendoza, L.A.
Performance Evaluation and Characterization of Different Photovoltaic Technologies...

773

Condori Yucra, R.
Solar Library

2407

Contes Calca, M.V.
Physical and Statistical Analysis Procedure of Solar Irradiance Measurements Based...

2039

Contreras Larios, J.L.
Optimal and Thermal Design in Transitional Condition of a Paraboidal Solar Furnace...

644

Contreras Pérez, D.
Modeling of hourly and daily values of erythemal ultraviolet radiation in Santiago...

2128

Corkish, R.
Life Cycle Assessment of Two Experimental Recycling Processes for c-Si Solar Modules

1906

Cornejo, L.
Effect of the Solar Radiation of the Atacama Desert in the Design of a Parabolic...

300

Correa, C.
Optical and Thermal Assessment of a Linear Fresnel Collector with Minichannel Absorber...

495

Correa Jullian, C.
Assessment of Deep Learning Algorithms for Fault Diagnosis of Solar Thermal Systems

312

Cortés, C.
Dynamic Weight-Based Collaborative Optimization for Power Grid Voltage Regulation

738

Cortes-Carmona, M.
On the Estimation of Energy Production in PV Plants. A Comparative Study of Methodologies

714

Cosgrove, A.
A PV System for Remote Power and Shea Nut Processing in Burkina Faso

1596

Costa, D.
Photovoltaic Distributed Generation Connecting to the Grid: Analysis of Solar Incident...

976

Costa, R.S.
Seasonal Variability of the Surface Solar Irradiation in Northeastern Region of Brazil

2143

2619

Costa, S.C.S.
Dust in the Wind: An Historical Timeline of Soiling R&D for Solar Technologies

2454

Coucke, S.
District Energy in Cities: A Novel Methodology to Assess Emerging Markets

2367

Crespo, A.
Techno-economic Analysis of Solar Photovoltaics and Solar Thermal Energy Integration...

506

Crestani, T.
Evaluation of the TiO2 Anti-Reflective Coating in PERT Solar Cells with Silicon Dioxide...

1069

Cruickshank, C.A.
Analysis of a Coupled Air-Based Solar Collector and Heat Pump Water Heater in Canada...
Performance and Greenhouse Gas Analysis of a Solar Adsorption Chiller for Canadian...

673
2552

Cruz de la Cruz, J.E.
Solar Library

2407

Cruz Muñoz, B.
Optimal and Thermal Design in Transitional Condition of a Paraboidal Solar Furnace...

644

Curto, P.
Seasonal Accumulation of Solar Energy in Aquifer for Thermal Conditioning

324

Cygan, D.
Hybrid Solar Thermal/PV Receiver Utilizing Thin Film Solar Cell as Secondary Concentrator

203

D
D. de Araújo, N.
Grid Connected PV Systems in Dairy and Poultry Farms in Brazil: Evaluation of Different...

747

Daborer-Prado, N.
Mathematical Modeling of Rotating Sorption Heat Storages

1164

da Conceição Osório, V.
Evaluation of the TiO2 Anti-Reflective Coating in PERT Solar Cells with Silicon Dioxide...

1069

Daguenet-Frick, X.
Seasonal Thermochemical Heat Storage: First Measurements on a Falling Film Tube Bundle...

1293

Dal Pai, A.
Physical and Statistical Analysis Procedure of Solar Irradiance Measurements Based...

2039

Dannemand, M.
Experimental Investigation and Characterization of Façade Integrated PVT Collectors...

1688

David, M.
Probabilistic Solar Forecasts Evaluation Part 1: Ensemble Prediction Systems (EPS)
Probabilistic Solar Forecasts Evaluation Part 2: Quantile Forecasts

1989
2006

Davidsson, H.
Evaluating Students’ Expectations and Experiences Regarding a Swedish-Bhutanese Teaching...

2300

de Albuquerque Montenegro, A.
Analysis of the Integration of an Electric Bus and an Electric Vehicle with Grid-Connected...

1510

de Aquino, J.
Evaluation of the TiO2 Anti-Reflective Coating in PERT Solar Cells with Silicon Dioxide...

2620

1069

de Araújo Elias, T.
Overheating Prevention in Solar Collectors Using a Hybrid Predictive Controller

861

De Beijer, H.
The SolabCool®, Cooling of Dwellings and Small Offices by Using Waste or Solar Heat

2503

de Blas, M.
Evaluation of Two Procedures for Selecting the CIE Standard Sky Type Using High Dynamic...

1883

de Brito, F.
Organic Photovoltaic Panels for Bus Rapid Transit Stations in Curitiba – A Viability...

764

de Geus, A.
The SolabCool®, Cooling of Dwellings and Small Offices by Using Waste or Solar Heat

2503

de la Casa, J.
Performance Evaluation and Characterization of Different Photovoltaic Technologies...

773

De la Casa, J.
Modeling of the Nominal Power of a PV Generator Under Clear and Cloudy sky Conditions

695

De León, D.
Thermo-Economic Evaluation of Solar Concentrating Technologies for Industrial Process...

517

Delgado, M.
Technical Performance Assessment of Phase Change Material Components

1206

Deng, Y.
Investigation and Experiment of Coupling Heating Device Based on Solar Energy and...

449

de Oliveira Carvalho Malaquias, P.
Optimal Sizing of Stand-Alone Hybrid Photovoltaic-Wind-Battery Energy System Using...

1584

de Sa Campos Filho, M.H.
Methods for Site-Adaptation of Satellite-Based DNI Time Series: Application to Brazilian...

2190

de Souza, T.T.C.
Solar Heat in the Brazilian Dairy Industry: A Preliminary Economic Assessment

572

Devoto, I.
Analysis of Failure and Degradation Modes of Small-Scale Photovoltaic Power Plants...

2414

Dhathri, S.
Understanding Solar Thermal Energy Conversion

2351

Diarce, G.
Technical Performance Assessment of Phase Change Material Components

1206

Dias, E.
Wind Speed Evaluation of MERRA-2, ERA-Interim and ERA-5 Reanalysis Data at a Wind...

2180

Diaz, G.
Experimental Performance of a Hybrid PV/T Collector
Low Cost Dispatchable Heat for Small Scale Solar Thermal Desalination Systems
Optical and Thermal Assessment of a Linear Fresnel Collector with Minichannel Absorber...

195
16
495

Díaz-Alvarado, F.
How to Measure the Resilience of a Fully Renewable Multi-Vector Energy System?

1551

Di Giamberardino, F.
Development of a Vacuum Insulated Thermal Energy Storage for Industrial Applications

1108

2621

Dimitrios Rounis, E.
Design of a Coupled BIPV/T – Solid Desiccant Cooling System for a Warm and Humid...

2570

Diniz, A.S.A.C.
Dust in the Wind: An Historical Timeline of Soiling R&D for Solar Technologies

2454

Dinter, F.
Agrivoltaic in Chile – Integrative Solution to Use Efficiently Land for Food and...
CFD Analysis of a Molten Salt Thermocline Tank Analysis Using Copper Slags as Filler...
Concentrating Solar Power (CSP) Plants Fit Perfectly with Chilean Mining Industry
Techno-economic Analysis of Solar Photovoltaics and Solar Thermal Energy Integration...

986
1101
929
506

Di Pietra, B.
Alternative Energy Storage Options for Heat Pump Water Heater Coupled with Photovoltaic...

1282

Dise, J.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Domain, F.
H2O-LiBr Single-Stage Solar Absorption Air Conditioner with an Innovative Bi-Adiabatic...

2479

Dorantes, R.
Optimal and Thermal Design in Transitional Condition of a Paraboidal Solar Furnace...

644

Dorantes Rodrígues, J.R.
From 76.6 to 80.1 %; PV-System Performance-Ratio in Mexio City

812

Dorji, C.
Evaluating Students’ Expectations and Experiences Regarding a Swedish-Bhutanese Teaching...

2300

Dorneles, R.
Generation of 441 Typical Meteorological Year from Inmet Stations - Brazil

2104

dos Santos, T.R.C.
Organic Photovoltaic Panels for Bus Rapid Transit Stations in Curitiba – A Viability...

764

Driesse, A.
Application of the Clear Sky Spectral Error for Radiometer Classification in ISO...

2082

Drück, H.
Test Method for the Determination of the Long-Term Stability of Absorber Welding...

270

Du, J.
An Investigation Into Par (Photosynthetically Active Radiation) and Energy Performances...
PAR (Photosynthetically Active Radiation) Performances in Greenhouses: A Climate-Based...

1716
1783

Duarte, T.
Effects of Soiling of Photovoltaic Modules and Systems in Brazil’s Climate Zones

825

Dudita, M.
Seasonal Energy Storage in Aluminium for 100 Percent Solar DHW and Space Heating

1312

Durán García, M.D.
Energy and Exergy (2E) Analysis of an Optimized Linear Fresnel Reflector for a Conceptual...

907

Dussouillez, J.
Thermal Characterization of Composite Materials for Thermochemical Heat Storage for...

2622

1176

E
Eames, P.
Finite Element Analysis of a Novel Building Integrated Solar Thermal Vacuum Flat...

43

Ebrahimnia-Bajestan, E.
Performance of a Water-Based Photovoltaic/Thermal Module

804

Ehiondor, O.J.
Renewable Energy, Education and Applications Panacea for Development and Growth in...

2282

Eicher, S.
Development of a Vacuum Insulated Thermal Energy Storage for Industrial Applications
Solar Thermal Systems for the Swiss Pharmaceutical Industry Sector

1108
550

Eicker, U.
Renewable Energy Supply Concepts for Next Generation Cities Using the Integrated...

2379

Eleyele, A.
Evaluation of Symmetric C-PVT Solar Collector Designs with Vertical Bifacial Receivers

165

Elias Normey Rico, J.
A 2DOF Thermosolar Concentrator Proposal: Solar Tracking and Disturbance Rejection...

32

Elias Normey-Rico, J.
Automation and Renewable Energies: Outreach Efforts in Brazilian Public Schools
First Principles Mathematical Model and Control of a Solar Thermal Power Plant
Overheating Prevention in Solar Collectors Using a Hybrid Predictive Controller

2315
888
861

Eltrop, L.
How to Measure the Resilience of a Fully Renewable Multi-Vector Energy System?

1551

Enday, P.
Optical Characteristics of Glass Mirror Reflector for off-axis Concentrators: A Ray-Tracing...

332

Engelund Thomsen, K.
Life-Cycle Assessments of Near Zero Energy Buildings (NZEBS) and Beyond in Comparison...

1814

Englmair, G.
Thermal Performance Analysis of a CPC Solar Collector Array with Series Connection...

440

Escobar, R.
Energy Demand Analysis and Policy Instruments Assessment for Mining Industry in Chile

1060

Escobar Moragas, R.
Improvement of Thermal Performance on PV Inverter Rooms Under High Solar Irradiation...

784

Espín Sarzosa, D.A.
Impact of Battery Aging Model in an Energy Management System for an Isolated Solar...
Incorporation of Productive Solar Solutions for Communities Into Microgrid Energy...

1092
1631

Estay, D.
Analysis of thermal stresses in square ducts of solar receivers operated with liquid...

24

Estebaranz, J.M.
Potential of Smart Renewable Hubs Including Concentrated Solar Power in the Interconnected...

1479

2623

F
F.C. Ramanauskas, L.
Grid Connected PV Systems in Dairy and Poultry Farms in Brazil: Evaluation of Different...

747

Falter, C.
Solar-Driven Thermochemical Production of Sustainable Liquid Fuels from H2O and CO2...

1269

Famiglietti, A.
Preliminary Study of Direct High-Temperature Air Generation Inside Linear Fresnel...
Use of Parabolic Trough Collector as Direct Vapor Generator for an Absorption Machine:...

529
2512

Farthing, A.
Preferences in the Metropolitan Region About Local Solar PV

1431

Faustino Lacerda de Souza, L.
Methods for Site-Adaptation of Satellite-Based DNI Time Series: Application to Brazilian...
Solar Energy for Combined Production of Electricity and Industrial Process Heat

2190
376

Feierl, L.
Artificial Neural Network for Performance Prediction of Absorption Chillers of Large-Scale...

108

Felbol, C.
Improvement of Thermal Performance on PV Inverter Rooms Under High Solar Irradiation...

784

Ferec, J.
LCA Analysis of Staf Panels and Their Application for Heating; Cooling and Hydrogen...

1676

Fernandez, A.G.
Corrosion and Mechanical Assessment in LiNO3 Molten Salt as Thermal Energy Storage...

1128

Ferrada, P.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...
Effect of Cloudiness on Solar Radiation Forecasting
On the Estimation of Energy Production in PV Plants. A Comparative Study of Methodologies
UV-A Estimation in Atacama Desert from GHI Measurements by Using ANN

1021
2013
714
365

Ferreira, J.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Ferreira Branco, A.
Automation and Renewable Energies: Outreach Efforts in Brazilian Public Schools
First Principles Mathematical Model and Control of a Solar Thermal Power Plant

2315
888

Ferreira Torres, P.
Performance Evaluation of a Grid-Connected Photovoltaic System by Comparing its Theoretical...

1031

Ferry, J.
Hybrid Solar Thermal/PV Receiver Utilizing Thin Film Solar Cell as Secondary Concentrator

203

Finocchiaro, P.
Freescoo Facade 3.0, a Compact DEC Thermally Driven Air-Conditioning System for Apartments

2491

Fischer, S.
Test Method for the Determination of the Long-Term Stability of Absorber Welding...

270

Flaquer, A.
Seasonal Accumulation of Solar Energy in Aquifer for Thermal Conditioning

2624

324

Flexer, V.
Water Recovery Via Solar Evaporation Systems Coupled to Lithium Mining from Brines

2213

Fluch, J.
Solar Heat for Industrial Processes in Malaysia and Egypt

541

Fontani, D.
Pinhole Camera Sun Finders: On Field Characterization

86

Fontes Domingos, S.
Estimation of Solar Resource by Means of Spatial Interpolation

2116

Forstinger, A.
Application of the Clear Sky Spectral Error for Radiometer Classification in ISO...

2082

Fox, M.
Solar Cooking – Achieving Sustainable Solutions to Global Challenges

1607

Francini, F.
Pinhole Camera Sun Finders: On Field Characterization

86

Franco, J.
Water Recovery Via Solar Evaporation Systems Coupled to Lithium Mining from Brines

2213

Frantik, J.
Smart Grid System Using Electricity from Photovoltaics, Renewable Sources and Alternative...

1013

Fuentealba, E.
Proposal for the Development of Chilean LiNO3 as Thermal Energy Storage Material...
The Use of Solar Radiation Models to Derive Atmospheric Turbidity from Measured Irradiance:...

1321
1871

Fuentes, F.
Preferences in the Metropolitan Region About Local Solar PV

1431

Furbo, S.
Experimental Investigation and Characterization of Façade Integrated PVT Collectors...
Thermal Performance Analysis of a CPC Solar Collector Array with Series Connection...

1688
440

Furler, P.
Solar Thermochemical Splitting of CO2 in a Modular Solar Dish-Reactor System

1353

G
G. Fernandez, A.
Proposal for the Development of Chilean LiNO3 as Thermal Energy Storage Material...

1321

Galione, P.
Seasonal Accumulation of Solar Energy in Aquifer for Thermal Conditioning
Thermo-Economic Evaluation of CSP Technologies for Their Application in Uruguay
Thermo-Economic Evaluation of Solar Concentrating Technologies for Industrial Process...

324
900
517

Gallardo, F.
Exergoeconomic Comparison of Conventional Molten Salts Versus Calcium Based Ternary...

1120

Gallego, A.
Wind Energy Education for Electronic Engineering Students

2342

Gantenbein, P.
Seasonal Thermochemical Heat Storage: First Measurements on a Falling Film Tube Bundle...

1293

2625

García, A.
Arsenic Removal Technology from Water Based on Nanomaterials and Sunlight

2251

García, I.
Evaluation of Two Procedures for Selecting the CIE Standard Sky Type Using High Dynamic...

1883

García Valladares, O.
Numerical and Experimental Evaluation of Solar Air Heaters Connected in Series
Thermal Evaluation of the Indirect Air Heating System in a Solar Thermal Drying Plant...

656
129

Geleta, A.
Optical Characteristics of Glass Mirror Reflector for off-axis Concentrators: A Ray-Tracing...

332

Gentile, N.
A Case Study Addressing the Benefits of Integrated Solutions for Daylighting and...
Evaluating Students’ Expectations and Experiences Regarding a Swedish-Bhutanese Teaching...
IEA SHC Task 61 / EBC Annex 77 Integrated Solutions for Daylighting and Electric...

1750
2300
1793

Gese, P.
Agrivoltaic in Chile – Integrative Solution to Use Efficiently Land for Food and...

986

Ghann, W.
Effect of Energy Consumption for the Solar Light Rail

2388

Ghazarian, A.
Thermo-Economic Evaluation of CSP Technologies for Their Application in Uruguay

900

Ghosh, A.
Thermal Performance Analysis of BIPV-PDLC Window

1708

Giacosa, G.
Performance Assessment of Intra-Day Solar Irradiation Forecast in Uruguay Using Satellite...

1998

Gil, B.
Analysis of Heat Gain Decrease Achived by Ventilation Heat Recovery in Solar Cooling...
Modeling of Discharging Process of Heat Storage Tank Filled with PCM, to Cover Heat...

2521
1341

Gimenez, A.
A Software for Dimensioning of Small Microgrids with PV-Battery Systems

1542

Giovannetti, F.
Experimental Investigations on Photovoltaic-Thermal Arrays Designed for the Use as...
Improved Flat Plate Collector with Heat Pipes for Overheating Prevention in Solar...

177
61

Godoy, D.
Assessment of the Economic Impact and Management Techniques on Fault Modes present...

1386

Gomes, J.
Evaluation of Symmetric C-PVT Solar Collector Designs with Vertical Bifacial Receivers
Exergoeconomic Comparison of Conventional Molten Salts Versus Calcium Based Ternary...
Impact Study of Operating Temperatures and Cell Layout Under Different Concentration...

165
1120
836

Gómez, M.M.
Towards a Sustainable Bioclimatic Approach for the Peruvian High Andean Rural Area:...

355

Gonçalves, A.R.
Seasonal Variability of the Surface Solar Irradiation in Northeastern Region of Brazil

2143

Gonçalves, J.M.
A Simulation Model for CO2 Solar-Assisted Heat Pumps

2626

145

Gonzalez, A.
ULISSES Solar Concentrator with Mobile Mirrors for Use in Fixed-Tilt Solar Thermal...

95

Gonzalez, B.
Numerical Studies of a Hybrid Cycle for Power Production and Cooling

2581

Gonzalez, D.
ULISSES Solar Concentrator with Mobile Mirrors for Use in Fixed-Tilt Solar Thermal...

95

Gonzalez, F.
Analysis of thermal stresses in square ducts of solar receivers operated with liquid...

24

González, F.
Preparation and Characterization of Absorbent Thin Films by Spray Pyrolysis Technique...

8

Gonzalez, J.
Evaluation of the Heliosat-4 and Flashflux Models for Solar Global Daily Irradiation...

1948

González-Aguilar, J.
Determination of Gravity-Induced Deformation of Heliostat Structures Through Irradiance...
Efficient Ray-Tracing Program to Simulate the Optical Performance of Heliostats in...
Solar-Driven Thermochemical Production of Sustainable Liquid Fuels from H2O and CO2...

873
881
1269

Gonzalez Inostroza, P.E.
Generation Expansion Planning Considering Storage Systems and Inertia Constraints

1465

González Madina, F.
Seasonal Accumulation of Solar Energy in Aquifer for Thermal Conditioning

324

González-Mora, E.
Energy and Entropy Characterization of the Tolokatsin Solar Collector Designs for...
Energy and Exergy (2E) Analysis of an Optimized Linear Fresnel Reflector for a Conceptual...

941
907

González Rodríguez, L.
Modeling of hourly and daily values of erythemal ultraviolet radiation in Santiago...

2128

Goulart, V.
Analysis of the Integration of an Electric Bus and an Electric Vehicle with Grid-Connected...

1510

Govehovitch, B.
Building Integrated Photovoltaic (PV) Systems – Energy Production Modelling in Urban...

1802

Grab, R.
Optimizing the Grid Connection of Hybrid PV and Wind Power Plants

995

Grammatico, M.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Grant, I.
Towards a Validation Protocol for Satellite-Based Solar Resource Data

2138

Greenlee, L.
Electrochemical Wastewater Treatment: Nutrient Recovery and Selective Contaminant...

2259

Grieseler, R.
Modeling of the Nominal Power of a PV Generator Under Clear and Cloudy sky Conditions

695

Groebhiel, U.
Participatory Videos to Teach the Use of Renewable Energy Systems. A Case Study from...

2426

2627

Gruber-Glatzl, W.
Solar Heat for Industrial Processes in Malaysia and Egypt

541

Guerra, A.
Performance Evaluation and Characterization of Different Photovoltaic Technologies...

773

Guerra, J.
Solar Thermal and Photovoltaics to supply Heating and Cooling Demand for a Microbrewery

614

Guerra, J.A.
Modeling of the Nominal Power of a PV Generator Under Clear and Cloudy sky Conditions

695

Guerreiro, L.
A Review on the Potential of Fluidized Bed for Energy Storage in CSP
Exergoeconomic Comparison of Conventional Molten Salts Versus Calcium Based Ternary...

1329
1120

Gueymard, C.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...

1021

Gueymard, C.A.
Effect of Cloudiness on Solar Radiation Forecasting

2013

Guillaume, M.
Development of a Vacuum Insulated Thermal Energy Storage for Industrial Applications
Solar Thermal Systems for the Swiss Pharmaceutical Industry Sector

1108
550

Guilleaume, M.
Potential of Solar Process Heat in Switzerland

626

Gunasekara, S.N.
Numerical Design of a Reactor for an Ammonia-SrCl2 Thermochemical Storage System

1300

Guo, J.Y.
An Investigation on a Ground Coupled Photovoltaic Thermal (PV/T) Desiccant Cooling...

2529

Gurruchaga, I.
ULISSES Solar Concentrator with Mobile Mirrors for Use in Fixed-Tilt Solar Thermal...

95

Gustavson, K.
Passive Solar System to Store Heat for Cooking

1617

Guzman, L.
Analysis of thermal stresses in square ducts of solar receivers operated with liquid...

24

H
Haagen, M.
Accelerating the Uptake of Solar Process Heating Through Efficient Finance and Support...

1421

Haas, J.
Generation Expansion Planning Considering Storage Systems and Inertia Constraints

1465

Haas, R.
Wind Speed Evaluation of MERRA-2, ERA-Interim and ERA-5 Reanalysis Data at a Wind...

2180

Häberle, A.
Seasonal Energy Storage in Aluminium for 100 Percent Solar DHW and Space Heating

1312

Habte, A.
Application of the Clear Sky Spectral Error for Radiometer Classification in ISO...

2628

2082

Hadorn, J.
A PVT Solution and its Competition for a One Family House

189

Haeberle, A.
Potential of Solar Process Heat in Switzerland
Seasonal Thermochemical Heat Storage: First Measurements on a Falling Film Tube Bundle...

626
1293

Haller, M.
Seasonal Energy Storage in Aluminium for 100 Percent Solar DHW and Space Heating

1312

Harborth, N.
Performance Results of a Solar Adsorption Cooling and Heating Unit

664

Hartinger, V.
Perovskite Solar Cell Lab Course for Undergraduate Engineering Students

2291

Haslehner, R.
Perovskite Solar Cell Lab Course for Undergraduate Engineering Students

2291

Hassabou, A.
Passive Cooling of Photovoltaic Modules in Qatar by Utilizing PCM-Matrix Absorbers

795

Haueter, P.
Solar Thermochemical Splitting of CO2 in a Modular Solar Dish-Reactor System

1353

Hausmann, V.
Development of an Active High Temperature PCM Storage Concept with Coated Heat Exchanger...

1199

He, T.
Investigation and Experiment of Coupling Heating Device Based on Solar Energy and...

449

He, Y.
Study on the Guiding and Control Index for the Design of Residential Building in...

1696

Henning, H.
Ambient Heat Source Availability for Low-Ex Heating of Multi-Family Buildings

428

Henriquez, M.
Proposal for the Development of Chilean LiNO3 as Thermal Energy Storage Material...

1321

Heo, J.
Energy Balance Investigation of a Hybrid Renewable Energy System Using Seasonal Thermal...

1473

Hernández, B.
Evaluation of Two Procedures for Selecting the CIE Standard Sky Type Using High Dynamic...

1883

Hernández, C.
Preparation and Characterization of Absorbent Thin Films by Spray Pyrolysis Technique...
Techno-economic Analysis of Solar Photovoltaics and Solar Thermal Energy Integration...

8
506

Herrera, F.
Water-Energy Co-Optimization: Analysis in the Latin-American Interconnection Context

1048

Herrmann, B.
Heat Transfer Framework for Selecting the Structure of Open Volumetric Air Receivers

947

Hess, S.
Ambient Heat Source Availability for Low-Ex Heating of Multi-Family Buildings

428

Hethey, J.
Potential of Smart Renewable Hubs Including Concentrated Solar Power in the Interconnected...

1479

2629

Hewitt, N.J.
Performance Investigation of an Air Source Heat Pump for Residential Heat Supply...

1763

Hiben, Y.
Optical Characteristics of Glass Mirror Reflector for off-axis Concentrators: A Ray-Tracing...

332

Hoff, T.E.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Höhlein, S.
Technical Performance Assessment of Phase Change Material Components

1206

Holter, C.
Artificial Neural Network for Performance Prediction of Absorption Chillers of Large-Scale...

108

Hota, S.K.
Advection Diffusion Model for Particle Assisted Solar Water Evaporation
Experimental Performance of a Hybrid PV/T Collector

2225
195

Hove, T.
Towards Optimizing Solar PV Collector Deployment in Inter-Row-Shaded Arrays
Towards the Optimal Sizing of Solar-Powered Pump-Pipe-Storage Systems

725
1642

Howells, M.
The Cost of Rural Electrification Including E-Cooking for Bolivian Medium Size Isolated...

1574

Huang, M.J.
Performance Investigation of an Air Source Heat Pump for Residential Heat Supply...

1763

Huang, Z.
Investigation and Experiment of Coupling Heating Device Based on Solar Energy and...

449

Huaquipaco Encinas, S.
Solar Library

2407

Hughes, C.
Solar Cooking – Achieving Sustainable Solutions to Global Challenges
Testing the Thermal Performance of Open-Source Solar Cooker Designs Relative to Commercial...

1607
1625

I
Ibarra, C.
Solar Energy in Chile SXX-SXXI

2465

Ibarra, M.
Atmospheric Attenuation Impact on Heliostat Field Efficiency
CFD Analysis of a Molten Salt Thermocline Tank Analysis Using Copper Slags as Filler...
Concentrating Solar Power (CSP) Plants Fit Perfectly with Chilean Mining Industry
Effect of the Solar Radiation of the Atacama Desert in the Design of a Parabolic...
Techno-economic Analysis of Solar Photovoltaics and Solar Thermal Energy Integration...

2173
1101
929
300
506

Innerhofer, P.
Artificial Neural Network for Performance Prediction of Absorption Chillers of Large-Scale...

2630

108

J
Jack, S.
Improved Flat Plate Collector with Heat Pipes for Overheating Prevention in Solar...

61

Jafrancesco, D.
Pinhole Camera Sun Finders: On Field Characterization

86

Jahn, N.
Solar HDH Desalination System Combined with PVT

2236

Jakob, U.
Analysis of a Solar Hybrid Cooling System for Industrial Applications

2542

Japp, C.
Community Solar in Brazil: The Cooperative Model Context and the Existing Shared...

1530

Jensen, A.R.
Experimental Investigation and Characterization of Façade Integrated PVT Collectors...

1688

Jesper, M.
Approach for a Quick Pre-Dimensioning of Solar Process Heat Plants and Implementation...

590

Jessen, W.
Application of the Clear Sky Spectral Error for Radiometer Classification in ISO...

2082

Jiang, L.
Experimental Performance of a Hybrid PV/T Collector
Hybrid Solar Thermal/PV Receiver Utilizing Thin Film Solar Cell as Secondary Concentrator
Low Cost Dispatchable Heat for Small Scale Solar Thermal Desalination Systems

195
203
16

Jiao, Q.
Research of the Domestic Solar Seasonal Storage System Based on BTES
The Performance of a High Altitude High Solar Fraction Large Scale District Heating...

139
459

Jobard, X.
Development of a Vacuum Insulated Thermal Energy Storage for Industrial Applications
Solar Thermal Systems for the Swiss Pharmaceutical Industry Sector

1108
550

Johannes, K.
Thermal Characterization of Composite Materials for Thermochemical Heat Storage for...

1176

Jordan, U.
Monitoring Results of Renewable Process Heat Plants Within the Gas Sector

630

Jurack, A.
Investigation of Soiling Effects on Different Solar Glass Samples in the Climate...

119

K
Kaaya, I.
Training the Next Generation of PV Reliability Experts – Project Solar-Train

2310

Kadish, J.
Paraffin as Passive Solar Energy Accumulator in Glazing

1357

Kahsay, M.B.
Optical Characteristics of Glass Mirror Reflector for off-axis Concentrators: A Ray-Tracing...

332

2631

Kaltenberger, V.
Perovskite Solar Cell Lab Course for Undergraduate Engineering Students

2291

Kam, S.Z.
A PV System for Remote Power and Shea Nut Processing in Burkina Faso

1596

Kameya, T.
Effect of Energy Consumption for the Solar Light Rail

2388

Kämpf, J.H.
A Survey Study of Occupants’ Visual Satisfaction on an Automated Venetian Blind Based...

685

Karabanova, A.
Numerical Design of a Reactor for an Ammonia-SrCl2 Thermochemical Storage System

1300

Karellas, S.
Performance Results of a Solar Adsorption Cooling and Heating Unit

664

Kashkarova, G.
Paraffin as Passive Solar Energy Accumulator in Glazing

1357

Kasperski, J.
Analysis of Heat Gain Decrease Achived by Ventilation Heat Recovery in Solar Cooling...
Modeling of Discharging Process of Heat Storage Tank Filled with PCM, to Cover Heat...

2521
1341

Kastner, O.
Improved Flat Plate Collector with Heat Pipes for Overheating Prevention in Solar...

61

Katsuma, H.
Effect of Energy Consumption for the Solar Light Rail

2388

Kazmerski, L.
Dust in the Wind: An Historical Timeline of Soiling R&D for Solar Technologies

2454

Keelin, P.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Kekedy-Nagy, L.
Electrochemical Wastewater Treatment: Nutrient Recovery and Selective Contaminant...

2259

Kelch, J.
Decarbonizing the Building Stock with Renewable District Heating - A Case Study for...

470

Khatibi, M.
Performance of a Water-Based Photovoltaic/Thermal Module

804

Kiedaisch, F.
Analysis of a Solar Hybrid Cooling System for Industrial Applications

2542

Kim, D.
Energy Balance Investigation of a Hybrid Renewable Energy System Using Seasonal Thermal...

1473

Kim, J.H.
A Study on New and Renewable Energy Policy Changes and Market Analysis in Korea

1500

Kim, M.
Energy Balance Investigation of a Hybrid Renewable Energy System Using Seasonal Thermal...

1473

Kim, S.
A Study on the Economic Analysis of Zero Energy Building Using Solar Photovoltaic...

2632

1727

Kirchsteiger, H.
Mathematical Modeling of Rotating Sorption Heat Storages

1164

Kirsten Vidal de Oliveira, A.
Analysis of the Integration of an Electric Bus and an Electric Vehicle with Grid-Connected...

1510

Kivalov, S.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Kleinstück, M.
Ambient Heat Source Availability for Low-Ex Heating of Multi-Family Buildings

428

Kleissl, J.
Dynamic Weight-Based Collaborative Optimization for Power Grid Voltage Regulation
Irradiance Enhancement Events in the Coastal Stratocumulus Dissipation Process

738
1968

Kofoed-Wiuff, A.
Potential of Smart Renewable Hubs Including Concentrated Solar Power in the Interconnected...

1479

Kolderup, M.
Passive Solar System to Store Heat for Cooking

1617

Kong, W.
Thermal Performance Analysis of a CPC Solar Collector Array with Series Connection...

440

König-Haagen, A.
Technical Performance Assessment of Phase Change Material Components

1206

Koo, Y.
Analysis of Measured Irradiance from Experiment of Diffuse Irradiance Shadowing

2068

Korth, T.
Air Conditioning System with Cascaded Integration of a Latent Heat Storage for Flexible...
Field Test Results of a PV-HVAC System with PCM-Storage for Improved Grid Interaction

1188
2591

Kramer, K.
Quality Assurance of SWH in Emerging Markets: An Overview of Influential Factors...
Review and Outlook on Methods for Product Certification, Energy Yield Measurement,...

258
232

Kritzinger, K.
Comparison of Photovoltaic- and Solar Thermal Hot Water Systems in the South African...
Consumption Patterns in the Residential Electricity Market; a Decision Making Tool

405
1441

Krönauer, A.
Field Test Results of a PV-HVAC System with PCM-Storage for Improved Grid Interaction

2591

Kunati, N.R.
Sustainability Ranking of Solar Power Projects using Multi-Criteria Decision Methods...

1453

Kurup, P.
Case Study of a Californian Brewery to Potentially Use Concentrating Solar Power...

560

Kuznik, F.
Thermal Characterization of Composite Materials for Thermochemical Heat Storage for...

1176

2633

L
Laguarda, A.
Assessment of Empirical Models to Estimate UV-A, UV-B and UV-E Solar Irradiance from...

1894

Laguarda Cirigliano, A.
Assessment of Six Different Methods for the Estimation of Surface Ultra-Violet Fluxes...

1958

Laing-Nepustil, D.
Development of an Active High Temperature PCM Storage Concept with Coated Heat Exchanger...

1199

Lança, M.
Evaluation of Symmetric C-PVT Solar Collector Designs with Vertical Bifacial Receivers

165

Lauret, P.
Probabilistic Solar Forecasts Evaluation Part 1: Ensemble Prediction Systems (EPS)
Probabilistic Solar Forecasts Evaluation Part 2: Quantile Forecasts

1989
2006

Lauwaert, J.
Optical Characteristics of Glass Mirror Reflector for off-axis Concentrators: A Ray-Tracing...

332

Lazaro, A.
Economic and Environmental Assessment of Renewable Energy and Energy Storage Integration...
Technical Performance Assessment of Phase Change Material Components

343
1206

Lebedeva, K.
Paraffin as Passive Solar Energy Accumulator in Glazing

1357

Lecuona-Neumann, A.
Preliminary Study of Direct High-Temperature Air Generation Inside Linear Fresnel...
Use of Parabolic Trough Collector as Direct Vapor Generator for an Absorption Machine:...

529
2512

Lee, B.
Design of a Coupled BIPV/T – Solid Desiccant Cooling System for a Warm and Humid...

2570

Lee Kazmerski, L.
Effects of Soiling of Photovoltaic Modules and Systems in Brazil’s Climate Zones

825

Le Gal La Salle, J.
Probabilistic Solar Forecasts Evaluation Part 1: Ensemble Prediction Systems (EPS)
Probabilistic Solar Forecasts Evaluation Part 2: Quantile Forecasts

1989
2006

Lemos, L.
Generation of 441 Typical Meteorological Year from Inmet Stations - Brazil

2104

Lemos, L.F.L.
Solar Heat in the Brazilian Dairy Industry: A Preliminary Economic Assessment
Worldwide Climate Modeling of Diffuse Solar Fraction from One-minute Irradiance

572
1859

Leone, G.
Alternative Energy Storage Options for Heat Pump Water Heater Coupled with Photovoltaic...
Comparison Between the Performances of a Daylight Linked Control System at Two Different...

1282
1740

Le Pierrès, N.
H2O-LiBr Single-Stage Solar Absorption Air Conditioner with an Innovative Bi-Adiabatic...

2479

Lewis Esswein Junior, J.A.
A Review on the Potential of Fluidized Bed for Energy Storage in CSP

2634

1329

Lhendup, T.
Evaluating Students’ Expectations and Experiences Regarding a Swedish-Bhutanese Teaching...

2300

Li, C.
Dynamic Weight-Based Collaborative Optimization for Power Grid Voltage Regulation
Public Response to Installation of Building Integrated Photovoltaic System (BIPV)...

738
1848

Li, D.
An Investigation Into Par (Photosynthetically Active Radiation) and Energy Performances...

1716

Lichtensteiger, F.
Seasonal Thermochemical Heat Storage: First Measurements on a Falling Film Tube Bundle...

1293

Lieftink, D.
Solar-Driven Thermochemical Production of Sustainable Liquid Fuels from H2O and CO2...

1269

Lima, F.J.L.
Seasonal Variability of the Surface Solar Irradiation in Northeastern Region of Brazil

2143

Lima, M.
Wind Speed Evaluation of MERRA-2, ERA-Interim and ERA-5 Reanalysis Data at a Wind...

2180

Limonchi Valenzuela, S.
Photovoltaic Microgrid Emulator for Educational Purposes

2332

Lipinski, W.
Recent Research Progress in CO2 Hydrate Based Cold Thermal Energy Storage

1364

Lipiski, W.
Transient Simulation of a Solar Cavity Receiver for Application in a Low-Latitude...

967

Liu, H.
Numerical and Experimental Study on Topology Optimization of Fin Configuration in...
The Effect of Radial Porosity Oscillation on the Heat Transfer Performance in Packed...

1249
1218

Liu, Y.
Study on the Guiding and Control Index for the Design of Residential Building in...

1696

Llanos, J.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...

1021

Lobos, N.
An Optimization-Based Analysis of Decarbonization Pathways and Flexibility Requirements...

1560

Lodemann, D.
Development of an Active High Temperature PCM Storage Concept with Coated Heat Exchanger...

1199

Loistl, F.
Air Conditioning System with Cascaded Integration of a Latent Heat Storage for Flexible...
Field Test Results of a PV-HVAC System with PCM-Storage for Improved Grid Interaction

1188
2591

Lombardi, F.
The Cost of Rural Electrification Including E-Cooking for Bolivian Medium Size Isolated...

1574

Lopez, G.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...

1021

López, G.
Characterization of PV Soiling Losses in Urban Mediterranean Environment
Effect of Cloudiness on Solar Radiation Forecasting

756
2013

2635

López, R.
Use of Parabolic Trough Collector as Direct Vapor Generator for an Absorption Machine:...

2512

López Droguett, E.
Assessment of Deep Learning Algorithms for Fault Diagnosis of Solar Thermal Systems

312

Lorca, Á.
An Optimization-Based Analysis of Decarbonization Pathways and Flexibility Requirements...

1560

Louvet, Y.
Monitoring Results of Renewable Process Heat Plants Within the Gas Sector

630

Lu, B.
A Global Atlas of 616,000 Pumped Hydro Energy Storage Sites
Australia’s Rapid Renewable Energy Transition

1087
1416

Lucas, G.
PV Virtual Power Plant: Evaluating the Performance of Clustered x Individual Rooftop...

1773

Luna Abreu, S.
A Simulation Model for CO2 Solar-Assisted Heat Pumps

145

Luna Arias, M.A.
From 76.6 to 80.1 %; PV-System Performance-Ratio in Mexio City

812

Lustenberger, D.
Seasonal Thermochemical Heat Storage: First Measurements on a Falling Film Tube Bundle...

1293

Ly, M.
Evaluation of the TiO2 Anti-Reflective Coating in PERT Solar Cells with Silicon Dioxide...

1069

M
Maadi, S.R.
Performance of a Water-Based Photovoltaic/Thermal Module

804

Maag, G.
Transient Simulation of a Solar Cavity Receiver for Application in a Low-Latitude...

967

Machado, D.
A 2DOF Thermosolar Concentrator Proposal: Solar Tracking and Disturbance Rejection...

32

Machado, R.D.
Solar Heat in the Brazilian Dairy Industry: A Preliminary Economic Assessment
Worldwide Climate Modeling of Diffuse Solar Fraction from One-minute Irradiance

572
1859

Machuca, M.
Wind Speed Evaluation of MERRA-2, ERA-Interim and ERA-5 Reanalysis Data at a Wind...

2180

Madisetty, A.D.
Sustainability Ranking of Solar Power Projects using Multi-Criteria Decision Methods...

1453

Madjidi, M.
Optimization Measures for the Utilization of Solar Chimneys in Regions with Temperate...

2603

Maia, K.
Organic Photovoltaic Panels for Bus Rapid Transit Stations in Curitiba – A Viability...

764

Makwembere, S.
Towards Optimizing Solar PV Collector Deployment in Inter-Row-Shaded Arrays

2636

725

Mallco Carpio, A.
Corrosion and Mechanical Assessment in LiNO3 Molten Salt as Thermal Energy Storage...
Techno-Economic Analysis of a PV (Photovoltaic) Plant for High Radiation Conditions...

1128
1405

Mamphweli, S.
Comparison of Photovoltaic- and Solar Thermal Hot Water Systems in the South African...

405

Mancilla Martínez-Conde, F.
Agrivoltaic in Chile – Integrative Solution to Use Efficiently Land for Food and...

986

Manoel de Farias, A.
Implantation of a Photovoltaic System Installation and Design Course

2326

Mantelli Neto, S.L.
Uncertainty Analysis of Solar Monitoring Station: A Case Study

2050

Manzolini, G.
Experimental Performance Evaluation of a Solar-Assisted Heat Pump Driven by PV/T...
Non-Dimensional Analysis of a Hudimification-Dehumidification System Driven by PV/T...

213
2243

Marcelo Veit, H.
Life Cycle Assessment of Two Experimental Recycling Processes for c-Si Solar Modules

1906

Margets, P.
A PV System for Remote Power and Shea Nut Processing in Burkina Faso

1596

Mariano, L.C.
Organic Photovoltaic Panels for Bus Rapid Transit Stations in Curitiba – A Viability...

764

Marotta, G.
Pinhole Camera Sun Finders: On Field Characterization

86

Martin, V.
Numerical Design of a Reactor for an Ammonia-SrCl2 Thermochemical Storage System
State of the Art in Hydrogen Liquefaction

1300
1259

Martín-Chivelet, N.
Characterization of PV Soiling Losses in Urban Mediterranean Environment
Effect of Cloudiness on Solar Radiation Forecasting

756
2013

Martinez, A.
Determination of Gravity-Induced Deformation of Heliostat Structures Through Irradiance...
Efficient Ray-Tracing Program to Simulate the Optical Performance of Heliostats in...

873
881

Martínez, A.
Effect of the Solar Radiation of the Atacama Desert in the Design of a Parabolic...

300

Martinez, M.
Field Experiences and Lessons Learned with Photovoltaic Off-Grid and On-Grid Applications...

1662

Martins, F.
Seasonal Variability of the Surface Solar Irradiation in Northeastern Region of Brazil

2143

Martins, G.
Implementing k-Nearest Neighborhood as a Forecast Method for Intra Hour Resolution...

2024

Martins, G.L.
Uncertainty Analysis of Solar Monitoring Station: A Case Study

2050

2637

Martins Hoepers, A.
Automation and Renewable Energies: Outreach Efforts in Brazilian Public Schools

2315

Martorelli, L.
Optical Simulation of a Polar Parabolic Trough Collector in a Subtropical Region

919

Marzo, A.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...
Application of the Clear Sky Spectral Error for Radiometer Classification in ISO...
Effect of Cloudiness on Solar Radiation Forecasting
The Use of Solar Radiation Models to Derive Atmospheric Turbidity from Measured Irradiance:...
UV-A Estimation in Atacama Desert from GHI Measurements by Using ANN

1021
2082
2013
1871
365

Marzoug, R.
Drying of Medicinal Plants Through Hybridization of Solar Technologies, as a Proposal...

290

Matsumoto, Y.
From 76.6 to 80.1 %; PV-System Performance-Ratio in Mexio City

812

Mawire, A.
Performance Comparison of Two Medium Temperature Packed Bed Latent Heat Storage Systems...

1230

McNally, J.
Performance and Greenhouse Gas Analysis of a Solar Adsorption Chiller for Canadian...

2552

Menchaca Valdez, A.C.
Thermal Evaluation of the Indirect Air Heating System in a Solar Thermal Drying Plant...

129

Mendes Ferreira Gomes, A.
Analysis of the Integration of an Electric Bus and an Electric Vehicle with Grid-Connected...

1510

Menezes, B.
Photovoltaic Distributed Generation Connecting to the Grid: Analysis of Solar Incident...

976

Menezes Morato, M.
Automation and Renewable Energies: Outreach Efforts in Brazilian Public Schools

2315

Mesquita, L.
Drake Landing Solar Community: Financial Summary and Lessons Learned

482

Meyer, E.L.
Performance Analysis of a Stand-Alone Building Integrated Photovoltaic System

1654

MICHEL, B.
Thermal Characterization of Composite Materials for Thermochemical Heat Storage for...

1176

Miguel Oyarbide, A.
Synergistic Benefits of a Holistic Community Development Project Concept Approach

2434

Milhazes, J.
Finite Element Simulation of Double Diffusion in a Salt Stratified Fluid Heated from...

279

Mitterhuber, S.
Perovskite Solar Cell Lab Course for Undergraduate Engineering Students

2291

Moehlecke, A.
Evaluation of the TiO2 Anti-Reflective Coating in PERT Solar Cells with Silicon Dioxide...
Grid Connected PV Systems in Dairy and Poultry Farms in Brazil: Evaluation of Different...

2638

1069
747

Mohajeri, N.
A Fast Machine Learning Model for Large-Scale Estimation of Annual Solar Irradiation...

2201

Molina Fuertes, J.O.
Towards a Sustainable Bioclimatic Approach for the Peruvian High Andean Rural Area:...

355

Molinaroli, L.
Experimental Performance Evaluation of a Solar-Assisted Heat Pump Driven by PV/T...
Non-Dimensional Analysis of a Hudimification-Dehumidification System Driven by PV/T...

213
2243

Mondaca Cuevas, G.M.
UV-A Estimation in Atacama Desert from GHI Measurements by Using ANN

365

Montedonico, M.
Water-Energy Co-Optimization: Analysis in the Latin-American Interconnection Context

1048

Monteiro Lunardi, M.
Life Cycle Assessment of Two Experimental Recycling Processes for c-Si Solar Modules

1906

Monteleone, F.
Alternative Energy Storage Options for Heat Pump Water Heater Coupled with Photovoltaic...

1282

Montenegro, A.
Photovoltaic Distributed Generation in Brazil: Investment Valuation for the 27 Capital...
PV Virtual Power Plant: Evaluating the Performance of Clustered x Individual Rooftop...

1396
1773

Montes-Romero, J.
Performance Evaluation and Characterization of Different Photovoltaic Technologies...

773

Montserrat, S.
Arsenic Removal Technology from Water Based on Nanomaterials and Sunlight

2251

Mora-López, L.
Models for the Optimization and Evaluation of Photovoltaic Self-Consumption Facilities

1491

Moran, L.
Design of Solar Thermal Systems for Mining Industry
The Use of Solar Radiation Models to Derive Atmospheric Turbidity from Measured Irradiance:...

2447
1871

Morato de Oliveira, M.O.
Community Solar in Brazil: The Cooperative Model Context and the Existing Shared...

1530

Moreno-Leiva, S.
How to Measure the Resilience of a Fully Renewable Multi-Vector Energy System?

1551

Moschik, R.
Comparison of Photovoltaic- and Solar Thermal Hot Water Systems in the South African...
More Than 300 Solar Thermal Systems as a Result of a Training and R&D Co-Operation

405
2357

Moser, M.
Artificial Neural Network for Performance Prediction of Absorption Chillers of Large-Scale...

108

Motta, M.
Freescoo Facade 3.0, a Compact DEC Thermally Driven Air-Conditioning System for Apartments

2491

Mugnier, D.
Editorial to the Proceedings of SWC 2019 and SHC 2019

1

Mujica, M.
Optical Simulation of a Polar Parabolic Trough Collector in a Subtropical Region

919

2639

Müller, E.
Methods and New Results for Design Recommendations on Sustainable Solar and Passive...

1825

Mungofa, E.
Towards the Optimal Sizing of Solar-Powered Pump-Pipe-Storage Systems

1642

Muñoz, C.
Techno-economic Analysis of Solar Photovoltaics and Solar Thermal Energy Integration...

506

Muñoz, E.
Modeling of the Nominal Power of a PV Generator Under Clear and Cloudy sky Conditions
Performance Evaluation and Characterization of Different Photovoltaic Technologies...

695
773

Muñoz, I.
Techno-economic Analysis of Solar Photovoltaics and Solar Thermal Energy Integration...

506

Muñoz-Cerón, E.
The Role of Renewable Energy in the Transition Toward a Fully Sustainable Energy...

1518

Muroyama, A.
Solar Thermochemical Splitting of CO2 in a Modular Solar Dish-Reactor System

1353

Mutschler, M.H.
Towards a Sustainable Bioclimatic Approach for the Peruvian High Andean Rural Area:...

355

Mørck, O.
Life-Cycle Assessments of Near Zero Energy Buildings (NZEBS) and Beyond in Comparison...

1814

N
Nache Romo, C.
Techno-Economical Assessment of Molten Salts Thermal Energy Storage Options in a...

1138

Nadolny, A.
A Global Atlas of 616,000 Pumped Hydro Energy Storage Sites

1087

Najser, J.
Smart Grid System Using Electricity from Photovoltaics, Renewable Sources and Alternative...

1013

Nanajkar, G.
Finite Element Analysis of a Novel Building Integrated Solar Thermal Vacuum Flat...

43

Nduka, V.B.
Renewable Energy, Education and Applications Panacea for Development and Growth in...

2282

Negrão Macêdo, W.
Performance Evaluation of a Grid-Connected Photovoltaic System by Comparing its Theoretical...

1031

Negrete, M.
An Optimization-Based Analysis of Decarbonization Pathways and Flexibility Requirements...

1560

Nem, A.
Analysis of Heat Gain Decrease Achived by Ventilation Heat Recovery in Solar Cooling...
Modeling of Discharging Process of Heat Storage Tank Filled with PCM, to Cover Heat...

2521
1341

Nem, M.
Analysis of Heat Gain Decrease Achived by Ventilation Heat Recovery in Solar Cooling...
Modeling of Discharging Process of Heat Storage Tank Filled with PCM, to Cover Heat...

2640

2521
1341

Nepustil, U.
Development of an Active High Temperature PCM Storage Concept with Coated Heat Exchanger...

1199

Neyer, D.
Solar Heating and Cooling in Hot and Humid Climates - sol.e.h ² Project Introduction

2564

Nibandhe, A.
Design of a Coupled BIPV/T – Solid Desiccant Cooling System for a Warm and Humid...

2570

Nielsen, J.E.
Review and Outlook on Methods for Product Certification, Energy Yield Measurement,...

232

Nogueira-Goriba, J.
Preliminary Study of Direct High-Temperature Air Generation Inside Linear Fresnel...
Use of Parabolic Trough Collector as Direct Vapor Generator for an Absorption Machine:...

529
2512

Novosel, U.
LCA Analysis of Staf Panels and Their Application for Heating; Cooling and Hydrogen...

1676

Nydal, O.J.
Passive Solar System to Store Heat for Cooking

1617

O
O'Donnell, J.
Solar Thermal Field Experience at a South Oman Oilfield

583

Oh, M.
Analysis of Measured Irradiance from Experiment of Diffuse Irradiance Shadowing

2068

Ohnewein, P.
Review and Outlook on Methods for Product Certification, Energy Yield Measurement,...

232

Olivares, D.
An Optimization-Based Analysis of Decarbonization Pathways and Flexibility Requirements...

1560

Olivares, M.
Water-Energy Co-Optimization: Analysis in the Latin-American Interconnection Context

1048

Olivares Soza, D.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...
UV-A Estimation in Atacama Desert from GHI Measurements by Using ANN

1021
365

Oliveira, C.
Transient Simulation of a Solar Cavity Receiver for Application in a Low-Latitude...

967

Oliveira Pedrosa Filho, M.H.
Analysis of the Diffuse Fraction from Solar Radiation Values Measured in Argentina...
Cloud Enhancement Occurrences Analysis in Afogados Da Ingazeira City in Brazilian...
Implantation of a Photovoltaic System Installation and Design Course
Low Cost Electroluminescense Lab Implementation

2062
2056
2326
818

Ordóñez, J.
Optimum Design of PV-RO System Solar Powered Sea Water Desalination Without Storage...

957

Ormazábal, M.
Evaluation of Two Procedures for Selecting the CIE Standard Sky Type Using High Dynamic...

1883

2641

Orozaliev, J.
Decarbonizing the Building Stock with Renewable District Heating - A Case Study for...

470

Ortega, C.
District Energy in Cities: A Novel Methodology to Assess Emerging Markets

2367

Ortega López, M.
From 76.6 to 80.1 %; PV-System Performance-Ratio in Mexio City

812

Ortiz Rodríguez, N.M.
Thermal Evaluation of the Indirect Air Heating System in a Solar Thermal Drying Plant...

129

Osorio-Aravena, J.C.
The Role of Renewable Energy in the Transition Toward a Fully Sustainable Energy...

1518

Osses, M.
Solar Energy in Chile SXX-SXXI

2465

Osterhaus, W.
IEA SHC Task 61 / EBC Annex 77 Integrated Solutions for Daylighting and Electric...

1793

Ostheimer, M.
Solar Heating and Cooling in Hot and Humid Climates - sol.e.h ² Project Introduction

2564

Otárola, R.
Improvement of Thermal Performance on PV Inverter Rooms Under High Solar Irradiation...

784

Ovando Sierra, J.C.
Drying of Medicinal Plants Through Hybridization of Solar Technologies, as a Proposal...

290

Overen, O.K.
Performance Analysis of a Stand-Alone Building Integrated Photovoltaic System

1654

Ozansoy, C.
Public Response to Installation of Building Integrated Photovoltaic System (BIPV)...

1848

P
Paes, M.
Solar Energy for Combined Production of Electricity and Industrial Process Heat

376

Pag, F.
Approach for a Quick Pre-Dimensioning of Solar Process Heat Plants and Implementation...

590

Palko, J.
Low Cost Dispatchable Heat for Small Scale Solar Thermal Desalination Systems

16

Palma, R.
Estimation Model of Soiling Based on Environmental Parameters
Water-Energy Co-Optimization: Analysis in the Latin-American Interconnection Context

1041
1048

Palma-Behnke, R.
Analysis of Failure and Degradation Modes of Small-Scale Photovoltaic Power Plants...

2414

Palmieri, V.G.
Development of a Vacuum Insulated Thermal Energy Storage for Industrial Applications

1108

Panaroni, D.
Optical Simulation of a Polar Parabolic Trough Collector in a Subtropical Region

2642

919

Pärisch, P.
Comfort Assessment of Tankless Water Heaters: Review and Suggestions

246

Park, H.
Analysis of Measured Irradiance from Experiment of Diffuse Irradiance Shadowing

2068

Park, M.
A Study on the Economic Analysis of Zero Energy Building Using Solar Photovoltaic...

1727

Park, M.K.
A Study on New and Renewable Energy Policy Changes and Market Analysis in Korea

1500

Pasquali, A.
Potential of Smart Renewable Hubs Including Concentrated Solar Power in the Interconnected...

1479

Passos, J.
Wind Speed Evaluation of MERRA-2, ERA-Interim and ERA-5 Reanalysis Data at a Wind...

2180

Passos, J.C.
A Review on the Potential of Fluidized Bed for Energy Storage in CSP

1329

Pekince, D.
Development of an Active High Temperature PCM Storage Concept with Coated Heat Exchanger...

1199

Peña, G.
The Cost of Rural Electrification Including E-Cooking for Bolivian Medium Size Isolated...

1574

Peña Sierra, R.
From 76.6 to 80.1 %; PV-System Performance-Ratio in Mexio City

812

Pereira, E.B.
Seasonal Variability of the Surface Solar Irradiation in Northeastern Region of Brazil

2143

Pereira de Oliveira, A.
Modeling of hourly and daily values of erythemal ultraviolet radiation in Santiago...

2128

Perers, B.
Thermal Performance Analysis of a CPC Solar Collector Array with Series Connection...

440

Pereyra, J.
Global Solar Transmittance of Vertical Glazings Oriented Towards the Equator

1837

Perez, M.
On the Complementary Variability of Wind and Solar Power
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

1916
2152

Perez, R.
On the Complementary Variability of Wind and Solar Power
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

1916
2152

Perez Astudillo, D.
Importance of Time Averaging Conventions

1921

Perez-Astudillo, D.
Evaluation of Rotating Shadowband Radiometer Measurements in Desert Conditions

2031

Pérez-Espinosa, R.
Numerical and Experimental Evaluation of Solar Air Heaters Connected in Series

656

Pérez García, M.
Techno-Economical Assessment of Molten Salts Thermal Energy Storage Options in a...

1138

2643

Pérez-García, M.
Photovoltaic Microgrid Emulator for Educational Purposes
Renewable Heat for the Fulfillment of the Cooling Demand in the Fruit and Vegetable...

2332
602

Perich, R.
Performance Evaluation and Characterization of Different Photovoltaic Technologies...

773

Pfeifroth, U.
Assessment of Six Different Methods for the Estimation of Surface Ultra-Violet Fluxes...

1958

Phan, H.T.
Numerical Studies of a Hybrid Cycle for Power Production and Cooling

2581

Pierro, M.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Pilatowsky Figueroa, I.
Numerical and Experimental Evaluation of Solar Air Heaters Connected in Series
Thermal Evaluation of the Indirect Air Heating System in a Solar Thermal Drying Plant...

656
129

Pimmer, C.
Participatory Videos to Teach the Use of Renewable Energy Systems. A Case Study from...

2426

Pino, A.
Solar Thermal and Photovoltaics to supply Heating and Cooling Demand for a Microbrewery

614

Pino, F.J.
Solar Thermal and Photovoltaics to supply Heating and Cooling Demand for a Microbrewery

614

Pinto, E.
Economic and Environmental Assessment of Renewable Energy and Energy Storage Integration...

343

Pintor, N.
ULISSES Solar Concentrator with Mobile Mirrors for Use in Fixed-Tilt Solar Thermal...

95

Pires, A.
Performance Comparison among Multicrystalline Silicon, Anti-Reflective Coated and...

703

Pizarro Viveros, H.
Solar Library

2407

Poier, H.
Artificial Neural Network for Performance Prediction of Absorption Chillers of Large-Scale...

108

Pokkunuri, P.
Sustainability Ranking of Solar Power Projects using Multi-Criteria Decision Methods...

1453

Pöllinger, S.
Field Test Results of a PV-HVAC System with PCM-Storage for Improved Grid Interaction

2591

Polo, J.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...
Characterization of PV Soiling Losses in Urban Mediterranean Environment
Effect of Cloudiness on Solar Radiation Forecasting
IEA PVPS Task 16 – Solar Resource for High Penetration and Large Scale Applications

1021
756
2013
1926

Ponce, M.
Towards a Sustainable Bioclimatic Approach for the Peruvian High Andean Rural Area:...

2644

355

Portillo, C.
Corrosion and Mechanical Assessment in LiNO3 Molten Salt as Thermal Energy Storage...
Techno-Economic Analysis of a PV (Photovoltaic) Plant for High Radiation Conditions...

1128
1405

Potter, W.
Field Experiences and Lessons Learned with Photovoltaic Off-Grid and On-Grid Applications...

1662

Poyatos Bakker, A.R.
Photovoltaic Microgrid Emulator for Educational Purposes

2332

Prado, R.
Previsioning Solar Collector Thermal Efficiency from Design Parameters: A Numerical...

52

Preußner, J.
Corrosion and Mechanical Assessment in LiNO3 Molten Salt as Thermal Energy Storage...

1128

Puertas, A.M.
Modeling of Discharging Process of Heat Storage Tank Filled with PCM, to Cover Heat...

1341

Putnam, M.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Pye, J.
Transient Simulation of a Solar Cavity Receiver for Application in a Low-Latitude...

967

Q
Qi, H.
Solar Heating and Cooling in Hot and Humid Climates - sol.e.h ² Project Introduction

2564

Qing, G.
Electrochemical Wastewater Treatment: Nutrient Recovery and Selective Contaminant...

2259

Quentin, B.
Numerical Studies of a Hybrid Cycle for Power Production and Cooling

2581

Quintero, Y.
Arsenic Removal Technology from Water Based on Nanomaterials and Sunlight

2251

Quoilin, S.
The Cost of Rural Electrification Including E-Cooking for Bolivian Medium Size Isolated...

1574

R
Radünz, W.
Wind Speed Evaluation of MERRA-2, ERA-Interim and ERA-5 Reanalysis Data at a Wind...

2180

Rahjoo, M.
Preliminary Study of Direct High-Temperature Air Generation Inside Linear Fresnel...

529

Rahmann Zuñiga, C.A.
Generation Expansion Planning Considering Storage Systems and Inertia Constraints

1465

Ramahatana-Andriamasomanana, F.
Probabilistic Solar Forecasts Evaluation Part 2: Quantile Forecasts

2006

Ramahatana Andriamasomanana, F.H.
Probabilistic Solar Forecasts Evaluation Part 1: Ensemble Prediction Systems (EPS)

1989

2645

Raman, A.
Testing the Thermal Performance of Open-Source Solar Cooker Designs Relative to Commercial...

1625

Ramirez, G.
Techno-economic Analysis of Solar Photovoltaics and Solar Thermal Energy Integration...

506

Ramírez-Sagner, G.
Agrivoltaic in Chile – Integrative Solution to Use Efficiently Land for Food and...
Concentrating Solar Power (CSP) Plants Fit Perfectly with Chilean Mining Industry

986
929

Ramos Cutipa, J.M.
Solar Library

2407

Ranchin, T.
Assessment of Six Different Methods for the Estimation of Surface Ultra-Violet Fluxes...

1958

Rangel, S.
Impact Study of Operating Temperatures and Cell Layout Under Different Concentration...

836

Rehtanz, C.
Generation Expansion Planning Considering Storage Systems and Inertia Constraints

1465

Remund, J.
IEA PVPS Task 16 – Solar Resource for High Penetration and Large Scale Applications

1926

Renato da Costa Mendes, P.
Automation and Renewable Energies: Outreach Efforts in Brazilian Public Schools
Overheating Prevention in Solar Collectors Using a Hybrid Predictive Controller

2315
861

Renné, D.
Editorial to the Proceedings of SWC 2019 and SHC 2019
IEA PVPS Task 16 – Solar Resource for High Penetration and Large Scale Applications

1
1926

Retamal Vallejos, C.
Impact of Battery Aging Model in an Energy Management System for an Isolated Solar...

1092

Rhuter, R.
Uncertainty Analysis of Solar Monitoring Station: A Case Study

2050

Ribeiro Dias, P.
Life Cycle Assessment of Two Experimental Recycling Processes for c-Si Solar Modules

1906

Rickard, D.
A PV System for Remote Power and Shea Nut Processing in Burkina Faso

1596

Rincón-Mejía, E.A.
Energy and Entropy Characterization of the Tolokatsin Solar Collector Designs for...

941

Ritter, D.
Approach for a Quick Pre-Dimensioning of Solar Process Heat Plants and Implementation...
Monitoring Results of Renewable Process Heat Plants Within the Gas Sector

590
630

Rittmann-Frank, M.
Potential of Solar Process Heat in Switzerland

626

Rodrigues, S.A.
Physical and Statistical Analysis Procedure of Solar Irradiance Measurements Based...

2039

Rodrigues Neto, J.A.
Performance Evaluation of a Grid-Connected Photovoltaic System by Comparing its Theoretical...

2646

1031

Rodrigues Raniero, M.
Physical and Statistical Analysis Procedure of Solar Irradiance Measurements Based...

2039

Rodríguez, B.
Arsenic Removal Technology from Water Based on Nanomaterials and Sunlight

2251

Rodríguez, E.
Empirical Model for Estimating the Exergy of Solar Radiation in Chile

2163

Rodriguez-Garcia, M.M.
Techno-Economical Assessment of Molten Salts Thermal Energy Storage Options in a...

1138

Rodríguez López, L.
Modeling of hourly and daily values of erythemal ultraviolet radiation in Santiago...

2128

Rogalla, S.
Optimizing the Grid Connection of Hybrid PV and Wind Power Plants

995

Roman, L.S.
Organic Photovoltaic Panels for Bus Rapid Transit Stations in Curitiba – A Viability...

764

Romero, M.
Determination of Gravity-Induced Deformation of Heliostat Structures Through Irradiance...
Efficient Ray-Tracing Program to Simulate the Optical Performance of Heliostats in...
Solar-Driven Thermochemical Production of Sustainable Liquid Fuels from H2O and CO2...

873
881
1269

Romero Goyzueta, C.A.
Solar Library

2407

Rosas, I.
Estimation Model of Soiling Based on Environmental Parameters

1041

Rosas, J.
Modeling of hourly and daily values of erythemal ultraviolet radiation in Santiago...

2128

Rosiek, S.
Analysis of Heat Gain Decrease Achived by Ventilation Heat Recovery in Solar Cooling...
Modeling of Discharging Process of Heat Storage Tank Filled with PCM, to Cover Heat...

2521
1341

Roth, M.
Solar Energy in Chile SXX-SXXI

2465

Roumpedakis, T.
Performance Results of a Solar Adsorption Cooling and Heating Unit

664

Roy, S.
Low Cost Dispatchable Heat for Small Scale Solar Thermal Desalination Systems

16

Ruiz Orellana, M.A.
Techno-Economic Analysis of a PV (Photovoltaic) Plant for High Radiation Conditions...

1405

Rüther, R.
Analysis of the Integration of an Electric Bus and an Electric Vehicle with Grid-Connected...
Community Solar in Brazil: The Cooperative Model Context and the Existing Shared...
Implementing k-Nearest Neighborhood as a Forecast Method for Intra Hour Resolution...
Performance Comparison among Multicrystalline Silicon, Anti-Reflective Coated and...
Photovoltaic Distributed Generation in Brazil: Investment Valuation for the 27 Capital...
PV Virtual Power Plant: Evaluating the Performance of Clustered x Individual Rooftop...

1510
1530
2024
703
1396
1773

2647

Rutz, D.
Solar Thermochemical Splitting of CO2 in a Modular Solar Dish-Reactor System

1353

S
Sáenz, C.
Evaluation of Two Procedures for Selecting the CIE Standard Sky Type Using High Dynamic...

1883

Sahlberg, A.
The Cost of Rural Electrification Including E-Cooking for Bolivian Medium Size Isolated...

1574

Sakagami, Y.
Wind Speed Evaluation of MERRA-2, ERA-Interim and ERA-5 Reanalysis Data at a Wind...

2180

Salamanca, J.
Wind Energy Education for Electronic Engineering Students

2342

Salazar, G.A.
Analysis of the Diffuse Fraction from Solar Radiation Values Measured in Argentina...
UV-A Estimation in Atacama Desert from GHI Measurements by Using ANN

2062
365

Saldivia, D.
Solar HDH Desalination System Combined with PVT

2236

Salgado, A.
A Low Cost Miniature Parabolic Trough Concentrator and Monitoring System for Teaching...

2347

Salmon, A.
Atmospheric Attenuation Impact on Heliostat Field Efficiency

2173

Sánchez, E.
Preparation and Characterization of Absorbent Thin Films by Spray Pyrolysis Technique...

8

Sánchez López, I.
Photovoltaic Microgrid Emulator for Educational Purposes

2332

Sanchez Mayoral Gutierrez, M.
Life-Cycle Assessments of Near Zero Energy Buildings (NZEBS) and Beyond in Comparison...

1814

Sansoni, P.
Pinhole Camera Sun Finders: On Field Characterization

86

Santibáñez, C.
Water-Energy Co-Optimization: Analysis in the Latin-American Interconnection Context

1048

Santos, J.
Wind Speed Evaluation of MERRA-2, ERA-Interim and ERA-5 Reanalysis Data at a Wind...

2180

Santos, M.F.F.d.
Cloud Enhancement Occurrences Analysis in Afogados Da Ingazeira City in Brazilian...

2056

Santos Ribeiro, I.
Accelerating the Uptake of Solar Process Heating Through Efficient Finance and Support...

1421

Sanz, C.
Characterization of PV Soiling Losses in Urban Mediterranean Environment

756

Sarmiento, C.
Empirical Model for Estimating the Exergy of Solar Radiation in Chile

2648

2163

Sarmiento Laurel, C.
Heat Transfer Framework for Selecting the Structure of Open Volumetric Air Receivers

947

Sarmiento Mamani, V.
Solar Library

2407

Sarmiento-Rosales, S.M.
Effect of Cloudiness on Solar Radiation Forecasting

2013

Sauma, E.
Preferences in the Metropolitan Region About Local Solar PV

1431

Sayer, M.
Solar Heat for Industrial Processes in Malaysia and Egypt

541

Sbarbaro, D.
A Low Cost Miniature Parabolic Trough Concentrator and Monitoring System for Teaching...
Design of Solar Thermal Systems for Mining Industry
The Use of Solar Radiation Models to Derive Atmospheric Turbidity from Measured Irradiance:...

2347
2447
1871

Scartezzini, J.
A Fast Machine Learning Model for Large-Scale Estimation of Annual Solar Irradiation...
A Survey Study of Occupants’ Visual Satisfaction on an Automated Venetian Blind Based...

2201
685

Schäppi, R.
Solar Thermochemical Splitting of CO2 in a Modular Solar Dish-Reactor System

1353

Schaub, T.
Analysis of thermal stresses in square ducts of solar receivers operated with liquid...

24

Scheidt Manoel, P.
Community Solar in Brazil: The Cooperative Model Context and the Existing Shared...

1530

Scheuren, J.
Investigation of Soiling Effects on Different Solar Glass Samples in the Climate...

119

Schex, R.
Field Test Results of a PV-HVAC System with PCM-Storage for Improved Grid Interaction

2591

Schiavon Ara, P.
Previsioning Solar Collector Thermal Efficiency from Design Parameters: A Numerical...

52

Schiebler, B.
Improved Flat Plate Collector with Heat Pipes for Overheating Prevention in Solar...

61

Schlatmann, R.
Investigation of Soiling Effects on Different Solar Glass Samples in the Climate...

119

Schlemmer, J.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Schmid, P.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2152

Schmidt, L.
Life Cycle Assessment of Two Experimental Recycling Processes for c-Si Solar Modules

1906

Schmidt, R.
Field Experiences and Lessons Learned with Photovoltaic Off-Grid and On-Grid Applications...

1662

2649

Schmitt, B.
Approach for a Quick Pre-Dimensioning of Solar Process Heat Plants and Implementation...
Monitoring Results of Renewable Process Heat Plants Within the Gas Sector

590
630

Schneider, K.
Community Solar in Brazil: The Cooperative Model Context and the Existing Shared...

1530

Schober, H.
LCA Analysis of Staf Panels and Their Application for Heating; Cooling and Hydrogen...

1676

Scholtz, L.
Consumption Patterns in the Residential Electricity Market; a Decision Making Tool

1441

Schumacher, J.
Renewable Energy Supply Concepts for Next Generation Cities Using the Integrated...

2379

Schürz, J.
Perovskite Solar Cell Lab Course for Undergraduate Engineering Students

2291

Schwan, L.
Optimization Measures for the Utilization of Solar Chimneys in Regions with Temperate...

2603

Schweigler, C.
Air Conditioning System with Cascaded Integration of a Latent Heat Storage for Flexible...
Field Test Results of a PV-HVAC System with PCM-Storage for Improved Grid Interaction

1188
2591

Scoccia, R.
Freescoo Facade 3.0, a Compact DEC Thermally Driven Air-Conditioning System for Apartments

2491

Scussel, J.N.
On Using IoT Protocols for Automation and Monitoring Solar Tracker Devices

2073

Segovia, V.
CFD Analysis of a Molten Salt Thermocline Tank Analysis Using Copper Slags as Filler...

1101

Sena Braga, D.
Effects of Soiling of Photovoltaic Modules and Systems in Brazil’s Climate Zones

825

Sengupta, M.
Application of the Clear Sky Spectral Error for Radiometer Classification in ISO...
IEA PVPS Task 16 – Solar Resource for High Penetration and Large Scale Applications
Method and System for Accessing PV Resource Data from the NSRDB
Towards a Validation Protocol for Satellite-Based Solar Resource Data

2082
1926
1932
2138

Serra, L.M.
Economic and Environmental Assessment of Renewable Energy and Energy Storage Integration...

343

Shaheen, L.
Quality Assurance of SWH in Emerging Markets: An Overview of Influential Factors...

258

Shanmugasundaram, S.
High-Temperature Stable Spinel Nanocomposite Solar Selective Absorber Coating for...

4

Shipkovs, P.
Paraffin as Passive Solar Energy Accumulator in Glazing

1357

Shrestha, S.
Solar Heat for Industrial Processes in Malaysia and Egypt

2650

541

Sidrach-de-Cardona, M.
Models for the Optimization and Evaluation of Photovoltaic Self-Consumption Facilities

1491

Sifnaios, I.
Experimental Investigation and Characterization of Façade Integrated PVT Collectors...

1688

Signoretti, P.
Development of Daylight Availability Maps in Italy: Methodology and Validation

1937

Silva, B.
Solar Energy in Chile SXX-SXXI

2465

Silva, F.
Photovoltaic Distributed Generation Connecting to the Grid: Analysis of Solar Incident...

976

Silva Costa, S.C.
Effects of Soiling of Photovoltaic Modules and Systems in Brazil’s Climate Zones

825

Silva Pérez, M.
IEA PVPS Task 16 – Solar Resource for High Penetration and Large Scale Applications

1926

Simões-Moreira, J.R.
Transient Simulation of a Solar Cavity Receiver for Application in a Low-Latitude...

967

Simonetti, R.
Experimental Performance Evaluation of a Solar-Assisted Heat Pump Driven by PV/T...
Non-Dimensional Analysis of a Hudimification-Dehumidification System Driven by PV/T...

213
2243

Simsek, Y.
Energy Demand Analysis and Policy Instruments Assessment for Mining Industry in Chile

1060

Sivabalan, R.
Development of an Active High Temperature PCM Storage Concept with Coated Heat Exchanger...

1199

Sizmann, A.
Solar-Driven Thermochemical Production of Sustainable Liquid Fuels from H2O and CO2...

1269

Snegirjovs, A.
Paraffin as Passive Solar Energy Accumulator in Glazing

1357

Soares, F.
Photovoltaic Distributed Generation Connecting to the Grid: Analysis of Solar Incident...

976

Sogari, C.N.
Stratification by Natural Convection Directed to Improve Energy Autonomy: Development...

73

Soprani, S.
Numerical Design of a Reactor for an Ammonia-SrCl2 Thermochemical Storage System

1300

Soto, C.
Proposal for the Development of Chilean LiNO3 as Thermal Energy Storage Material...

1321

Sousa Campos, F.
Physical and Statistical Analysis Procedure of Solar Irradiance Measurements Based...

2039

Sowmy, D.
Previsioning Solar Collector Thermal Efficiency from Design Parameters: A Numerical...

52

Spinelli, F.
Development of Daylight Availability Maps in Italy: Methodology and Validation

1937

2651

Spörk-Dür, M.
Comparison of Photovoltaic- and Solar Thermal Hot Water Systems in the South African...

405

Sproul, A.
An Investigation on a Ground Coupled Photovoltaic Thermal (PV/T) Desiccant Cooling...
High-Efficiency Residential Solar Pool Heating Systems

2529
417

Staiger, A.
Optimizing the Grid Connection of Hybrid PV and Wind Power Plants

995

Starke, A.
Generation of 441 Typical Meteorological Year from Inmet Stations - Brazil

2104

Starke, A.R.
On Using IoT Protocols for Automation and Monitoring Solar Tracker Devices
Solar Heat in the Brazilian Dairy Industry: A Preliminary Economic Assessment
Worldwide Climate Modeling of Diffuse Solar Fraction from One-minute Irradiance

2073
572
1859

Starke, R.A.
On Using IoT Protocols for Automation and Monitoring Solar Tracker Devices

2073

Staumbaugh, M.
Modular Pico-Hydro Power Plant Mini-Grid for Remote Himalayan Villages in Nepal

385

Steinfeld, A.
Modelling and Experimental Testing of a Tubular Thermochemical Reactor
Solar-Driven Thermochemical Production of Sustainable Liquid Fuels from H2O and CO2...
Solar Thermochemical Splitting of CO2 in a Modular Solar Dish-Reactor System

1151
1269
1353

Stevanato, N.
The Cost of Rural Electrification Including E-Cooking for Bolivian Medium Size Isolated...

1574

Stocks, M.
A Global Atlas of 616,000 Pumped Hydro Energy Storage Sites
Australia’s Rapid Renewable Energy Transition

1087
1416

Stocks, R.
A Global Atlas of 616,000 Pumped Hydro Energy Storage Sites

1087

Strušnik, D.
LCA Analysis of Staf Panels and Their Application for Heating; Cooling and Hydrogen...

1676

Stuppbacher, E.
Perovskite Solar Cell Lab Course for Undergraduate Engineering Students

2291

Sutz, B.
H2O-LiBr Single-Stage Solar Absorption Air Conditioner with an Innovative Bi-Adiabatic...

2479

Suzuki, G.
Effect of Energy Consumption for the Solar Light Rail

2388

Swierc, A.
Perfect Operational Solar Forecasts: A Scalable Strategy Toward Firm Power Generation

2652

2152

T
Tafelmeier, S.
Field Test Results of a PV-HVAC System with PCM-Storage for Improved Grid Interaction

2591

Taquichiri Ayaviri, A.A.
Techno-Economic Analysis of a PV (Photovoltaic) Plant for High Radiation Conditions...

1405

Tauveron, N.
Numerical Studies of a Hybrid Cycle for Power Production and Cooling

2581

Tavares Pinho, J.
Performance Evaluation of a Grid-Connected Photovoltaic System by Comparing its Theoretical...

1031

Teixeira Alves Branco, V.
Evaluation of the Heliosat-4 and Flashflux Models for Solar Global Daily Irradiation...

1948

Tempesta, A.G.
Organic Photovoltaic Panels for Bus Rapid Transit Stations in Curitiba – A Viability...

764

Terrinoni, L.
Development of Daylight Availability Maps in Italy: Methodology and Validation

1937

Thaule, S.
Passive Solar System to Store Heat for Cooking

1617

Thebault, M.
Towards a Solar Cadaster for the Monitoring of Solar Energy Urban Deployment: the...

2397

Thomas, C.
Assessment of Six Different Methods for the Estimation of Surface Ultra-Violet Fluxes...

1958

Tiba, C.
Methods for Site-Adaptation of Satellite-Based DNI Time Series: Application to Brazilian...
Solar Energy for Combined Production of Electricity and Industrial Process Heat

2190
376

Töfflinger, J.A.
Modeling of the Nominal Power of a PV Generator Under Clear and Cloudy sky Conditions

695

Torres, J.L.
Evaluation of Two Procedures for Selecting the CIE Standard Sky Type Using High Dynamic...

1883

Torres Moreno, J.L.
Renewable Heat for the Fulfillment of the Cooling Demand in the Fruit and Vegetable...

602

Torres-Moreno, J.L.
A Software for Dimensioning of Small Microgrids with PV-Battery Systems
Photovoltaic Microgrid Emulator for Educational Purposes
Techno-Economical Assessment of Molten Salts Thermal Energy Storage Options in a...

1542
2332
1138

Trabert, U.
Decarbonizing the Building Stock with Renewable District Heating - A Case Study for...

470

Treichel, C.
Analysis of a Coupled Air-Based Solar Collector and Heat Pump Water Heater in Canada...

673

Trentmann, J.
Assessment of Six Different Methods for the Estimation of Surface Ultra-Violet Fluxes...

1958

2653

Trigo, M.
Analysis of the Local Factors that Influence the Cementation of Soil and Effects...
The Use of Solar Radiation Models to Derive Atmospheric Turbidity from Measured Irradiance:...

1021
1871

Trigo-González, M.
On the Estimation of Energy Production in PV Plants. A Comparative Study of Methodologies
UV-A Estimation in Atacama Desert from GHI Measurements by Using ANN

714
365

Tschopp, D.
Review and Outlook on Methods for Product Certification, Energy Yield Measurement,...

232

Tügel, J.
Stratification by Natural Convection Directed to Improve Energy Autonomy: Development...

73

Turchi, C.
Case Study of a Californian Brewery to Potentially Use Concentrating Solar Power...

560

U
Uddin, J.
Effect of Energy Consumption for the Solar Light Rail

2388

Ullmann, J.
Test Method for the Determination of the Long-Term Stability of Absorber Welding...

270

Urbano Castelán, J.A.
From 76.6 to 80.1 %; PV-System Performance-Ratio in Mexio City

812

V
Vajen, K.
Approach for a Quick Pre-Dimensioning of Solar Process Heat Plants and Implementation...
Decarbonizing the Building Stock with Renewable District Heating - A Case Study for...
Monitoring Results of Renewable Process Heat Plants Within the Gas Sector

590
470
630

Valdivia, P.
Assessment of the Economic Impact and Management Techniques on Fault Modes present...

1386

Valencia, F.
Effect of the Solar Radiation of the Atacama Desert in the Design of a Parabolic...
Estimation Model of Soiling Based on Environmental Parameters
Incorporation of Productive Solar Solutions for Communities Into Microgrid Energy...

300
1041
1631

Valenzuela, C.
Improvement of Thermal Performance on PV Inverter Rooms Under High Solar Irradiation...

784

Valizadeh Haghi, H.
Dynamic Weight-Based Collaborative Optimization for Power Grid Voltage Regulation

738

Vanags, M.
Paraffin as Passive Solar Energy Accumulator in Glazing

1357

van der Weijde, A.H.
Preferences in the Metropolitan Region About Local Solar PV

1431

Vásquez, P.
Analysis of Failure and Degradation Modes of Small-Scale Photovoltaic Power Plants...

2654

2414

Vasta, S.
Performance Results of a Solar Adsorption Cooling and Heating Unit

664

Vela, N.
Effect of Cloudiness on Solar Radiation Forecasting

2013

Vela-Barrionuevo, N.
Characterization of PV Soiling Losses in Urban Mediterranean Environment

756

Vera-Hofmann, G.
How to Measure the Resilience of a Fully Renewable Multi-Vector Energy System?

1551

Verástegui, F.
An Optimization-Based Analysis of Decarbonization Pathways and Flexibility Requirements...

1560

Vieira, O.
Photovoltaic Distributed Generation Connecting to the Grid: Analysis of Solar Incident...

976

Vignola, F.
Application of the Clear Sky Spectral Error for Radiometer Classification in ISO...

2082

Villalobos, C.
An Optimization-Based Analysis of Decarbonization Pathways and Flexibility Requirements...

1560

Vitale, G.
Global Solar Transmittance of Vertical Glazings Oriented Towards the Equator

1837

Voeltzel, N.
Numerical Studies of a Hybrid Cycle for Power Production and Cooling

2581

Vollmer, R.
Ambient Heat Source Availability for Low-Ex Heating of Multi-Family Buildings

428

W
Wagner, G.
Solar Thermal Systems for the Swiss Pharmaceutical Industry Sector

550

Walch, A.
A Fast Machine Learning Model for Large-Scale Estimation of Annual Solar Irradiation...

2201

Wald, L.
Assessment of Six Different Methods for the Estimation of Surface Ultra-Violet Fluxes...

1958

Wandji Nyamsi, W.
Assessment of Six Different Methods for the Estimation of Surface Ultra-Violet Fluxes...

1958

Wang, B.
Investigation and Experiment of Coupling Heating Device Based on Solar Energy and...

449

Wang, C.
Investigation and Experiment of Coupling Heating Device Based on Solar Energy and...

449

Wang, J.
Solar Heating and Cooling in Hot and Humid Climates - sol.e.h ² Project Introduction

2564

Wang, S.
Research of the Domestic Solar Seasonal Storage System Based on BTES

139

Wang, T.
Kinetic Study on the Ca(OH)2/CaO Thermochemical Energy Storage System with Potassium...

1238

2655

Wang, W.
Research of the Domestic Solar Seasonal Storage System Based on BTES

139

Wang, X.
Recent Research Progress in CO2 Hydrate Based Cold Thermal Energy Storage

1364

Wang, Y.
PAR (Photosynthetically Active Radiation) Performances in Greenhouses: A Climate-Based...

1783

Wang, Z.
Towards a Validation Protocol for Satellite-Based Solar Resource Data

2138

Wapler, J.
Ambient Heat Source Availability for Low-Ex Heating of Multi-Family Buildings

428

Weichler, J.K.
Understanding Solar Thermal Energy Conversion

2351

Weiland, F.
Improved Flat Plate Collector with Heat Pipes for Overheating Prevention in Solar...

61

Weiler, V.
Renewable Energy Supply Concepts for Next Generation Cities Using the Integrated...

2379

Weiss, K.
Training the Next Generation of PV Reliability Experts – Project Solar-Train

2310

Weiss, W.
More Than 300 Solar Thermal Systems as a Result of a Training and R&D Co-Operation

2357

Werner, L.
Solar Heat in the Brazilian Dairy Industry: A Preliminary Economic Assessment

572

Wilbert, S.
Application of the Clear Sky Spectral Error for Radiometer Classification in ISO...
IEA PVPS Task 16 – Solar Resource for High Penetration and Large Scale Applications

2082
1926

Wild, M.
Control Strategy Design for a Packed-Bed Thermochemical Heat Storage Reactor
Modelling and Experimental Testing of a Tubular Thermochemical Reactor

1145
1151

Wills, S.
A PV System for Remote Power and Shea Nut Processing in Burkina Faso

1596

Wimmer, L.
Monitoring Results of Renewable Process Heat Plants Within the Gas Sector

630

Winston, R.
Experimental Performance of a Hybrid PV/T Collector
Hybrid Solar Thermal/PV Receiver Utilizing Thin Film Solar Cell as Secondary Concentrator
Low Cost Dispatchable Heat for Small Scale Solar Thermal Desalination Systems

195
203
16

Wirtz, M.
Numerical Studies of a Hybrid Cycle for Power Production and Cooling

2581

Wittchen, K.B.
Life-Cycle Assessments of Near Zero Energy Buildings (NZEBS) and Beyond in Comparison...

1814

Wittstadt, U.
Performance Results of a Solar Adsorption Cooling and Heating Unit

2656

664

Wolde, I.
Assessing Stratification Efficiency During Charging and Discharging Processes of...

1375

Wong, B.
Drake Landing Solar Community: Financial Summary and Lessons Learned

482

Wu, E.
Irradiance Enhancement Events in the Coastal Stratocumulus Dissipation Process

1968

Wu, Y.
A Survey Study of Occupants’ Visual Satisfaction on an Automated Venetian Blind Based...

685

X
Xiao, Q.
Study on the Guiding and Control Index for the Design of Residential Building in...

1696

Xu, H.
Experimental Investigation on an Enhanced Humidification-Dehumidification Solar Desalination...

2269

Y
Yan, J.
Kinetic Study on the Ca(OH)2/CaO Thermochemical Energy Storage System with Potassium...

1238

Yang, A.
Analysis of Measured Irradiance from Experiment of Diffuse Irradiance Shadowing

2068

Yang, W.
Public Response to Installation of Building Integrated Photovoltaic System (BIPV)...

1848

You, K.
A Study on the Economic Analysis of Zero Energy Building Using Solar Photovoltaic...

1727

You, Y.
Numerical and Experimental Study on Topology Optimization of Fin Configuration in...

1249

Yun, Y.
A Study on the Economic Analysis of Zero Energy Building Using Solar Photovoltaic...

1727

Z
Zahler, C.
Accelerating the Uptake of Solar Process Heating Through Efficient Finance and Support...

1421

Zahnd, A.
Modular Pico-Hydro Power Plant Mini-Grid for Remote Himalayan Villages in Nepal
Participatory Videos to Teach the Use of Renewable Energy Systems. A Case Study from...
Synergistic Benefits of a Holistic Community Development Project Concept Approach

385
2426
2434

Zamora Zapata, M.
Irradiance Enhancement Events in the Coastal Stratocumulus Dissipation Process

1968

Zanesco, I.
Evaluation of the TiO2 Anti-Reflective Coating in PERT Solar Cells with Silicon Dioxide...
Grid Connected PV Systems in Dairy and Poultry Farms in Brazil: Evaluation of Different...

1069
747

2657

Zanetti, E.
Freescoo Facade 3.0, a Compact DEC Thermally Driven Air-Conditioning System for Apartments

2491

Zanotto Razera, R.A.
Evaluation of the TiO2 Anti-Reflective Coating in PERT Solar Cells with Silicon Dioxide...

1069

Zarzalejo, L.
Application of the Clear Sky Spectral Error for Radiometer Classification in ISO...

2082

Zeca Fernando, D.M.
Physical and Statistical Analysis Procedure of Solar Irradiance Measurements Based...

2039

Zettl, B.
Long-Term Thermochemical Heat Storage for Low Temperature Applications
Mathematical Modeling of Rotating Sorption Heat Storages

397
1164

Zhang, F.
Recent Research Progress in CO2 Hydrate Based Cold Thermal Energy Storage

1364

Zhang, L.
Investigation and Experiment of Coupling Heating Device Based on Solar Energy and...

449

Zhang, X.
Investigation and Experiment of Coupling Heating Device Based on Solar Energy and...

449

Zhao, C.
Kinetic Study on the Ca(OH)2/CaO Thermochemical Energy Storage System with Potassium...
Numerical and Experimental Study on Topology Optimization of Fin Configuration in...

1238
1249

Zhao, J.
High-Efficiency Residential Solar Pool Heating Systems

417

Zhao, Y.
Numerical and Experimental Study on Topology Optimization of Fin Configuration in...
The Effect of Radial Porosity Oscillation on the Heat Transfer Performance in Packed...

1249
1218

Zinzi, M.
Development of Daylight Availability Maps in Italy: Methodology and Validation

1937

Zitouni, H.
Characterization of PV Soiling Losses in Urban Mediterranean Environment

756

Zizzo, G.
Alternative Energy Storage Options for Heat Pump Water Heater Coupled with Photovoltaic...
Comparison Between the Performances of a Daylight Linked Control System at Two Different...

1282
1740

Zoller, S.
Solar-Driven Thermochemical Production of Sustainable Liquid Fuels from H2O and CO2...

1269

Zomer, C.
Performance Comparison among Multicrystalline Silicon, Anti-Reflective Coated and...

2658

703

